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ABSTRACT

In this work, we study the decays of heavy hadrons that contain the b quark. We study the
decay modes B — DW=y, Ap = A7 V; and B — X.7 v, and analyze the effects of beyond
the standard model new physics in various observables of these decay modes. This is important
since the measurements of the decay B — D)7~ ¥, deviate from the standard model predictions
and this points to physics beyond the standard model. We also study CP violation in the angular
distribution of the decay B — D*(— Dm)u~v, and use it as a way to differentiate various new
physics scenarios. Finally we focus on the muon (g — 2) anomaly and study a solution to this
anomaly that relates it to all other B-meson anomalies. This leads to a lot of interesting signals that

can be probed in the current and future experiments.
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CHAPTER 1

INTRODUCTION

Laws of nature are governed by four fundamental forces: gravity, electromagnetic, weak
and strong. We have been able to quantize the electromagnetic, weak and strong forces and give
a consistent description of their behavior at the quantum level. This is formulated in the Standard
Model (SM) of particle physics where the three forces are described by the SU(3) x SU(2) x U(1)
gauge group. The elementary particles of the SM are fermions (spin 1/2 particles), gauge bosons
(spin 1 particles) and the Higgs boson (a fundamental spin zero particle). In the SM, the gauge
bosons are described as force carriers that make the interactions between various fermions, possible.
The Higgs boson is the only spin zero elementary particle in the SM and is responsible for the
non-zero mass of other elementary particles.

Despite its many great successes, there are several reasons to believe that SM is incomplete
and we need to add more structure to it. Here we name some of the main problems that we still
do not have any answer to. One of the most important and fundamental ones is that the SM does
not describe gravity. There are still intense efforts to build a quantum theory of gravity with many
fundamentally different approaches. This includes loop quantum gravity and spin foam formalism,
causal sets and string theory. Another important reason for looking for beyond the SM physics
is the huge gap between the weak scale and the Planck scale. This problem, which is known
as the hierarchy problem, is explicitly seen in quantum corrections to the Higgs mass which are
quadratically divergent. Generically, it is expected that new physics (NP) will show up at the TeV
scale to remedy this behavior and in some models, such as supersymmetry, there are extra, beyond
the SM particles that compensate for the large corrections to the Higgs mass in the Standard Model.

Any new physics that might be present at this scale, can affect the phenomena at lower energy



processes. This can most easily be seen in the framework of an effective field theory where the
effect of particles at a particular scale can be seen at a much lower scale through operators of higher
dimensions (dimension > 4). This is one of the main motivations to study low energy processes
and make precision measurements. By comparing these measurements with SM predictions, we
can see if any significant deviation shows up and if this is the case, we may have indirect evidence
for physics beyond the SM.

Recently, there have been some anomalies in the measurements of the B-meson decays and
this has caused a lot of interest and activity in the particles physics community. These anomalies
are related to the semileptonic decays of the B-meson, B — K*)¢*¢~ and B — D ¢v,. The decay
B — K¢+~ is an example of a Flavor Changing Neutral Current (FCNC) transition where the
flavor of the quark changes but its charge remains the same. The underlying quark level transition
in this decay mode is b — s. In the SM, FCNC transitions can not happen at tree level, but they
can happen via higher order loops such as penguin or box diagrams, so they are highly suppressed.
Consequently, it is expected that we see the effects of beyond the SM physics in FCNC processes
where particles in higher mass scales can compete with the SM contributions. This fact makes
the anomaly in B — K¢+~ quite interesting. On the other hand, the decay B — D™ ¢y, is a
charged current transition that can happen in the SM at tree level. The quark level transition of this
decay mode is b — ¢ where the bottom quark decays to a charm quark and a W boson. Any new
physics (NP) that is supposed to contribute to this decay mode should have a large contribution in
order to be able to compete with the tree level contribution from the SM. In this work, our main
focus is on the anomalies in these B decays. Before we present the details of our work, in the

following, we describe briefly the outline of this dissertation.

Regarding the B — D) transitions, the measured observable that we are interested in, is
R(D™) which is defined as
B(B — DW1v)
B(B — DW¢ey)’

R(D™) = (1.1)

where € = u, e.



These ratios have several advantages over the absolute branching fractions. They are
relatively less sensitive to form factor variations since the uncertainties in the form factors cancel
largely in the ratio. Besides, most of the experimental uncertainties as well as the dependence on
the value of |V,;| cancel in the ratio. On the other hand, we may view these observables as lepton
flavor universality observables since in the numerator we have the much heavier lepton, the 7, and
in the denominator we have the light leptons, e and . We can view the probes of these observables
as tests of lepton flavor universality in the SM. In the SM, the gauge interactions are universal for all
lepton generations. This means that the gauge bosons couple to all leptons with the same strength
irrespective of their generations. So, the experimental deviations of the above observables from the
SM predictions are signs of lepton flavor nonuniversality which requires NP beyond the SM.

These obsevables have been measured by BaBar [2| 3], Belle [4} 5, 6] and LHCb [/, 8]
collaborations. By averaging these measurements, the Heavy Flavour Averaging Group (HFLAV)

finds [9],

R(D)®P =0.407 + 0.039 + 0.024 (1.2)

R(D™*)®*? =0.306 + 0.013 + 0.007, (1.3)

where the first uncertainty is statistical and the second is systematic. The SM predictions are

(10, 115,12} 13],

R(D)SM = 0.299 + 0.003 (1.4)

R(D*)SM = 0.258 + 0.005. (1.5)

Combining the two measurements with their correlations, the deviation from SM predictions be-
comes ~ 4 o [9]. Recently, a new measurement by the Belle collaboration [14], using semileptonic

tagging, has been reported,



R(D)B = 0.307 + 0.037 + 0.016 (1.6)

R(D*)Belle = 0.283 + 0.018 + 0.014 . (1.7)

Including this measurement, HFLAV finds

R(D)®P"™ = 0.340 + 0.027 + 0.013 (1.8)

R(D™*)®P"™ = (.295 + 0.011 + 0.008, (1.9)

which reduces the deviation from the SM predictions to ~ 3.1¢" [9] []. This discrepancy is very
interesting and it is worth a detailed study.

In the next three chapters of this dissertation, we probe the R(D*)) anomalies in other decay
modes that are related to the B — D) via the same quark level transition. These decay modes
are the semileptonic decay, A, — A 7v, and the inclusive semileptonic decay B — X .7v;. In
the numerical calculations, we use the ratio of the experimental results to their corresponding SM

predictions,

Ratio __ R(D)exp
R(D)™" = R(D)SM ° (1.10)
#\Ratio __ R(D*)exp
R(D*)Ratio — R (1.11)

Since we are interested in Lepton Flavor Universality Violation (LFUV) and in view of the fact
that the mass of the 7 lepton is much larger than the electron or muon, we usually consider NP to
be present in the b — c7v decay only. Here we follow the same approach and consider NP only in

the T mode.

IThere has been new measurements of R(D(*)) at the time of writing the dissertation. Since our results and
phenomenology do not change by including these new measurements, we will use the published results in presenting
our works.



Next, we present a study of the charge-parity (CP) violation in the decay B — D*uv and show
its usefulness in distinguishing different NP models that are capable of explaining the R(D™)
anomalies. For this purpose, we calculate the full angular distribution of the decay B — D*(—
D) uv and extract the CP violating triple product terms. Since these CP violating terms are absent
in the SM, any measurement of these terms, will be a clear sign of physics beyond the SM. We will
elaborate more on this in chapter 5

Finally we move on to a study of the longstanding anomaly, the muon (g — 2). We will
discuss a solution to this anomaly and its possible relation to the B-meson anomalies. These
B-meson anomalies include R(D ™)) (as we discussed above) and the anomalies in the FCNC decay

B — K™ ¢*¢~. For this decay mode, we can define a similar observable,

B(B — KW utu)

() —
RE) B(B — K®etem)

(1.12)

where like in the R(D™) case, we can view R(K)) as a lepton flavor universality observable.
Generally, it is very desirable to have a minimal, simplified model, in which all anomalies are
resolved. In chapter|6] we present a model which addresses the muon (g — 2) and all B anomalies,
simultaneously. As we will see, this model has very interesting signals that can be probed in current

and future experiments.

In summary, the dissertation is organized as follows. In chapter 2] we present our study on
the semileptonic A, — A, transition. In chapters [3] and 4] we present our study on the inclusive
B decay and in chapter [5] we present our study of CP violation in the angular distribution of the
decay B — D*(— Dn)uv,. In chapter@ we present our study of the muon (g — 2) anomaly and

its relation to all other B anomalies. Finally, in chapter [7] we present our conclusion.



CHAPTER 2

NEW PHYSICS IN Ay — A 7v; USING LATTICE QCD CALCULATIONS

2.1 Introduction

In this chapter we present our study of the decay mode A, — A.7v as was done in Ref.
[13]. This decay mode is useful in addressing the R(D*)) anomalies since it has the same quark
level transition as in R(D(*)), which is b — c¢. In the SM, this transition can happen at tree level
where the bottom quark decays to a charm quark and a W boson which subsequently decays to a
charged lepton and a neutrino as shown in Fig. [2.1] Generically, we can have new physics (NP)
contributions to this decay: a new particle that can effectively play the role of the W boson in the
SM as shown in Fig. At quark level, the exact same transition happens in the B — D®) 7y
decay mode and the only difference with the baryonic mode is the hadronization effects. Therefore,
any new physics that is required to explain the R(D*)) anomalies, can affect the A, — ATV,
decay as well. So, the A, — A, transition is very useful in exploring R(D)) anomalies and as
we will see later in this chapter, it can help differentiate various NP models.

In this chapter we study the effects of NP operators with different Lorentz structures on the
semileptonic decay A, — A.7v. We consider both model-independent NP and specific classes of
models that are proposed to address the R(D ")) anomalies. For the model-independent analysis, we
consider the most general dimension-6 NP operators that contribute to this decay mode. Then, we
constrain the parameters of each operator by R(D ")) measurements and use the allowed parameter

space to make predictions for the semileptonic A, — A, decay mode. The decay A, — A7V inthe

6



Figure 2.1: The semileptonic decay A, — A v

SM and with NP, has been discussed in various works [[16,[17} 18 (19} 20,211 22, 23|24 [25| 26/, 27].
Similar to the definition for R(D ), we calculate the lepton flavor universality observable in our
analysis, R(A.) = % where £ = e, u. We also present the results for the differential and

angular observables. We calculate the g2 distribution dT"/dg?, the ratio of differential distributions,

dT'[Ap, — AcTv]/dg?

Ba.(¢°) = : 2.1
24) = IR A, S Atr]jdg? D
and the forward-backward asymmetry defined as
1 0
(d’T'/dq*d cos 6;) dcos 6, — [ (d’T"/dg*d cos 8;) d cos 6
Arp(q®) = b L N 2

dr'/dq?
Here ¢? is the momentum transfer ¢g> = p A, — PA.» € = p,e and 6, is the angle between the

momenta of the 7 lepton and A, baryon in the dilepton rest frame, as shown in Fig.

For the numerical calculations, we use the phenomenological SM predictions for R(D) [28]

and R(D¥) [29],

R(D)>M =0.305 + 0.012,

R(D*)SM =0.252 + 0.003 , (2.3)



0:
< . >
w* Ap K.

Figure 2.2: Definition of the angle 6 in the decay A, — A 7V,

which are based on form factors extracted from the experimental data for the B — D) ¢¥, decay

distributions using heavy-quark effective theory.

The averages of R(D) and R(D*) measurements evaluated by the Heavy-Flavor Averaging

Group, are

R(D)®P =0.397 + 0.040 = 0.028,

R(D*)®*? =0.316 + 0.016 + 0.010, (2.4)

where the first uncertainty is statistical and the second is systematic. R(D) and R(D*) exceed the
SM predictions by 3.3 0 and 1.9 o, respectively and the combined analysis of R(D) and R(D"),
taking into account measurement correlations, finds that the deviation from the SM prediction is

~ 4 0 [30]. We also construct the ratios of the experimental results (2.4) to the phenomenological



SM predictions (2.3)):

Ratio __Ie(l))exp

D —W = 130 =+ 017, (25)
. 1?(1)*)exp
e =R = 125 £0.08. (2.6)

We use these ratios to put constraints on the NP parameters and find their allowed parameter space.

This chapter is organized in the following manner: In Sec.[2.2] we introduce the effective
Lagrangian to parameterize the NP operators and give the expressions for the decay distribution
in terms of helicity amplitudes. The model-independent phenomenological analysis of individual
new-physics couplings is discussed in Sec. [2.3] while explicit models are considered in Sec. [2.4]

We conclude in Sec.

2.2 Formalism

2.2.1 Effective Hamiltonian

In the presence of NP, the effective Hamiltonian for the quark-level transition b — c17v;

can be written in the form [31} 32]]

GFVcb
V2

+[gsc'b + gpéysb]f(l —¥5)ve + [grcot (1 - ys)b]f%v(l - ¥5)Ve + h-C} , (2.7)

Herr = {[C'w(l —¥s5)b+grcy (1 —ys5)b + grcy,(1+ ys)b]fy“(l —¥5)Vr

where G is the Fermi constant, V., is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element,
and we use 0y, = i[yu, ¥v]/2. The SM effective Hamiltonian corresponds to g; = ggr = gs =
gp = gr = 0. In Eq. (2.7), we have assumed the neutrinos to be always left chiral. In general,
with NP, the neutrino associated with the 7 lepton does not have to carry the same flavor. In the
model-independent analysis of individual couplings (Sec.[2.3]) we will not consider this possibility.

But, in the leptoquark models, we consider all neutrino flavors that may couple to the 7 lepton.



2.2.2 Decay process

The process under considerationis Ay (pa,) = Ac(pa.)+7 (pr)+V:(py,). We calculate the
decay rate using the helicity method [33]] where one builds the helicity amplitudes by contracting the
hadronic and leptonic currents with the polarization of the intermediate particles. The differential

decay rate for this process can be represented as

dr _ G§|vcb|2( B m_%)v—Q+Q_ Y Ml P 08)
dq?d cos 0, 204873 q*] mj, TR Anc™
where
q = DPAp — PAes (2.9)
Q: = (ma,zma)’ ¢, (2.10)
and the helicity amplitude Mﬁ; is written as
Ae  _  pySP VA 1l: MAn, 7 2-
My = HY | o+ D mHYA LY+ e Hy L 2.11)
1 FWL

Here, (4, A’) indicate the helicity of the virtual vector boson (see Appendix , Aa, and A, are the
helicities of the A, baryon and 7 lepton, respectively, and n; = 1forA = ¢t andn, = —1for 4 = 0, 1.
The scalar-type, vector/axial-vector-type, and tensor-type hadronic helicity amplitudes are

defined as

SP S P
Hy\ a0 Hy, -0t Ha, -0’
HY aco = 8s{Acl@blAs),
HY o = gp (Al EysblAs), (2.12)
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and

VA _ gV A
H AT H/b\c,/l HﬂAC,/l’

(1+ g1 +8r) €M () (Acl Cyub |Ap)

H;‘M = (1+gL — gr) €" (1) (Ac| Cyuysb |Ap)

(T)An (TN (T2)24

A, av = HAAC v H/IAC a0

(TNHa % x =

o = 8T €MD () (Al Gioyyb [Ap)
(T2)2 % x =

= gr €MDEY () (A Giouyysh |As)

The leptonic amplitudes are defined as

L/IT = <T)7T| 7_-(1 - VS)VT |O> s
LY = () (7| Ty, (1 - ys5)ve 0),
Ly, = —ie"()e' (V) (t7:] Toyy (1 - y5)v2 |0) .

(2.13)

(2.14)

(2.15)

Above, €* are the polarization vectors of the virtual vector boson (see Appendix [A). The explicit

expressions for the hadronic and leptonic helicity amplitudes are presented in the following.

22.2.1

Hadronic helicity amplitudes

Here, we use the helicity-based definition of the A, — A, form factors, which was intro-

duced in [34]. The matrix elements of the vector and axial vector currents can be written in terms

11



of six helicity form factors Fy, F,, Fy, G4, G, and G as follows:

u
(Al EYFb|Ap) = iin, |Fo(q?)(ma, _mA”)Z_Z

+F+(q2)

+F1(¢*) (" - 0, Pn T ?PAC) UAy»

(Acl eyfysb | Ap)

mp, — mp,
£Gu(q) TS+l = (03, —m
2mp, 2mp
+G (¢ (Y + Q—Pib - Q—bl?ﬁc) UA-

mp, +mp

C

O+

2mA ZmAh u

c p

_ 2 q"
—itp, Y5|Go(q”)(mp, +mAc)¥

2
(p/;\b +P7\C - (mAb -m

(2.16)

(2.17)

The matrix elements of the scalar and pseudoscalar currents can be obtained from the vector and

axial vector matrix elements using the equations of motion:

(Aclcb|Ap)

(Acl cysb |Ap)

q _
— (A EyFb | Ay)
mp — me
mp, —mp, _
Fo(g%) ——2——Sii, un,,
mp — me
q

—F (Al Ey*ysb |Ap)
mp+me

ma, +mp,

Go(q?)—2——Sii, ysUn,-

mp +me

12

(2.18)

(2.19)



In our numerical analysis, we use m;, = 4.18(3) GeV, m, = 1.27(2) GeV [35]. The matrix elements

of the tensor currents can be written in terms of four form factors 4., 4, iz:,, h IRIEIR
H v v H
pAprC - pAprC

O+
mp, +mp, 1_ _1
+hL(q2)(bT(CI’“’7V —q"y") - 25+5 ) (P}, Ph. ~ pfv\hpic))
+

(Ac| Gio™ b |Ap) = din, |2h4(q?)

- ) 2
+h+(q2)(10"” - Q—(mA,, (P//(CVV - pp 7

—ma. (P, Y = Pp, V") + P, PA, ~ pX,,pﬁic))

~ mp, — mp,

+hy(¢*)—5——=
q*0-

—(mih - mic + qz)(yﬂp}/\c - VVPXC) +2(mp, — mAC)(pxbp/V\c - p}’\hp'xﬂ))]u/\b.

((mib -my - ) p), - v'Ph,)

(2.20)

The matrix elements of the current cio*”ysb can be obtained from the above equation by using the
identity

s = —%eﬂmﬂaaﬁ. @2.21)

In the following, only the non-vanishing helicity amplitudes are given. The scalar and
pseudo-scalar helicity amplitudes associated with the new physics scalar and pseudo-scalar inter-

actions are

VO \O_
HIS/Z 0o ~ F085—+ (mp, —mp.) — Gogp—————(mp, + my,), (2.22)
’ mp —me mp +me
VO \VO_
Hff/z 0o ~ Fogs——— (mp, —mp,) + Gogp————(mp, +my,). (2.23)
’ mp —me mp+me

13



The parity-related amplitudes are

HS -y

AneANP —AAe»—ANP’
P _ P
HflAC Anp T H—/lAC —ANP"®

For the vector and axial-vector helicity amplitudes, we find

‘We also have the relations

Fi(l+gp+ gR)Ez_(mAb +my,)

Va?

-G (1+gr - gR)@;(mAb —ma,),

Va2
—F (1+gr +gr)V20-+G. (1+gr — gr)V204,

VL

\/?

~Go(l+gL - gR)@(ml\b +mp,),

\/?

Fo(l+gp+ gR)@(mAb +my,)

\/?

VO
+G(1+g1 — gr)——=(mp, —mp,),

V7
—F (1+g8r+8gr)V20- -G, (1+gr - gr)V20s4,
VO,

\/?

+Go(1+gL - gR)@(m/\b +mp,).

\/?

Fo(1+ g1 + gr) (mp, —ma,)

Fo(1+ g1 +gr) (mp, —ma,)

\% _ \%
Hy o2, = Ho oy
A _ A
Hy oa, = —HZ

14

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)



The tensor helicity amplitudes are

HOWS = —gr| - hO~ + 05|, (2.32)
HWS = gr|hJO” + 0] (233)
(1)-1/2 V2 | [0 +7 [0 ]
H+1/2t+1 = _gT\/_— hy(ma, + mA)NQ-+ hi(mp, —ma)VO+ |, (2.34)
ot qz | ]
(T)+1/2 V2 = ]
Hyp, oy = _gT\/_— hy(mp, +mp )NQ- — hyi(ma, —ma )VO+|, (2.35)
ot C]2 | i
(T)-1/2 V2 g = ]
H+1/2 0+ _gT\/— hy(mp, + maA)NQ-+hi(mp, —mp )VO4+|, (2.36)
,0, qz | |
(T)+1/2 \/z 7
HORL = o |, + ma)NO~ = (ma, = ma )05, (2.37)
»Y, q2
HMR = —gr| 0"+ 704, (2.38)
HO = —gr|h0 - hOs|. (2.39)
The other non-vanishing helicity amplitudes of tensor type are related to the above by
(EZON (T
HAAC,/l,bA’ = _H/lAchl[i/l. (2.40)
2.2.2.2 Leptonic helicity amplitudes
In the following, we define
2
v=4f1- 2L (2.41)
q

15



The scalar and pseudoscalar leptonic helicity amplitudes are

L2 = 24q2v,

12 = 0,

the vector and axial-vector amplitudes are

L+1/2

+1

+1/2

Ly

+1/2
t

112

+1

L

-1/2
L,

112

t

and the tensor amplitudes are

L+l/2 _

0,+1

L+l/2 _

+1,t

L+1/2 _

1,0

2

0,+1

2

+1,t

2

t,0

Here—as in the hadronic case—for the leptonic tensor amplitudes, we have the relation

+V2m,v sin(6;),
= =2m.v cos (6,),
= 2m.v,
= /2q%v (1£cos(6;)),

= 24/q?v sin(6,),
0

b

—/2¢%v sin(0;),
F+/2¢%v sin(6;),

LI}/_zl = —24/¢%v cos(0;),
FV2mev (1 cos(6y)),

—\2m.v (1 +cos(6;)),

112

d1 = 2mzy sin(6;).

e _ _gc
L/l,/l’ = L/l’,/l‘

16

(2.42)

(2.43)

(2.44)
(2.45)
(2.46)
(2.47)
(2.48)

(2.49)

(2.50)
(2.51)
(2.52)
(2.53)
(2.54)

(2.55)

(2.56)



The angle 6; is defined as the angle between the momenta of the 7 lepton and A, baryon in the
dilepton rest frame as shown in Fig. [2.2]
2.2.3 Differential decay rate and forward-backward asymmetry

From the twofold decay distribution (2.8]), we obtain the following expression for the

differential decay rate by integrating over cos 6, [15]:

e s PRSP
dg? B/ m) q> bmg272 273

, (2.57)

2m; 3 6
+2(1 + )AZ ¢ T pYASP 2T A VAT

T NN

where

VA _ VA |2 VA |2 VA 2 VA 2
Ap7 = Hypp |7+ [Hyj o™+ [HZ "+ [H s 417,

VA _ VA |2 VA |2 VA 2 VA 2 VA 2 VA |2
Ay" = Hypp |7+ [Hyj o™+ [H Iy "+ [H 17 +31H 5 17+ 31H ), |7,

SP _ {ySP |2 P2
A3 = [Hp, ol” +1HZ) 5 17

T _ (D12 (T)1/2 |2 (M)1/2 my2 2 (T)-1/2 (T)-1/22
Ay =1H o ¥ Hyy 1+ H D+ H sy o7+ I H o™+

(T)-1/2 (T)-1/22
+HZ )y Lt D 0l

VA-SP _ SP+ VA SPx VA
A5 = Re(Hl/z,o Hl/z,z + H—I/Z,O H—1/2J)’

VA-T _ V Asx (1M)1/2 (T)1/2 VAx (ry(T)-1/2 (1)-1/2
Ag" T =RelH po(H) ), '+ Hy s ()] +Re[H p (Hy o 1"+ Hppy )1+

VA (1)-1/2 (1)-1/2 VA (1172 (112
Re[H ) o(H )y Ly +HDy p p) ]+ RelH 5 ((H 57 g+ HD )] (2.58)

Here, A/ and AY4 are the (axial-)vector non-spin-flip and spin-flip terms respectively, A3” and A}

are the pure (pseudo-)scalar and tensor terms respectively; and AgA_SP and A‘6/A_T are interference
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terms. The scalar-tensor interference term is proportional to cos 6, and vanishes after integration

over cos 6. For the forward-backward asymmetry (2.2), we have [15]

1 ~2y2
Arg(q?) = dr' \™ GV, ¢* N0+ 0- - mz\2 BVA 2m? BVA 4m? BT
FB\q = 2 3 3 2 ot 2 T2 + 2 73 +
dq S12x my, q q q
e gya-se W pVA-T | 4psPeT | (2.59)
N
where
VA _ VA |2 VA 2
By" = |H1/2,1| - |H—1/2,—1| ’
VA _ VA% VA VAx VA
B," =RelH|5 Hjj5o+H 5 H)ol,
T _ g7(T)-1/2 (1)-1/2)2 (M1/2 (M2 2
By =|Hy 0" +Hyy = IHD 7 g+ H 15
VA-SP _ SPx VA SPx VA
B, =Re[Hj),  Hyj 0+ H2 5 oH s
VA-T _ VAx7(T)1/2 (112 VA y(T)-1/2 (T)-1/2
Bs™™ =Re[H 5 (Hy)y "1+ Hy s /)] +Re[H{5 (Hy "+ Hypy )]
VA (1)-1/2 (T)-1/2 VAx (T)1/2 (N1/2
+Re[H ), (HZy )y 1+ HDyp fo)] = RelH n (HZ )y 7y g+ H D1
SP-T _ SPx (1)1/2 (1)1/2 SPx (1)-1/2 (T)-1/2
B =RelHy, o(H, ) 7+ Hyy po)] + RelHZ ) o (HZy )y 1+ HE s o) ] (2.60)

There is no contribution from pure (pseudo-)scalar operators to the forward-backward asymmetry,

but all possible interference terms are present.

In this work we use A, — A, form factors computed in lattice QCD. For a detailed
discussion of the computation of the vector and axial-vector form factors for the transition A, — A,
in lattice QCD, see [[1]]. The tensor form factors for this process in lattice QCD are discussed in

[L15].
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2.3 Model-independent analysis of individual new-physics couplings

In this section we consider one new-physics coupling at a time. We first compute the
constraints from the existing measurements with mesons, and then study the impact of a future

measurement of R(A.).

2.3.1 Constraints from the existing measurements of R(D), R(D*), and 15,

We require the NP couplings to reproduce the measurements and ) of Rf)“”b and
R}41 within the 30~ range. The coupling g5(gp) only contributes to RE4?(RR4"?) while the other
couplings contribute to both channels. If only g; is nonzero, the SM contribution gets rescaled by

an overall factor |1 + g7 |2, so that
R} = RFU = RR¥ = |1+ g, |, (2.61)
Note that in the g -only scenario the forward-backward asymmetry li isunmodified, Arpp = Als,l\g.

The measured lifetime of the B, meson, 75, = 0.510(9) ps [35]], provides an upper bound
on the B, — 7~ v; decay rate, which yields a strong constraint on the gp coupling [36} 37, 38].
According to SM calculations using an operator product expansion [39], only about 5% (for the
central value) of the total width of the B., I's, = 1/7p,, can be attributed to purely tauonic and
semi-tauonic modes. This can be relaxed as the parameters in the calculations are varied. In our
analysis, we use an upper limit of B, — 7v; < 30% to put constraints on the new-physics cou-
plings. Obviously stronger bounds can be considered but here we consider the conservative bound of

30%. For the decay constant of B, we use fp, = 0.434(15) GeV from lattice QCD calculations [40].

In Fig. we present the constraints on the new-physics couplings coming from the
measurements of RR41, RRato ‘and 15 . We see that 75, puts a strong constraint on the coupling

gp. It does not have any significant effect on the other couplings. The g7 coupling is strongly
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Figure 2.3: Constraints on the individual new-physics couplings from the measurements of Rg‘”io,
REatio "and 75, We require that the couplings reproduce the measurements of RR%/* and RR4 jn

Egs. [2.5]and [2.6| within 30, and satisfy B(B. — 77¥;) < 30%.

constrained by Rg‘}”o and only weakly constrained by RS"”".

Example values of the ratios R(A.) and Rﬁf’ 0 = R(A¢)/R(Ae)SM for representative allowed values
of the NP couplings are given in Table[2.1] The standard-model prediction for R(A,) is 0.333+0.010
[1]. We find that large deviations from this value are possible with the present mesonic constraints.
In Table we present the maximum and minimum allowed values of Rﬁf’ 0 = R(A¢)/R(A)SMin
the presence of each individual new-physics coupling, and the corresponding values of the coupling
at which these occur.

Figure [2.4] shows the effect of representative values of the individual NP couplings on the

Ap — A7V, differential decay rate (evaluated assuming |V,;| = 0.041) as well as By, (¢?) [defined

in Eq. (2.1)] and Arp(g?). In all cases, except for the strongly constrained pure gp coupling,
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gs only gp only gL only gr only gr only
-04 0.3 -2.2 -0.044 0.4
R(A¢) | 0.290 £ 0.009 | 0.342 £ 0.010 | 0.479 +£0.014 | 0.344 £ 0.011 | 0.475 £ 0.037
RRf’iO 0.872 +£0.007 | 1.026 = 0.001 1.44 1.033 £ 0.003 | 1.426 + 0.100
-1.5-0.3i 0.4-0.4i 0.15-0.3; 0.08 — 0.67i 0.2-0.2i
R(A¢) | 0.384 +0.013 | 0.346 +0.011 | 0.470 = 0.014 | 0.465 + 0.014 | 0.404 + 0.021
Rﬁ‘”’"’ 1.154 + 0.008 | 1.040 = 0.002 1.412 1.397 = 0.005 | 1.213 + 0.050

Table 2.1: The values of R(A.) and RR‘””’ for two example choices (real-valued and complex-
valued) of the new-physics couplings. The standard-model value of R(A.) is 0.333 + 0.010 [1].
The uncertainties given are due to the form factor uncertainties.

Coupling | R(Ac)max | RY™e | coupling value | R(Ac)min | RX™Y | coupling value
gs only 0.405 1.217 0.363 0.314 0.942 -1.14

gp only 0.354 1.062 0.658 0.337 1.014 0.168

gL only 0.495 1.486 | 0.094 + 0.538i 0.340 1.022 | —0.070 + 0.395i
gr only 0.525 1.576 | 0.085 + 0.793i 0.336 1.009 -0.012

gr only 0.526 1.581 0.428 0.338 1.015 —-0.005

Table 2.2: The maximum and minimum values of R(A.) and RR“”" allowed by the mesonic
constraints for each new-physics coupling, and the coupling Values at which these extrema are
reached.

21



substantial deviations from the SM predictions are allowed. We notice that Arp is typically above
the SM prediction in the presence of gg or gr, while it is typically below the SM prediction in the

presence of gs. Hence, it is possible to use Arp to distinguish between the different couplings.

2.3.2 Impact of a future R(A.) measurement

In this subsection, we present the effect of possible future measurements of R(A.) on
the NP couplings constraints. We consider two cases, one in which the measured value is near
the SM prediction and one with the measured value far from the SM. For the first case we take
Rﬁf”" =1+ 3x0.05, and for the second case Rif”” = 1.3 £ 3 X 0.05 (the same central values as
Rg“’io). Note that we take the 1o~ uncertainty as 0.05. Figures and show the allowed regions
of the parameter space for the first and second case, respectively. We observe the following when

adding the R/Iif’”” constraints to the mesonic constraints:

* For R(A.) near the SM (Fig. [2.5), the allowed regions for (g, gg, gr) are reduced signifi-
cantly, the allowed region for gg shrinks only slightly, and the allowed region for gp remains

the same (as it is dominantly constrained by 75_).

* For R(A.) far from the SM (Fig.[2.6)), most of the previously allowed region for gg becomes
excluded by R(A.). Even more importantly, the gp-only scenario becomes ruled out. In
this case, R(A.) also provides strong constraints on (g, gg, gr), but these constraints still

overlap with the mesonic constraints.

2.4 Leptoquarks as Models of New Physics

Many beyond the SM models, motivated by unifying matter, predict existence of new
particles that decay into a lepton and a quark. These particles, known as leptoquarks (LQ), carry
both baryon and lepton number. There are ten models in which the LQ couples to SM particles
through dimension < 4 operators [35]. These include five scalar and five vector LQs. Six of these

can contribute to b — ¢t~ v, [28]. Three have fermion-number-conserving couplings and three
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Figure 2.4: The effect of individual new-physics couplings on the A, — A 7V, differential decay
rate (left), the ratio of the A, — A.7v; and A, — A LV, differential decay rates (middle), and
the A, — A.7v; forward-backward asymmetry (right). Each plot shows the observable in the
Standard Model and for two representative values of the new-physics coupling (one real-valued
choice and one complex-valued choice). The bands indicate the 1o~ uncertainties originating from
the A, — A, form factors.
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are the mesonic constraints as in Fig.[2.3]
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o 4
’
’

Figure 2.7: An example of U, leptoquark contribution to b — c7v;

have fermion-number-violating couplings. An example of a LQ contribution to the b — c77 v,

mode is given in Fig. The Lagrangian that generates the contributions to b — ¢7~ v, is given

£ = LJI;SO + Llﬁg_z ’
LI;SO = () Quy"Ljr + Wpdiry" Cr) Uiy + h;jLQ_iLa'y’uLjL - Usy
+ (h;jLﬁiRLjL + h;jRQ_iLl'O'zij)Rz +h.c.,
L9, = (g 05 imaLs + ghiteli)Si + (85, 5o Lir) - 5

+ (85, dxvuLjr + 8305 YuliR)VE + hc. (2.62)

Here Q and L represent left-handed quark and lepton SU(2); doublets, respectively; u, d and
¢ represent right-handed up-type quark, down-type quark and charged lepton SU(2); singlets,
respectively. The indices i and j are the quark and lepton generations and ¢ = Cy/! is a charge-
conjugated field. The SU(3) x SU(2) x U(1) quantum numbers of these LQs are summarized in
Table
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spin SU(3). SU2), U(l)y:Q_T3
S 0 3* 1 1/3
S3 0 3" 3 1/3
R> 0 3 2 7/6
Vs 1 3* 2 5/6
Up 1 3 1 2/3
U; 1 3 3 2/3

Table 2.3: Quantum numbers of scalar and vector leptoquarks.

The interaction Lagrangian (Eq. [2.62)) generates the following couplings in Eq. (2.7):

gs(up)

gr(up) =

8L =

8rR =

gr(up) =

V2
4GF Veb
V2
4GF Veb
V2
AGFVep
V2
A4GFVep
V2
4G FVeb

l
C(Vl Py

[
C(VQ Py

Cr(up),

(Cs,(up) + Cs, (1p)) »

(Cs,(1p) = Cs, (1p)) »

where the Wilson coefficients in the leptoquark models are given by

Csm = 2V2GFVey,

3
L _
Chy =D Via
k=1

Clh, =0,
3

IL""IR

ki ,23% 21 1 k3x
2857 85% _2h h

1
k=1

2 2
My, My,

3 kl 23% 21 7, k3%
ct =Ny 8.8k Moy
82_ k3|~ ’

k=1

3

Mg 2Mp

k23 121 pk3s

C! :ka3 SiL8ix Mok
T 8M2  8M2
= 1 2

27

kD23 okl 23 p20pk3« 32l k3

S8l 88 Ml Ml
2 2 2 2

oM My M ME

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)

(2.72)

(2.73)



These Wilson coeflicients are defined at the energy scale u = My, where X represents a leptoquark.
Above, Vi3 denotes the relevant CKM matrix element, where the 3 corresponds to the bottom quark.
In the following, we neglect the CKM-suppressed contributions from k& =1 and k& = 2 in the sums.
Because the neutrino is not observed, we have [ = 1,2,3. Note that there is a Standard-Model
contribution for / = 3 but not for / = 1, 2; hence, the constraints for different / will be different.
The renormalization-group running of the scalar and tensor Wilson coefficients from y =

My to u = up, where u,, is the mass scale of the bottom quark, is given by

. a’s(mt) _% as(mLQ) _%
CSL2 (lub) - |:a,’s(/lb):| [ as(mt) ] CSLQ (mLQ) s (274)
_ as(mt) % a's(mLQ) %
crt) = || | crma. 7

where a; (1) is the QCD coupling at scale u. Because the anomalous dimensions of the vector and
axial-vector currents are zero, the Wilson coefficients for V] ; are scale-independent. The different

leptoquarks produce different effective operators as summarized below:

The S leptoquark with nonzero (g1, g;,) generates C! ’ CL , and CL, with the relation

32’ 7'7

Cl

— !
S, = —4Cy-.

The R, leptoquark with (45, h; R) generates C éz and C[T with the relation C éz = 4Cfr.

The V; leptoquark generates C «191 and is tightly constrained, so we do not consider this model.

The U, leptoquark with nonzero (g21, g5 5) generates Cgl and C,lvl.

The S35 and Uj leptoquarks with nonzero values of (g3z, g5 ;) and (h3, h; ;) generate CA/I.

The leptoquark couplings can also be constrained using b — svv decays. As pointed out in
Ref. [41]], the exclusive decays B — Kvv and B — K*v¥ provide more stringent bounds than the
inclusive mode B — X vv. The U; and R; leptoquarks do not contribute to b — svv, while the

left-handed couplings of S, S3, and Uz do. (The V, leptoquark also contributes to b — svv, but
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we do not consider this model.) The BaBar and Belle Collaborations give the following 90% C.L.

upper limits [42, 43]]:

B(Bt - K*'vv) < 1.7x107,
B(Bt - K™vy) < 4.0%x107°,
B(B? - K%y) < 55%x107. (2.76)

In Ref. [44], these are compared with the SM predictions

BM = B(B - Kvv)sm = (3.98+£0.43+0.19) x 107°,

BM = B(B — K*vv)sm = (9.19 + 0.86 + 0.50) x 107° . (2.77)

Taking into account the theoretical uncertainties [44], the 90% C.L. upper bounds on the NP

contributions are

SM+NP BSM+NP
K <48, K __ <49 (2.78)
g <48 gm =49 .

Following Ref. 28], the b — sv;V; process can be described by the effective Hamiltonian

4G N L
Heyy = T;Vrb"['é [(5ijC£SM) + CZL’) o} +cjoll, (2.79)

where the left-handed and right-handed operators are defined as

0" =(5.9"br) (Vi yaviL) »
L e (2.80)

OZ =(5rY"bR)(VjLyuviL) -

The SM Wilson coefficient CESM) receives contributions from box and Z-penguin diagrams, which
yield

(SM) a 2 2g2
C =—X(m; /M), 2.81
L 27 sin? By ([ Miy) ( )
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where the loop function X (x;) can be found e.g. in Ref. [45]. The leptoquarks that we consider

produce contributions to CZj which, to leading order, are equal to [28]

3i ,2)* 3 2)% 2i 1,3)*
iji_ 1 8iL8iL N 83183  2h3lsp (2.822)
L= - . )
2\/§GFthV,s 2]‘451/3 2M52.1/3 Mz/—l/s
1 3 3
We obtain common coefficients for b — c7tv; and b — sv,V; processes,
31 ,23% 31 23+ 20 1,33+
B__ 1 S8 831831 _ 2h3; hyy (2.832)
L~ - . )
2‘/§GFthV;s 2]‘/[‘21/3 2M821/3 Mlzj-l/3
1 3 3
Hence, for [ = 3 we obtain
BSMINP  GSM4NP 3CM) | o33
S = g Sy (2.84)
By By 3C;
while for [ =1, 2 we have
SM:+NP SM+NP B 2
= SM BK*SM C;éM) (2.85)
By By 3C,

When considering nonzero values only for one coupling at a time (I = 1, 2, 3), the experimental
measurements of Rg“””, Rg’f”o, 78,, and B(B — K (*)vﬁ) yield the constraints shown in Figures
and The cases with gg’ngz* in the S3 model, gfigfi* in the S7 model, and h%’thi* in
the Uz model are ruled out fori =1, 2.

Allowing all relevant couplings in each model to be nonzero simultaneously, we obtain the
coupling regions sampled by the random points in Figs.[2.1T|and[2.12] The corresponding allowed
regions in the Rﬁf”” — RRa1io and R[Ifi’”o — RRa10 planes are shown in Fig.[2.13] Since the S3 and
U; leptoquarks produce only the vector coupling g;, all ratios get rescaled by the common factor
of |l + gz|>. The S3 and Us models are tightly constrained and only small effects are allowed.

The other leptoquark models can produce substantial effects in R/Iif’””, with varying degrees of
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Figure 2.11: Allowed regions for the couplings of the R», 3, and U3 leptoquark models in the
case that all relevant couplings in each model are included simultaneously. We require that the
couplings reproduce the measurements of R and RR¢"° in Egs. (2.5) and (2.6) within 3¢,
satisfy B(B. — T~ ¥;) < 30%, and are consistent with the upper bounds on 8(B — K®vv) at
90% C.L (the latter is only relevant for the left-handed couplings in the S3 and Uz models).

correlation between the mesonic and baryonic observables.

The values of R(A.) and R/’f‘?”'" for two typical allowed combinations of the couplings in each model

are given in Table In Fig. , we present plots of the observables (dI"/ dqz, Ba,, Afrp) for

the same values of the couplings.

2.5 Conclusions

The baryonic decay A, — A.7Tv; has the potential to shed new light on the R(D*)) puzzle.

In this chapter, we studied the phenomenology of A, — A.7v; in the presence of new-physics
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Figure 2.12: Allowed regions for the couplings of the S| and U leptoquark models in the case that
all relevant couplings in each model are included simultaneously. We require that the couplings
reproduce the measurements of Rg‘”’"’ and Rg‘j”" in Egs. and within 30, satisfy 8(B, —
77¥;) < 30%, and are consistent with the upper bounds on 8(B — K*v¥) at 90% C.L (the latter
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Model | Case Couplings R(A.) Rﬁfltio
glzgglz,g* = 0.332 + 0.403i,
gt g3 0.417 — 0.311,
Si 1 e = 0015 - 0.037 0.343+0.011 | 1.032 + 0.004
gl g2 = ~0.079 - 0.002i
33 _23% _ .
Sty = 0.064 — 0.142i,
glgl* = —1.05 + 0.638i,
Si 2 el _ 016 - 0.043 0.549 + 0.020 | 1.648 + 0.025
3i 23« .
gl g2 = 0.018 +0.104
R || Mg = 0373 = OIS 1 s 016 | 133740016
’ 12 h33 = —0.846 — 0.191i AR D 337 £0.
h33h33 = 0.753 — 0.199
R 2 | 3L 3R " | 0.485+0.018 | 1455+ 0.02
2 B2 03 = 0897003y | 0008 1145520025
R hB* = —0.115 — 0.02li,
R2RF = 0.049 + 0.159
IL""1R ’
Up 1 PR — 1468 + 02710 0.605 + 0.019 | 1.818 + 0.008
2i 1,33% __ .
R B33+ = 1116 + 0.744i
2371.33% _ .
hlth%§ = —0.059 + 0.236i,
BB = 0.234 + 0.105i
1L1R >
Ui 2 HERS = 2002 + 0.854. 0.553 +0.018 | 1.663 + 0.005
2i 1,33% __ .
h3 33 = —0.135 + 0.940i
33 23« .
g3e2* = —0.035 + 0.032,
1| °3L°3L 342 +0.01 1.027
> g 923 = 0,061 +0.041i 0.342  0.010 0
33 23« .
g3 g2 = ~0.049 - 0.038i,
S; 2 |3 . 0.345 + 0.011 1.037
g3 g23* = =0.01 - 0.019i
U iy = 20032 = 0.0 g o 1.047
’ 2R3 = 0.003 +0.002i o ER '
h23h33* = —0.014 — 0.006i
3L"3L ’
Us 2 2R3 = 0.017 - 0,007 0.340 + 0.010 1.022

Table 2.4: The values of the R(A.) and Rﬁfti” ratios for two representative cases of the couplings of
the different leptoquark models. Above, the index i = 1, 2 denotes the electron and muon neutrinos.
The Standard-model value of the ratio is R(A.) = 0.333 + 0.010 [1]. The uncertainties given are
due to the A, — A, form factor uncertainties.
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Figure 2.14: The effects of the different leptoquark models on the A, — A.7v, differential
decay rate (left), the ratio of the A, — A.7v; and A, — A LV, differential decay rates (middle),
and the A, — A.7v; forward-backward asymmetry (right), for two representative choices of the
couplings. The red and blue curves correspond to the couplings from Cases 1 and 2 in Table [2.4]
respectively, while the green curves correspond to the Standard Model. Because the S3 and U;
leptoquarks produce only the vector coupling g, the forward-backward asymmetry remains equal
to the Standard Model in those cases. The bands indicate the 1o~ uncertainties originating from the
Ap — A, form factors. 38



couplings with all relevant Dirac structures where we used lattice QCD results for the A, — A,
form factors for all possible currents.

In the first part of our phenomenological analysis, we considered individual new-physics
couplings in the effective Hamiltonian in a model-independent way. After constraining these
couplings using the R(D ™)) measurements and the B, lifetime, we calculated the effects of the
NP couplings in A, — A 77, decays, focusing on the observables R(A.), Ba.(q?), and Arp(g?).
Measurements of these observables can help in distinguishing among the different NP operators.
For instance, the forward-backward asymmetry Arg(g?) tends to be mostly above the SM value in
the presence of right-handed (gg) or tensor (g7) couplings, but is lower than the SM value for most
allowed values of the scalar (ggs) coupling. To illustrate the impact of a future R(A.) measurement,
we presented the constraints on all couplings resulting from two possible ranges of R(A.). The
baryonic decay can tightly constrain all of the couplings g7, gr, gs, gp, and gr. For example, we
have shown that if Rﬁf“” = R(A.)/R(A.)M is observed to have a value around 1.3, the scenario
with only gp becomes ruled out by the combined constraints from R(A.) and 75..

In the second part of our phenomenological analysis, we considered the leptoquark models
in which multiple NP operators are present.

We have demonstrated that some of the leptoquark models can produce large effects in the
Ap — A7V, observables, in particular through scalar and tensor couplings. We have presented
correlation plots of Rg’mo and Rf)i‘”" versus Rﬁfﬁo, which may be helpful in discriminating among

the various models.
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CHAPTER 3

NEW PHYSICS IN INCLUSIVE B — X.77. DECAY IN LIGHT OF R(D ™)
MEASUREMENTS

3.1 Introduction

In this chapter we study new physics (NP) effects in the inclusive B — X.7v decay. As
we mentioned in the introduction, this decay mode is interesting since it has the same quark-level

transition as in R(D) and R(D*). Assuming that NP is present only in b — c¢7v;, we make

I'(B—>X.1v;)

predictions for the ratio of total decay rates R(X;) = TESX G0

with £ = e, u, the differential

decay rates, % and jg—FT, the forward-backward asymmetry Arp (defined in Sec. , and the ratio
dT(B—X,.1v)/dg>

GRS ARV While we add the NP effects at tree level,

of the differential decay rates B(g?) =
we include the perturbative O(a;) and nonperturbative (1/ mi) corrections in the SM contribution
in all observables that we consider here. Adding the O(a;) correction to the forward-backward
asymmetry App is less trivial than other observables since one has to consider the tree-body and
four-body decays separately. We first implement our analysis in a model-independent approach
and consider the most general dimension-6 set of NP operators that contribute to the b — c1v,
decay. We then consider several leptoquark models where in some of these models more than one

NP coupling at a time is present.

The theoretical prediction of the inclusive decay rate is rather precise in the SM. The

differential decay rate can be expanded systematically both in terms of perturbative and nonpertur-
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bative QCD corrections. Perturbative QCD corrections of O («ay) to the differential decay rate were
calculated in [46, 47, 48, 49]. For our purpose, the calculations in [49] are more useful, where
the corrections to the five hadronic structure functions are given and the formulas for the virtual
and real gluon corrections are given separately. This allows us to calculate the correction to the

phenomenological aspects of the inclusive B decay such as ¢ and E; distributions, the ratio of the

dT(B—X,.1v)/dg>
dr(B_)X(rfvt’)/dqz

differential decay rates B(g?) = and the forward-backward asymmetry, Agp.

Nonperturbative corrections to the inclusive semileptonic decay, which is an expansion in
Agcp/myp, are calculated in the context of operator product expansion (OPE) and heavy quark
effective theory (HQET); see [50, 51} 152, 153]], and [S4]. Here m,, is the heavy quark mass (the
bottom quark) and Agcp is the nonperturbative scale parameter of the strong interactions. In the
limit m; — oo, we recover the free quark decay and the Agcp /m, correction vanishes. The leading
order nonperturbative correction is of order Aé cn! ml% and is parametrized by two hadronic matrix
elements, 4; and A5, which are related to the kinetic energy and the spin interaction energy of the b
quark in the B meson, respectively. We will elaborate more on nonperturbative corrections in the
next chapter where we include these corrections in the NP parts.

Higher order O(a?) corrections to the total rate are known in the SM, but it turns out that

even at order O(«y), the radiative corrections to B — X.7~ v, and B — X .{~ v, are correlated and

I'(B—>X.TV)

cancel out largely in the ratio of the decay rates R(X,) = TBoX.00)

[S5]]. So we only consider the
order O(a;) correction in the ratios of the total/differential decay rates as well as in the definition
of the forward-backward asymmetry. The second order QCD corrections to semileptonic b — ¢
inclusive transitions, not considered here, can be important for the rates and the absolute differential
rates [53)156]] and so the ratios should be considered cleaner probes of new physics.

For the SM predictions for R(D ) in this chapter, we use the results of the fits given by [10]
and [13] for R(D) = 0.299 + 0.003 and R(D*) = 0.255 + 0.004 respectively. The experimental

averages of R(D) and R(D*) measurements evaluated by the Heavy-Flavor Averaging Group are
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(9]

R(D)exp = 0.407 £ 0.039 + 0.024, 3.1

R(D")exp = 0.304 £ 0.013 + 0.007. (3.2)

The combined analysis of R(D) and R(D*), taking into account measurement correlations, finds
that the deviation is at the level of 4.1 o~ from the SM prediction [9]]. In our calculations, we construct

the ratios of the experimental results (3.1)) and (3.2)) to the phenomenological SM predictions,

. R(D)ex
R(D)Ratio = "7 _ 11364 (.15,
D) R(D)sm
o R(D")ex
R(D*)Ratio — _~~ P _ 119 4+ (.06. 3.3
( ) R(D*)SM (3.3)

We use the values in Eq. (3.3) to find the allowed parameter space of the NP models. By taking
one operator at a time, we fix the size of the operators by fitting to the measurements in Eq. (3.3)

and then we make predictions for several observables in the inclusive decay.

This chapter is organized as follows: The effective Hamiltonian of the NP interactions and
helicity amplitudes of the inclusive B decay are presented in Sec. [3.2] In Sec.[3.3] the power
correction and the radiative correction of order O(ay) are discussed. The model-independent
phenomenological analysis of individual new-physics couplings is considered in Sec. [3.4] and

leptoquark models are considered in Sec.[3.5] And finally we conclude in Sec.[3.6]
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3.2 Formalism
3.2.1 Effective Hamiltonian
The effective Hamiltonian of the NP operators for the quark-level transition » — ¢t~ v, can

be written in the form

GFVcb
V2

+|g5b + gpcysh| 71— y5)ve + [great” (1 = ys)b| Fou (1= ys)ve + Hee .

Herr = { [C'Vu(l —¥s)b+grcy (1 —=ys5)b + grcy,(1+ )’5)19]7_'7“(1 - ¥5)Vr

3.4)

where G is the Fermi constant, V., is the CKM matrix element, and we use o, = i[yu, ¥v]/2.
When g; = gr = gs = gp = gr = 0, the above equation produces the SM effective Hamiltonian.
Here, we consider only the active neutrinos which are left chiral. In the presence of new physics,
in general, the 7 lepton can be associated with any neutrino flavor. To allow for lepton universality
violation, we assume NP to dominantly affect the third generation leptons.

3.2.2 Decay process

In this section we present the calculations of the inclusive B decay at the free quark level

with new-physics contributions. The process under consideration is

b(ph) - T_(pr) + VT(pVT) + C(Pc)-

The differential decay rate is

Al = LMZZMA/HZC[@ (3.5)
C2my, 4 LT 3 -
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where d®j is the three-body phase space which can be written as

o A(m3, mg, q?) (1 m%) da2d(c036.) 3.6)
= - — cosb;), .
: 256713’m]27 q> 1
with
q = pb - pC’ (37)
Ala,b,¢) = a*>+b*>+c?—2ab -2ac - 2bc. (3.8)

The angle 6, is defined as the angle between the momenta of the 7 lepton and the b quark in the
dilepton rest frame.

The helicity amplitude Mi’ is written as [57]]

e _ gSP A, VA 7 DAy 7 Ar
Myl = Hiazol +Z77/1H/l(,,/ll‘/l +Z'7M71'HAM,’3,LM,. (3.9)
A A
Here, (4, A’) indicate the helicity of the virtual vector boson, A, and A, are the helicities of the
¢ quark and the 7 lepton, respectively, and n; = 1for 4 = ¢t and 7y = =1 for 4 = 0, 1. The

explicit expressions for the hadronic (H,,) and leptonic (L) helicity amplitudes are presented in

Appendix

3.3 QCD correction to differential decay rates and forward-backward asymmetry

From the twofold decay distribution (3.5), one may obtain expressions for various ob-
servables at the free quark level. These expressions in terms of hadronic helicity amplitudes are
presented in Appendix [D]

Here we shortly discuss the inclusion of QCD corrections to the differential rates. In [49], the
hadronic tensor of the transition b — ¢ is parametrized in terms of five hadronic structure func-
tions. The QCD corrections to these structure functions are calculated to O(«,) and generic BLM

(0/},88‘1) order, and numerical results are given in the massless lepton case. This correction con-
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sists of two parts: loop correction, which is the virtual part and has the same kinematics as the
three-body decay, and the real gluon emission (four-body decay) which has an infrared divergence
that cancels out with the divergence in the loop contribution.
Here, using the results of [49], we add the O(ay) correction to the differential decay rates and
forward-backward asymmetry in the case where the final lepton is massive. To add the O(«ay) cor-
rection, one should find the appropriate integration intervals for the three-body (four-body) decay
in the case of loop correction (real gluon emission). Since the correction to the triple differential
distribution for b — c¢lv; is given as a function of the lepton energy, it is more convenient to
introduce the definitions of the forward and backward terms in the forward-backward asymmetry
(Arp) [Eq. (3.12)] in terms of the lepton energy rather than the 7 scattering angle 6;. Therefore,
the integration is done over the lepton energy rather than the angle 6.

In Appendix [C] we find the relation between the 7 energy E, which is defined in the b
quark’s rest frame, and the angle 6, defined in the dilepton’s rest frame. A comprehensive study of
decay kinematics is given in [38]].

For the energy E; in four-body decay we find (see Appendix [C)

1

E. =
’ 4mbq2

[(m; + g% = r*)(m2 + ¢*) — (¢ — mH)\JA(m2, g%, r?) cos(6-)] , (3.10)

where g? and r? are the invariant masses of the dilepton and the charm-quark/gluon systems,

2

respectively. For three-body decay r2 reduces to m2. From the above equation we can find the

bounds on the 7 energy by cos(6;) = =1,

L
E; = T [(m} +q* = r*)(m2 + ¢%) £ (¢° — m2){JA(m?, ¢%,r?)]. (3.11)

Using this equation we can easily calculate the forward-backward asymmetry by performing the

integration over E; instead of cos(6;). We therefore define the forward-backward asymmetry in
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Parameter \ Value ‘

m, 471+ 0.05 GeV
SMpe 3.40 + 0.02 GeV
A —0.30 GeV? + 25%
A 0.12 GeV? + 25%
0.065
g 0. 218+0 040

Table 3.1: Parameters used in numerical results.

the case of four-body decay as

/ ./E dqzdr2dE da7drae, 9B /EO dq 2d 2a’E drarar dE-)dr?
App = = , (3.12)
dq?

(m2+q%—r?)(m2+4?)

where EV = . Note that the integration over > appears only in the case of the

4mpq?

four-body decay.

3.4 Model-independent analysis of individual new-physics couplings

In this section we consider one NP coupling at a time. Constraints on NP parameters
are considered from the existing measurements of R(D) and R(D*) mesons and from the B,
lifetime. The B, measurement does not have any significant effect on the constraints except for the
gp coupling. (In general, NP couplings are taken to be complex. Nevertheless, in the numerical
analysis of R(X,), Fig. [3.1]and Tables[3.3]and[3.4] we take these couplings to be real for simplicity.)

We require the NP couplings to reproduce the measurements of Rﬁ“”"’ and Rg‘*‘”o within
the 30~ range. The coupling gs(gp) only contributes to RR‘”’” (RR“””) while the other couplings
contribute to both channels. The constraint due to B, has been considered before in [38|, 136, [37].
Here we follow the same procedure and use an upper limit of 8(B, — 77 v;) < 30%, and we take
fB. = 0.434(15) GeV from lattice QCD [40], to impose this constraint on the NP coupling gp. For
numerical inputs we use the 1S mass scheme for the quark masses (see [39, 60] and [54]). We use

the parameters as given in [54]], and they are presented in Table [3.1]
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The SM prediction for the ratio of decay rates becomes

B(B — X .1V)

R(Xc)sm = B(B — X.(7)

=0.221 £ 0.005, (3.13)

which is comparable with the central value of R(X,)sy = 0.222 givenin [37] and R(X,)sy = 0.223
in [54,[61]] where they add in addition the O(a?) correction to the total rate.

Power correction of order 1/ mz to this decay rate has been calculated in [62]. Taking into account
this correction will result in a reduction of ~ 7% in R(X,) which is a noticeable effect. Nevertheless,
in order to be consistent throughout this work we do not consider this correction for our numerical
study and we present all observables calculated up to the same perturbative and nonperturbative
order.

We now consider the effect of NP models on the total inclusive decay rate. There is an ALEPH
measurement [63]]

B(b — XT Vr)exp = (243 £0.32) X 1072, (3.14)

where X = X, + X, are all possible states from b — ¢ and b — u transitions. In some part of our
analysis we will use the above measurement as an experimental input. When we do that we will
set the ALEPH measurement to the inclusive rate for B(B — X.7~v,). The ALEPH measurement
represents the inclusive decays of a mixture of b hadrons and in the leading order in the heavy quark
expansion all » hadrons have the same width. Moreover, we will neglect the small b — X, 77 v,
transition.

Using the world average for the semileptonic branching ratio into the light lepton [9]],
B(B — Xl Vi)exp = (10.65 + 0.16) x 1072, (3.15)

we can find for the ratio

R(X)exp = 0.228 £ 0.030. (3.16)

In Fig. 3.1 we plot the effect of the new physics scenarios on the ratio of total inclusive decay rates

47



R(Xc)

0.0 0.2 0.4 0.6 0.8 1.0
gs gar

0.30f \ / 0.26¢ 1 o030}
/ 0.24f 1
0.25 -
0.20 © 0.22f 1
0.20f
0.45L \ / 0.20f ]

0.18 . L . . . . 0.15 . . . . .
-2.0 -1.5 -1.0 -0.5 0.0 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 -02 -01 00 01 02 03 04 05
a9 9r gr

0.25¢

R(Xc)

Figure 3.1: The effect of real NP couplings on the ratio of total decay rates R(X,) (blue lines).
The pink shaded areas are the allowed regions within 1o~ of the central value for R(X_ ).y, and the
green shaded areas are constraints on the couplings due to measurements of R(D) and R(D*) and
the branching ratio of B..

R(X.) (blue lines) by taking the NP couplings to be real. The pink shaded areas show the allowed
range of measured R(X,), within 1o~ using and the green shaded areas are constraints (on the
couplings) due to the measurements of R(D) and R(D*) within a 3¢ interval and the branching
ratio of B.. As we can see from the figure, for the gg, g; and g7 couplings, the experimental (107)
bounds on R(X,) can reduce the allowed parameter space for the NP couplings. This effect is more
pronounced for the g; and g7 couplings where a significant part of the allowed coupling values
are excluded by R(X,.). The allowed values of the couplings are given in Table On the other
hand if the ALEPH result is not used as an input, large deviations from the SM are possible for the
inclusive rate. As an illustration, in Tables [3.3]and [3.4 we present maximum and minimum values
of R(D™) in each model by considering the measurements of R(D*)) and the branching ratio of
B. as constraints, and we compare them with the corresponding values when we add the inclusive
measurement as another constraint.

Now we consider differential rates and we first consider effects of perturbative and non-

perturbative corrections to the differential rates in the SM. In Fig. [3.2] we plot the differential

dT(B—X.17,)/dq?
dU(B— X Cv¢)/dg?’

distributions, %0571; and

1 dr
'y dE;>

the ratio of the differential decay rate B = and

48



Coupling \ Allowed value ‘
gs (—1.89,-1.42) and (-0.07, 0.33)
gp (0.09,0.73)
gL (-2.07,-2.01) and (0.01,0.07)
gR (—0.05,-0.01)
er (—0.04,0)

Table 3.2: Allowed values of the coupling constants taken from Fig.

Max/Min Values Max/Min Values
Without (With) Inclusive Constraint Without (With) Inclusive Constraint
s orgp 8L
1.83/0.90 (1.75/0.90) 1.38/1.01 (1.14/1.01)
R(D)Ratio at gs =—1.92 or 0.43 / -1.42 or —0.07 at gr =—2.170r 0.17/ =2 or 0.005
(gs = -1.89/-1.42 or —0.07) (gr =—-2.070r 0.07/ -2 or 0.005)
0.545/0.269 (0.523/0.269) 0.410/0.301 (0.340/0.301)
R(D) at gs = —1.92 or 0.43/-1.42 or -0.07 at gr =—-2170r 0.17/ -2 or 0.005
(gs = —-1.89/-1.42 or —0.07) (gL = -2.070r 0.07/ =2 or 0.005)
1.10/1.01 (1.10/1.01) 1.38/1.01 (1.14/1.01)
R(D*)Ratio at gp = 0.726/0.087 at gr =-2.170r 0.17/ -2 or 0.005
(gp =0.726/0.087) (g =-2.070r 0.07/ =2 or 0.005)
0.281/0.257 (0.281/0.257) 0.351/0.257 (0.290/0.257)
R(D?) at gp = 0.726/0.087 at gr =-2.170r 0.17/ -2 or 0.005
(gp =0.726/0.087) (g = -2.070r 0.07/ -2 or 0.005)

Table 3.3: Comparing maximum and minimum values of R(D™)) by using measurements of
R(D™) and the branching ratio of B. without (with) adding the inclusive measurement as a

constraint.
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Max/Min Values Max/Min Values
Without (With) Inclusive Constraint Without (With) Inclusive Constraint
8R 8T
0.99/0.90 (0.99/0.90) 1.41/0.95 (1.00/0.97)
R(D)Ratio at gg = —0.006/-0.05 at gr = 0.365/-0.058
(gr = —0.006/-0.05) (g7 = —0.002/-0.038)
0.295/0.269 (0.295/0.269) 0.421/0.283 (0.298/0.288)
R(D) at gg = —0.006/-0.05 at gr = 0.365/-0.058
(gr = -0.006/-0.05) (gr = -0.002/-0.038)
1.09/1.01 (1.09/1.01) 1.38/1.01 (1.23/1.01)
R(D¥)Ratio at gg = —0.05/-0.006 at gr = 0.365 or —0.058 / 0.309 or —0.002
(gr = —0.05/-0.0006) (gr = —0.038/-0.002)
0.278/0.257 (0.278/0.257) 0.351/0.257 (0.314/0.257)
R(D?) at gg = —0.05/-0.006 at gr = 0.365 or —0.058 / 0.309 or —0.002
(gr = —0.05/-0.0006) (g7 =—-0.038/-0.002)

Table 3.4: Comparing maximum and minimum values of R(D™) by using measurements of
R(D™) and the branching ratio of B, without (with) adding the inclusive measurement as a
constraint.

the forward-backward asymmetry Arp in Eq. (3.12) in the SM at leading and next-to-leading order
and with the 1/ mi correction. We normalize these observables to I'g where
GVey|*m;

Ilg=———+—. 3.17
0 19273 G.17)

As shown, the radiative correction to B and App is not as effective as in the case of dI"/ dq2 or
dT'/dE;. In general, we expect higher order perturbative corrections to affect the ¢ and the E;
distributions by larger amounts compared to the B and the Arp observables which involve ratios of
differential quantities. The 1/ mi correction has a considerable effect on all observables except the
ratio of differential branching ratios, B. In this observable the power correction becomes noticeable
only close to the end point region. In general however, one should be careful when interpreting the
power corrections locally as the OPE breaks down near the end points.

InFi gures—we present the effects of different NP couplings on the observables Fio jTFZ’

rlo %, B, and A gp by considering one coupling at a time. In these plots, the SM uncertainties to the
observables are shown as error bars. To calculate these uncertainties we use the numerical values

in Table [3.1{and propagate the uncertainties for each observable. To account for O(a?) corrections
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Figure 3.2: The differential decay rates (1/T)dI"/dg? and (1/T)dT"/dE-, the ratio of the differ-
ential decay rates B, and forward-backward asymmetry Arp at leading (solid line), next-to-leading
(dashed line) and next-to-leading order with 1/ mi correction (dashed-dotted line) for the process
B — X.T7¥,.

for each observable, we use the calculations in [535] where the O(ay) and O(a?) orders contribute
to the total decay rate with the amount of about 10% and 6% of the leading order, respectively.
Therefore, we assume the unknown higher order contributions in the differential distributions to
follow the same ratios. We estimate the errors due to O(a?) corrections to be +70% of the O (a)
correction and add this estimate as an uncertainty to the differential decay rates. For the two
observables B and Arp, we see that these uncertainties are considerably smaller.

Except for the gp coupling which is tightly constrained by B., we see that NP models can have

considerable effects on these observables in general. In particular we see that Arp can have zero

crossings and take negative values unlike the SM for some NP couplings.

3.5 Leptoquark model results

In this section we introduce leptoquark models that can be the origin of the general couplings
in the effective Hamiltonian (3.4). In the last chapter we considered these models in detail. To be
self-contained, here we briefly describe how these models generate the couplings in the effective

Hamiltonian (3.4). The Lagrangian that generates the contributions to b — ¢t~V is given by
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(hiJI;Q_iL'YﬂLjL + h;{gd_iR'yﬂij)Ul,u + h;jLQ_iLa'V”LjL Uy,

+ (hlszL_‘iRLJ'L + hlszQ_iLiO'zij)Rz + h.c.,

= (805 ioa L + gRitiglir) St + (85, OF ionTLjL) - 3

+ (85, diryuLiL + 85,05 Yulir)Vs + h.c. .

(3.18)

After integrating out the LQs and performing the convenient Fierz transformations we find that

these models can generate scalar (gs, gp); vector (g ); and tensor (g7) couplings as follows:

The S3 and Uj; triplet scalar and vector leptoquarks generate the vector coupling g; .
The U singlet vector leptoquark generates scalar (gg, gp) and vector (g;) couplings.

The R, doublet scalar leptoquark generates scalar (gs, gp) and tensor (gr) couplings.

The S; singlet scalar leptoquark generates scalar (gs, gp), vector (g) and tensor (gr) cou-

plings.

The leptoquark Lagrangian generates these couplings in the following way:

gp =

8L =

S8R =

8T =

V2
4'GF Vcb

V2
4GF Vcb

V2
4G pVep
0,

V2
4G FVep

3
Z Vi3
k=1

3
Z Vi3
k=1

3
Z Vis
=1

3
Z Vi3
k=1

kl ;23

285185k

2h2l hk3*

kl 23
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_eptg o 88k Mar™r
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where g/ and k" are the leptoquark couplings with i(j) indicating the generation of quarks
(leptons) and M’s are leptoquark masses with the subscripts corresponding to the leptoquark type.
One should run these couplings down to the b quark mass scale as they are defined at the leptoquark
mass scale (~ 1 TeV). Here Vi3 corresponds to the CKM matrix element, with 3 referring to the
bottom quark. We neglect the CKM-suppressed contributions from & =1 and k = 2.

The leptoquark couplings can also be constrained by b — svv decays, so we also consider
the exclusive B — K v¥ decays in our analysis. Following Ref. [28]], the b — sv Vi process can

be described by the effective Hamiltonian,

4GF

Herp =~ VoV [(5 CM C’f) 0/ +ciol| . (3.24)

l] L

where the left-handed and right-handed operators are defined as

0% =(51y"b1) Fjryuvir)
(3.25)

0% =(Spy"bRr)(ViLyuviL) -

The SM Wilson coefficient CESM) receives contributions from the box and the Z-penguin diagrams,
which yield

W = —X( 2/M2), (3.26)
27 sin? Oy

where the loop function X (x;) can be found e.g. in Ref. [45]. Leptoquarks produce contributions

to Czj which, to leading order, are equal to [28]

2% 2j% 2i 3,37*
i 1 gnglL + gSLgSL _ 2h3 b3y (3.27a)
L™ H\2 | 2m2 T om? M| '
2N2GFVip Vi S S3 Us
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Now we obtain the common coefficients for the b — c7v; and b — sv,V; processes,

31,23+ 31 23« 21 133
53 _ 1 88 &8 2hahyp
L= N >t 7~ 5 (3.28a)
2N2G RV, Vi 2M5 2Mg, Mg,
Hence, for [ = 3 we obtain
BIS(M+NP BIS<1>/I+NP 3C£SM) " Cis 2 (329)
SM SM SM ’ :
By B 3¢5
while for / = 1, 2 we have
SM+NP SM+NP 3|2
= SM BK*SM C;éM) (3.30)
By B 3C,

Now we apply leptoquark models to the inclusive decay B — X.7~v;. In leptoquark models in
general, we can have all neutrino generations coupled to the 7 lepton as NP effects. We impose the
constraints on all the leptoquark couplings simultaneously from the experimental measurements of
R(D) and R(D*) within a 30 confidence level, as well as 75, and B(B — K (*)y¥). Then, we
substitute the allowed values of the couplings in the calculations of RS"”"’, Rgﬁltio, and R§f”‘) to
demonstrate the allowed regions of these observables in the presence of each leptoquark model.
The results are presented in Fig. [3.7]

Since in leptoquark models in general, there can be multiple NP couplings present (as
opposed to model independent scenarios where one coupling at a time is considered), in Figs. [3.8]
- we present the effect of different leptoquark models (S, R», U;, S3, U3) for some allowed
values of the model parameters on the inclusive decay B — X.7~ v, observables. S3 and U3 models
are tightly constrained and only small effects are possible, while other models can have large effects
on the considered observables. This can be seen in the correlation plots in the R§z’”0 - Rg‘”io and

R§‘f”” - Rﬁi’”” planes where in the S3 and Uz models we see small deviations of the R values from
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of B — X.t7v,. Each plot shows the observable in the Standard Model and for two allowed

values of the NP couplings. The red curves correspond to gffglzlg* = 0.203 + 0.1214, gfl%glzlg* =

1.100 — 0.385(, gl g23* = 0.270 + 0.149i, g3 g = —-0.015 + 0.014i, gi2g* = —0.027 — 0.031i,

gl ¢23* = —0.054 — 0.009i, and the blue curves correspond to gi>g2s* = 0.420 — 0.369i, gi2 g3 =

—0.818 — 0.253i, g3 gZ3* = 0.711 + 0.761i, g2 ¢2>* = 0.095 + 0.002i, g2g%* = —0.042 — 0.110i,
31 23«

g1 & = —0.003 — 0.022, while the green curves correspond to the Standard Model.

the SM predictions while large deviations are possible with the other leptoquarks. The differential
distributions can have different shapes from the SM and Arp can have zero crossings and take
negative values for certain leptoquark models. The pattern of deviations from the SM can also be
different for the different leptoquark models. Hence the careful measurements of these observables

can point to the presence of leptoquarks and give clues to their structures.

3.6 Conclusions

Recent measurements of R(D ) that show large deviation from the SM might be providing
hints of lepton nonuniversal NP. The underlying transition in these decays b — ¢7~ v, can also be
probed in other decays and in this chapter we considered one such process which is the inclusive
decay B — X .77 V.. Inclusive decays suffer from less hadronic uncertainties than exclusive decays

and so these decays offer good tests of the SM. In this chapter we considered NP effects in the
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Figure 3.11: The effects of the S3 leptoquark model on the differential decay rates (1/T)dI"/dg?,
(1/To)dT"/dE; the ratio of differential rates B; and the forward-backward asymmetry (Arp) of
B — X, 77 v;. Each plot shows the observable in the Standard Model and for two allowed values

of the NP couplings. The red curves correspond to ggiggz* = -0.062 - 0.028i, gﬁg%ﬁ* =0.031 -
0.0054, ggnggz* = 0.013 — 0.003¢, and the blue curves correspond to gﬁg%i* = —0.062 - 0.028i,

ggiggz* = 0.003-0.031i, gglL ggz* = 0.052-0.054i, respectively, while the green curves correspond

to the Standard Model.

inclusive decay B — X.7~ v, with the NP parameters constrained by the R(D*)) measurements.
We first adopted a model independent approach where the NP is expressed in terms of higher
dimensional operators with various Lorentz structures. Considering one NP operator at a time, we
considered the effect of NP on the inclusive decay. In the SM, the inclusive decays were calculated
to perturbative O(a;), and nonperturbative 1/ mi corrections. Several observables including rates
as well as differential distributions were discussed with a particular focus on the ratio of rates
R(X.) = %. ALEPH has a measurement of b — X7~ v, which we converted into
a measurement of B — X.77v; under certain assumptions. Using this as an input we showed
that this measurement further constrained the NP couplings introduced to address the R(D )
anomalies. Not including the ALEPH measurement we found that large deviations from the SM in
R(X,) are possible with the present R(D*)) measurements. This highlights the importance of a

precise measurement of the inclusive rate as a sensitive probe of NP. We then considered explicit

models of NP with leptoquarks and for various models of leptoquarks studied their effects in the

61



{.lg Leptoquark i . i i Us Lgptquark i

0.020} 0.30¢
— — 025
L 0015 kS
> U L
g 8 0.20
T 0.010F 4 04sp
C [
2 2 010
g o005} e
< < 0.05F
R ‘ ‘ N e N
4 6 8 10 18 19 20 21 22 23 24 25
q*[GeV?] E[GeV]
U; Leptoquark U; Leptoquark
1.5 T T T 0.6F T T T |
1.00 1 0.4 ]
0.21 1
m 0% 1 <E \
0.0 =
0.0 1
-0.2F ]
-0.5
4 6 8 10 4 6 8
PlGeV?] ¢*[GeV?]

Figure 3.12: The effects of the Us leptoquark model on the differential decay rates (1/T)dT"/dq?,
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Standard Model.

inclusive decay. We found that large deviations are possible in certain models of leptoquarks and
the patterns of these deviations are different for different models. Therefore, careful measurements
in the inclusive decay can not only point to the presence of leptoquarks but can give clues about

their structure.
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CHAPTER 4

NEW PHYSICS IN INCLUSIVE SEMILEPTONIC B DECAY INCLUDING
NONPERTURBATIVE CORRECTIONS

4.1 Introduction

In the previous chapter we discussed the effects of new physics (NP) operators in the inclusive
semileptonic B decay. There, we considered NP contributions at tree level and nonperturbative
corrections of order O(l/mi) were included only in the SM part. In this chapter which is based
on Ref. [64], we carry out the calculations of nonpertubative effects for all NP Dirac structures

and present the effect of these corrections numerically. In particular, we study the effect of these

B(B—X .17 V,)

corrections on the lepton flavor universality observable R(X,) = BESX.v0)

and compare the
results for this observable with and without power corrections in the NP contributions. We will
see that the order of these corrections are at the percent level and in the parameter region of our
interest, they are mostly noticeable in the scalar and tensor parts.

This chapter is organized as follows: In section 4.2] we briefly describe the inclusive B decay

process and present the results of our calculations. In section[4.3] we present the numerical results

and in section we finish this chapter with a conclusion.

4.2 Inclusive B decay

The inclusive semileptonic B decay rate can be calculated systematically by an expansion

in terms of perturbative and nonperturbative corrections. The leading terms in this expansion
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reproduce the free quark decay rate while higher order terms are written as double expansions
in terms of short distance perturbative effect which is an expansion in a;, and long distance
nonperturbative effect which is an expansion in Agcp /myp.

Nonperturbative corrections are calculated in the context of operator product expansion
(OPE) and heavy quark effective theory (HQET). The techniques to calculate these corrections are
known well (see e.g. [50, 51} 152} 153} 154, 65, 66]). The expansion is basically written in terms
of operators with increasing dimensions where the higher dimension operators are suppressed by
powers of 1/mj. A convenient method to calculate these corrections to arbitrary order in 1/my, is
presented in [67]. In this chapter, we extend the SM results by adding the scalar, pseudo-scalar,

vector and tensor currents as NP effects. We consider the effective Hamiltonian,

GFVcb
V2

+[gsc'b + ng'Ysb]f(l —Ys)ve + |gréot (1 - 75)b]7_'0',uv(1 —Y5)Ve + h.c.},

Hers {|levu=ys)b+ 81671 = y9)b + gréyu(1+ y9)b |y (1 = y5)7

(4.1)

where G r is the Fermi constant and V., is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element.
When g5 = gp = g1 = gr = gr = 0, the above equation produces the SM effective Hamiltonian.
To calculate the differential decay rate for B — X.7~ ., we use the optical theorem to find

the imaginary part of the time ordered products of the charged currents,

/ d*xe™ " (B|T{O" (x), 0(0)}|B), (4.2)

where O consists of SM and NP currents,
O = (1+gr)cy (1 =1ys)b +gréy"(1+ ys5)b + gscb + gpcysb + grca” (1 - ys)b. (4.3)

The time ordered product can then be written as an operator product expansion where a
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series of operators with increasing dimensions appear. Then, using the heavy quark effective theory,
we can separate the residual momentum of the heavy quark in the hadron (which is of order Agcp)
and define the matrix elements of the nonrenomalizable operators in the operator expansion. This

procedure leads to the determination of hadronic form factors. After contracting with the leptonic

dr

Ja7dE dE," Here the kinematic

currents, we can calculate the three-fold differential decay rate
variable ¢? is the dilepton invariant mass and E; and E, are the energies of the 7 lepton and the
corresponding neutrino in the rest frame of the B meson. The explicit expression of the three-fold
decay distribution in terms of the invariant quantities is provided in Appendix [E| The leading order
result is the free quark decay distribution and the first nonperturbative correction appears at order
Aéc o/ mi. This correction is proportional to two hadronic parameters A; and A, (or 2 and ué)
which correspond to the kinetic energy and the spin interaction energy of the b quark in the hadron,
respectively.

After integrating over the energies of the charged lepton and the neutrino, we can find the ¢°

distribution as [[64],

G =Nl ey To| o+ Re(ei e |+ lasl T
FR(g5(1+ 81+ 80) Jog| +larl | #Relap( e —g) G|
Flerf o] +Re(l+ 08 5| +Re(ersn) G| | @4
where N(§?) = G Ve [P U /47)° and A(a, b, c) = a® + b + ¢* = 2ab — 2ac — 2bc. The various

9673/1(1,42,p2)

terms on the right hand side of the above equation are presented in the following, with subscripts

that correspond to contributions of SM, NP and interference terms,
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:(1+%)/1(1, 2 eO{[(1-p)? + 31+ p) 20697

dél\z SM b

"\l\)[\)

31,
2
2m b

2202 - P+ p) = @] + 22 {[1- (1= 5p) = (1= )21+ 5p)

C]

=3(§%)*(5+6p +5p%) +25(¢*)°(1+ p) —10(§%)*]

s
T

L[2(1-p)’(1=5p) = G°(5 - 9p — 21p” +25p")
4

+3(42(1+20+5p) + 5671+ p) = 507", (4.5)

dr

R /l] R 3/12 A
| = Ve (1 S a8 0 +avp T [20 - 0 - 3070 - p)?

LR m m

4/\2
HI2G 1+ p) = 1@+ (=) =371 = ) =303+ @)] |, @46

Jr A A A
dq S ((1+\/—)2 [(1+ %)/l(l 2 )
+3£((1—x/_) (1+6vp+50) ~ 28712y +5p) +5(a7?) |, @)
dr 3mT 2_ g o .0
z: P Gl G (R

+ ((1—\/‘) (1+6yp +5p) — 24 (1—2\/ﬁ+5p)+5((jz)2)], 4.8)
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dar
dg*|p

0y -1+ 2 )aa )
m

20 ((1+\/_ P(1-6yp+5p) ~ 2471+ 2v5 +50) +5@°7)] . @49)

dr
dg?

3mT

AR VBP = P (14 5 A% )

PLR b

((1+\/—) (1= 63p +5p) — 2321+ 24/p + 5p) + 5(¢%)? )] (4.10)

dr 22 A .
2] =80 =01+ 2mb)(za—p)‘* 532(1- p)2(1+ ) + ()7 (3+ 2 +3p7)
F @40 - (@) + 25 (214 0P G+ 5p) + (3 + 170+ 502 = 250)
m
+(@2(3+14p +150) + 507 (1+ p) = 542 | @11
T = 36meyp] 1+ 525 ) (140 + 221+ 20 30 + (@14 39) ~ (@)
dg*|.r ! 2my

* 2%((1 = pX(1+15p) + 4% (3+10p = 45p%) + (49219 +45p) - 15(8)) |, 4.12)
b

dr
dg?

. A . . .
= =31+ 2_mi) (149 = (=34 20+ p>) = (G(3+p) + (4V°)

+2Lnjz((1 PP(5+11p) + 331~ 18p — 15p%) — (42 (13+3p) +73>)°) | (4.13)
b
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Parameter Value [30]] Parameter Value [[75]]
(1S scheme) (kinetic scheme)
my 4.691+ 0.037 GeV my 4.561 + 0.021 GeV
A —-0.362 + 0.067 GeV? me 1.092 + 0.020 GeV
) 0.043 + 0.048 GeV? Uz 0.464 + 0.067 GeV?
T 0.161 + 0.122 GeV? 03 0.175 + 0.040 GeV?
3 0.213 + 0.102 GeV? He 0.333 £ 0.061 GeV?

Table 4.1: Values of the parameters used for the numerical results. The correlation matrices are
taken from the references mentioned in the table.

Here we have defined the normalized quantities, §*> = ¢ /mi, p = m? /mi and m,; =
my/my. Note that there is no scalar-pseudoscalar and (pseudo)scalar-tensor interference terms in
the ¢> distribution. For g5 = gp = g1 = gr = gr = 0, we reproduce the SM results and for

gs = gp = gr = gr = 0 we reproduce the results given in [68]].

4.3 Numerical Results

In this section, we present the numerical results of our calculations in two mass schemes
for the quarks masses: the 1§ mass scheme [39, 60] and the kinetic scheme [69, 70} 71, [72]. In the
1S scheme, we follow [73, [74] to write the rate in terms of the nonperturbative parameters, m, 1;
at O(1/ mi) and pj, 7y and 73 at O(1/ m?}), and we use the numerical results of the fit together with
the correlations between the parameters from Ref. [30]. In the kinetic scheme the nonperturbative
parameters are m; and m., u2 and /xé at O(l/mi) and p% at O(l/mf)). The numerical values of
these parameters together with their correlation matrix are presented in Refs. [[72,[75]. We present
the numerical inputs in table[d.1] The correlation matrices of these parameters are taken from the
references mentioned in the table and we do not repeat them here.

In our numerical results we also include the O(1/ mi) correction in SM which is derived
in [62]]. Besides nonperturbative effects, we include the O(a,) perturbative corrections in SM
calculated in [47, 49]. The effects of higher order perturbative corrections are very small in the
observables where the ratio of rates are calculated [55}76], so we include only O(«;) corrections.

_ B(B=Xc1t Vo)sm

We find for the ratio of branching ratios in SM, R(X;)sy = BESX T 050 in the 1S scheme,
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R(X.)s5, = 0.216 £ 0.003, (4.14)

and in the kinetic scheme,

R(X,)si = 0.213 + 0.004 . (4.15)

Adding the NP effects, we can find in the 1S scheme,

R(X, 1N
(—)1 ~ 1+ 1.147(|g|* + |gr|* + 2 Re(gr)) + 0.031|gp|* + 0.327|gs|* +12.637|gr|*
R(X:)gy,
—0.714Re((1+ gr)gg) + 0.096Re((1+ g1 — gr)gp) + 0.493Re((1+ g1 + gr)8%)
+5.514Re(grgr) — 3.402Re((1+g1)87), (4.16)

and similarly in the kinetic scheme,

R(Xc)kin

RO,

~1+1.266(|gL]* + |gr|* + 2Re(gr)) + 0.042|gp|* +0.351|gs|* +13.969|g7|*

—0.744Re((1+g1)gg) + 0.120Re((1+ g1 — gr)gp) + 0.525Re((1+ g + gr)gys)

+6.094Re(grgy) — 3.462Re((1+g1)87)- (4.17)

There is a measurement of the inclusive rate by ALEPH [63],

B(b — XT V¢ )exp = (2.43£0.32) x 1072, (4.18)

where X = X, + X, are all possible states from b — ¢ and b — u transitions. This

measurement is dominated by the b — ¢ mode since % = 0.083 + 0.006, as measured by LHCb

[77]. On the other hand the » — u mode has a larger phase space compared to the » — ¢ mode.

We estimate the contribution of the » — u mode to this measurement by,
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|Vub|2

B(b — XT Vi)exp # B(b = XeT7 Vi )exp(1+ W
ch

x 2.8), (4.19)

where the factor 2.8 is due to the larger phase space in the » — u mode. This estimation which is

consistent with the one given in [37] leads to,

B(b — XT Vr)exp = (2.38 £ 0.32) x 1072, (4.20)

Note that the ALEPH measurement represents the inclusive weak decay for a mixture of b
hadrons and to leading order in the heavy quark expansion, all » hadrons have the same width. So
this measurement can be considered as the branching ratio for each individual » hadron.

Using the world average for the semileptonic branching ratio into the light lepton [30],

B(B = XAl Vi)exp = (10.65 £ 0.16) x 102, we can find an experimental value for the ratio,

R(Xe)exp = 0.223 2 0.030. 4.21)

In Fig. we present the results (in the 1S scheme) for the observable R(X.) when we
turn on one NP coupling at a time. We consider two cases: the first case is when the NP contribution
is considered only at parton level (dashed red curves), and the second case is when we add the
subleading 1/m} corrections to these NP contributions (solid red curves). The gray and brown
bands correspond to the uncertainties of this observable when we vary the values of the parameters
within their uncertainties. The green bands are the constraints on the couplings when we consider
the measurements of R(D*)) within 3¢-. For the gp coupling, it is well known that the B, lifetime
leads to a strong constraint [36} [37,38]. We use B(B, — 77 v;) < 30% as in [15]], to include this
constraint on the gp coupling which is included in the green band in the plot. The pink band, is the
value of R(X;).p within 1o
In the parameter space of interest, adding the 1/m, corrections to the NP contributions causes a

change of R(X,) that is numerically at the percent level. This change is mostly noticeable in the gg
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Figure 4.1: The ratio of decay rates R(X.) (in LS scheme) when one coupling at a time is present.
The dashed red curves correspond to the case when the NP contribution is added at parton level
while the solid red curves correspond to the case when power corrections are included in the NP
contributions. Green bands are the constraints on the couplings due to R(D(*))exp within 30~ and
B, lifetime. The pink band is R(X_ )y, within Io.

and g7 case where the maximum correction, in the parameter space that is favored by R(D ), is

~ 5%.

4.4 Conclusions

Recent measurements of R(D ) show large deviations from SM predictions and this could
be a signal of nonuniversal NP. The quark level transition in this observable is b — ¢t~ v, and
we can probe this transition in other decay modes such as the inclusive decay B — X.7v,. In
the last chapter, we studied this decay mode when we add all possible NP Dirac structures to it.
There, we considered the NP contributions at tree level. In this chapter, we extended this study
by including the effects of 1/m; corrections in the NP Dirac structures. We presented the results
of our calculations for the differential decay rate j—(; as well as the three-fold decay distribution
and presented some numerical results of the effects of these power corrections on the observable
R(X,). By constraining the NP parameters by the existing R(D*)) measurements, we presented
the favored parameter region by these measurements to illustrate if the power corrections in the
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NP part are important. We found that, in the parameter range of interest, these corrections are
generically at the percent level (except for the gp coupling which is very small) and the maximum

effect of these corrections is in the gg and gr part which is = 5%.
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CHAPTER 5

CP VIOLATION IN B® — D**u~v,

5.1 Introduction

The observed anomalies in the semileptonic B — D*)¢v, transition have caused a lot of
activity in the field and there are numerous works in the literature that examine the nature of the
new physics (NP) required to explain these anomalies. These include both model-independent and
model-dependent analyses. Therefore, there are many possibilities for the NP. In this chapter which
is based on Ref. [78], we focus on the CP-violating observables as a means of differentiating the
NP scenarios. More specifically, we focus on CP violating triple products (TP) [[79, 180, 81} 82, 83]]

that appear in the angular distribution of the decay B® — D**(— D%x*)u~v,.

Generically, triple products take the form v; - (v, X v3) where v; can be the polarization or
momentum of the final state particles. These terms are kinematical effects and hence they require
an interference of two amplitudes with different Lorentz structures. This fact will help distinguish
different NP explanations of the R(D ")) anomalies. An important feature of TPs is that they do not
require hadronic (CP conserving) phases. This is in contrast to direct CP violation where besides
weak phase differences, one also needs strong phase differences which are usually very hard to
calculate or estimate. This is particularly useful in our case where the only hadronic transition is
B — D* and therefore the hadronic phase remains the same among different amplitudes. So the

main CP-violating effects in B — D**(— Dz*) u~ v, appear as CP-violating asymmetries in the
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angular distributions (TPs).

In this chapter we present the calculation of the full angular distribution of the decay
B - D*(— D07r+),u_17# and investigate how the CP-violating angular asymmetries help us
distinguish various NP models. To do so, we begin in Sec. [5.2] with a derivation of the angular
distribution both in the SM and with the addition of NP. In Sec. [5.3] we consider several LQ
models and the implications of the CP-violating angular asymmetries for these models and finally

we conclude in Sec. 5.4

5.2 Angular Analysis

In this section we discuss the kinematics of the decay B — D*(— Dm)¢ v, and define the
angular observables in the process using transversity amplitudes. The total decay amplitude for
this process can be expressed as a sum over several pairs of effective two-body decays. Here we

begin by examining the SM contribution and then continue to discuss NP parts.

5.2.1 Transversity amplitudes: SM

The decay B — D*{™ v, is considered to be B — D*W*~, where the on-shell D* decays to

D and the off-shell W*~ decays to £~ v,. Its amplitude is given by
Mmmy (B — D*W*) = e.(m)Myy€;).(n) , (5.1)

where EC* (m) is the polarization of a vector particle (D* or W*). Here m,n = +1, 0 and ¢ represent
the transverse, longitudinal and timelike polarizations, respectively. (Only the off-shell W*~ has a
timelike polarization.)

In the B-meson rest frame we write the polarizations of the two vector particles as

er.(x) = (0,1,£,0)/V2, €.(0) = (k, 0,0, ko) /mp- , (5.2)
ey (£) = (0,1,%i,0)/V2 , €},.(0) = —(¢2.0.0.90) /N> . €. (t) = q" /4>,
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where k* = (ko,0,0, k;) and ¢g* = (g0, 0,0, g;) are the four momenta of the D* and W*, respec-
tively, both written in the rest frame of the B. The polarization vectors of the off-shell W* satisfy

the following orthonormality and completeness relations:

en-(mew=, (m') = gum
D e m)en. (m)gmm = &, (5.3)
m,m’
where g,,,,» = diag(+, —, —, —) for m = t, +, 0. For the on-shell D*, these relations are
fgi (m)GD*y (m/) = —Omm’ »
. Kk kY
Z e (m)e).(m)opm = —g"" + - (5.4)
m,m’ mD*

Since the B meson has spin 0, of the 12 combinations of D* and W* polarizations, only 4

are allowed, producing the following helicity amplitudes:

My (B —> DW= A,
Mo (B—> D'W*) = A_,
Mo.0)(B — D*W*) = Ay,
Mo (B — D'W*) = A, . (5.5)

One may also go to the transversity basis by writing the amplitudes involving transverse

polarizations as

Ar = (A +A)NV2. (5.6)
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The full amplitude for the decay process B — D*(— Dn){~ v, can now be expressed as

M(B — D*(— Drn)W*(— (")) (5.7

& Z Eg*(m)(pD)O' Emm’ Gzp* (m,) Mpv Z E;[}/*(n/) 8n’n 65[/*(’1) (ﬁf')’pPva) .

m,m’=+,0 n,n'=t,+,0

Here we have made explicit use of the fact that €7).(pp+)s = €].(pp + pr)o = 0, so that A(D* —
Dr) o< €).(pp — Prx)o = 2€7.(pp)s. In the above amplitude, one can project out the relevant

helicity components to obtain

M(B — D*(— Dr)W*(— ("))

o< > > €5 (m(pD)o Zmm Minary(B — D'W*) gun €y (n) (iiryuPLvs,)

m,m’=+,0 n,n’=t,+,0

o= > D guHp (M) Miua (B — DW*) Ly () , (5.8)
m==%,0 n=t,+,0
where

Hp-(m) = ep-(m) - pp , Lw+(n) = €},.(n) (v PrLvs,) - (5.9

The notation of Eq. (5.8]) can be simplified by defining a timelike polarization for the D*: Hp-(t) =
Hp+(0). In this case, the helicities of Eq. (5.5) become M ;) (B — D*W*) = A, and

M(B = D*(= DI)W* (= £7)) & = 3 g A Hpe(m) Lyy-(m) . (5.10)

m=t,+,0

Written in this form, the differential decay rate can now be constructed from the helicity
amplitudes and the Lorentz-invariant quantities Hp+ and Ly-. The spin-summed square of the

amplitude is

|M|2 x Z EmmEm’'m’ (ﬂmﬂ;') (WD* (m)w[*)* (m/)) Z LW* (m)-[:;v*(m,) . (5-11)

m,m’'=t,+,0 spins

The leptonic part of the above squared amplitude is given in the appendix in Eq. (F.2)).
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5.2.2  New Physics

From Eq. (5.10), we see that, in the SM, the decay amplitude can be written as the product
of a hadronic piece Hp-(m), a leptonic piece Ly-(m), and a helicity amplitude A,,, summed over
all helicities m. As we will see, this same structure holds in the presence of NP. We can consider
separately the NP leptonic and hadronic contributions. We begin with the leptonic piece.

In the SM, we have B — D*W*~, where the W*~ decays to £~ v, viaa (V — A) interaction.
If NP is present, there are several possible differences. First, there may also be scalar and/or tensor
interactions. Second, the decay products may include a v of a flavour other than €. In what follows,
we assume that neutrinos are left-handed, as in the SM. Regarding the v flavour, technically we
should write ¥; and sum over all possibilities for i (since the v is undetected). However, this makes
the notation cumbersome, and does not change the physics. For this reason, for notational simplicity,
we continue to write V¢, though the reader should be aware that other ¥ flavours are possible. Thus,
in the presence of NP, the relevant two-body processes to consider are B — D*N*~(— (" v,),
where N = S — P,V — A, T represent left-handed scalar, vector and tensor interactions, respectively.
In what follows, we label these SP, VA and T. (The V A contribution includes that of the SM.)

Turning to the hadronic piece, we note that the underlying decay is b — c¢{~v. For each
of the leptonic SP, VA and T Lorentz structures, we introduce NP contributions to the b — ¢
transition. The effective Hamiltonian is

GrVep

Herr = {[(1 +81) Eyu(1=y5)b + gr Eyu(1+ys)b| Ey* (1 - ys)ve

V2

+ [gs¢b + gp éysb] €(1 — ys)ve + gr cot (1 - y5)b{70'w,(1 —y5)ve + h.c.} . (5.12)
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5.2.3 Transversity amplitudes: NP

Including all possible contributions (SM + NP), the amplitude for the process can be

expressed as

ASMANP Z €he (M) (PD)y gmm’ € (m") Mi," (i1 PLvs,)

m,m’=+,0

+ 2, - m) (P g €)Myt D €53, 0) g €54 () (@7, PLs,)

n,n’

+ Z Eg*(m)(pD)ﬁ 8mm’ € (m )M pO'a

X )67 (n) gun € (n)Z & (P") 8prp € (P) (0 PLY3,) - (5.13)

The vector part is identical to the SM with the SM coupling replaced by possible NP couplings in
the hadronic amplitudes.
As in the vector-current case, we can define hadronic amplitudes by contracting the currents

with polarization vectors of the intermediate states. The scalar, vector, and tensor amplitudes are

M) (B — D*SP") e (m) M3"

(B — D*VAY) (m) M) e (n)

(m n) GD*

My (B = D'T) = ieff(m) M o €7 (n) & (p) - (5.14)
Using the above definitions we can now rewrite the total amplitude of Eq. (5.13) as

MSM+NP o — Z Hp+(m) {Miﬁ)LSP"’ Z gnan/nﬁn)LVA(l’l)

m==+,0 n=t,+,0

+ Z gnngppM{m;n’p)-ET(nap)}a (5.15)

n,p=t,+,0
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where the leptonic amplitudes have been defined as

Lsp = ucPrvy,,
Lya(n)

LT(”, p)

e"L;A (n) ey Prvy, ,

—ie# (n) €7(p) (f¢ouyPLVy,) - (5.16)

Since the decaying B meson is a pseudoscalar, conservation of angular momentum leads to
the relationships m = 0O for the scalar part, m = n for the vector part and m = n + p for the tensor
part. In addition, since the tensor current is antisymmetric under the interchange of n and p, the
amplitudes corresponding to n = p automatically vanish. Thus, similar to Eq. (5.5), the non-zero
helicity amplitudes in the full angular distribution are given by

SP
M (0)

MUA(B = DVAT) = A,

(B — D*SP*) = Asp,

MYA (B — DVAY) = A,

M(V(fo)(B — D*VA*) = Ay,

M(Vof}t)(B — D*VA*) = A, ,

r A T s\
M(+§+70)(B — D'T") = M(+;+,t)(B — D*T*) = Ay,
M(T_.O _)(B — D*T*) :M(T___ t)(B > DT*) = A_r. (5.17)

Using the definitions for the B — D* form factors given in Refs. [28,84], we can find these
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hadronic helicity amplitudes as,

\//l(sz, mZD*, q%)

Asp =—8p Ao(q?) ,
mp + mg
) \//l(mé, mpedq*)

A= (1+gL —gr) (mp+mp-)Ai(q~) — (1+ gL + gr) V(g?),

mp + mp«
J/l(m%a sz*a qz)

A_=(+gL—gr) (mp+mp)Ai(q*) + 1+ gL + gr) Vg%,

mp + mp-«
(mp +mp+)(m% —m3, — q°)
Ao =-(+gL—gr) £_D Ai(q?)

2mp-\g?

A(m%, m%., q%)

+(1+g1 —8r) Ax(q?),
2mD*(mB + mD*)\/?
A(m%,m3., q%)
A=-(1+gL —gR)\/ Ao(q?),
7
1
Aor =81 — ((mé — mpy.)(mg +3mpy. — q))Ta(q%) = A(mp, mj,., qZ)T3(q2)) :
2mp-(my — mp,.)

A0 m3 T (G) & (= m )T (g?)

V7 |

where A(a, b,c) = a%+ b% +c* = 2ab - 2ac - 2bc.

Asr = 8T (5.18)

The differential decay rate is proportional to the spin-summed amplitude squared. We have

2 2 2 2
IMSMINPIZ = | Mp® + [Myal® + IMy]

+ 2Re [MSPM;A + MSPM; + MVAM;] . (5.19)

The individual terms are given by
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IMspl? o N MER MSS Hp(m) Hi(m) Y Lsp L

m,m’=+,0 spins

= |Aspl* 1Hp- () D Lp Lip - (5.20)

spins

2. |[Myal* is given in Eq. (5.11)).

3,
IMrl> o T (Hp () Hpm)) > gun 8w 8pp S
m,m’=+,0 n,n’,p,p’=t,+,0
X (M(Tm;n,P) M(Tr:’;n’,p’)) Z Lr(n, p) ,5;(11/, P/) . (5.21)
spins
4.
MspMyy o D Hp-(0)Hp.(m) D gun M,
m=x,0 n=t,+,0
X MU 3" Lsp Ly (n) . (5.22)
spins
5.
MspM; o > Hp(0)Hpy(m) > gun 8pp My,
m==,0 n,p=t,+,0
X Mlr o > Lsp Li(n,p) . (5.23)
spins
6.

Mya My o 3T Hpe(m)Hpo (') > gun 8uw 8prp M

m,m’=+,0 nn’,p’=t,+,0

X M{;’;n’,p’) Z Lya(n) L’;(n/’ p/) . (5.24)

spins
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. I 2 L .
The leptonic contributions to [M3M*NP|” are given in the Appendix
For the vector currents we introduced the transversity amplitudes above. In the same manner

we can define the transversity amplitudes for the tensor currents as,

A\.r (Arr+ A1) /N2,

Ar = (Ar-A_7)/V2. (5.25)

In what follows, we will present the angular distribution in the transversity basis where the

amplitudes are Agp, Ao, A;, Ay, Ar, Ao, Ajr and AL 7.

5.2.4 Angular Distribution

In the previous subsection, we computed the square of the full amplitude for B — D*(—
Dr)t~v,. Using the results from appendix |F, this can be expressed as a function of the final-state
momenta. In this section, we obtain the angular distribution of the decay.

To this end, we use the formalism of helicity angles defined in the rest frames of the
intermediate particles, as shown in Fig. 5.1. We have chosen the z-axis to align with the direction
of the D™ in the rest frame of the B. With this choice of alignment, the helicity angles 6* and 7 — 6,
respectively measure the polar angles of the D and the charged lepton in the rest frames of their
parent particles (D* and N*, respectively), and y is the azimuthal angle between the decay planes
of the two intermediate states. For the CP-conjugate decay, the helicity angles are defined in the
same way. Thus, in comparing the decay and the CP-conjugate decay, 6* = 6*,0; = 6,, and y = y.

Using the above definitions we can express the four momenta of the D and the £~ in the rest

frames of their respective parent particles as follows:

P (Ep,|pplsin®*,0,|pp|cos ),

(E¢, |pel sin@;cos y, |pel| sin; sin y, — |pe| cos 0y) , (5.26)

Py

where Ex and py (X = D, ) represent the energy and the three-momentum of X in its parent rest
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Figure 5.1: Definition of the angles in the B — D*(— Dn)¢™ v, distribution.

frame. The complete angular distribution can then be written as [78]]

d*T 3 G2Vep|*(q* = mH)?|Pp-

dq? d(cosO;) d(cos0*)dy 8« 283m%q?

. me m?
% B(D* — Dr) (N1 +EN, + —2N3) . (5.27)
q

Va?

where g = p¢ + py,, and |pp-| = \//l(m%, m%*, q?)/(2mp), with A(a, b, c) = a® + b> + ¢> — 2ab —
2ac — 2bc, is the 3-momentum of D* in the B-meson rest frame. For Nj, N, and N3, the angular

functions associated with the various (combinations of) helicity amplitudes are given in Tables

[5.2]and[5.3] respectively.

5.2.5 CP Violation and Triple Products

The components in the angular distribution that particularly interest us are those whose
coeflicients are Im(ﬂiﬂ;), where A; ; are two different helicity amplitudes. These are the terms
that are used to generate CP-violating asymmetries. Note that they are all proportional to sin y or
sin2y = 2sin y cos y and they change sign under the transformation y — —y.

As we mentioned earlier, technically, these angular components are not, by themselves,
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Amplitude in N; | Angular Function

| Ao|? 4 sin? 0; cos® 0*

| AL 2sin” 0" (cos? y + cos’ O sin” y)
| A, ? 2sin” 0" (cos” O, cos” y + sin” y)
|\9"(||,T|2 32 sin” @, sin” 6% cos? y

|AL7)? 32 sin” 6 sin® 6* sin” y

|&Z(0,T|2 64 cos® 0, cos? 0

|Asp|? 4 cos? 6*

Re(A|AY) —4 cos 6 sin” 6

Re(ﬂoﬂﬁ) —V2sin 26, sin 26" cos y

Re(Ag A7) 22 sin 0 sin 26* cos y
Re(A|rAsp) 8V?2 sin 6 sin 20* 9%

Re(ﬂojﬂﬁ 7) 16V2 sin 26, sin 26* cos y
Re(Ao,rAgp) 32 cos O, cos” 6*

Im(ALA) —V2sin 26, sin 26 sin y
Im (A A7) 2sin” @ sin” 0" sin 2y

Im(Asp AT 1) —8V2 sin 6 sin 26* sin y
Im(ﬂoﬂﬁ‘) —2v2 sin 6 sin 26* sin y

Table 5.1: Terms in the N; part of the angular distribution.

CP-violating observables. Suppose that the helicity amplitudes A; and A; had the same weak
phase but different strong phases. Im(ﬂ,-ﬂ;.) would then be nonzero, but this would not indicate
CP violation, since the weak-phase difference vanishes. This would be a fake signal. Suppose
instead that A; and A; had the same strong phase but different weak phases. Im(ﬂiﬂ;) would
again be nonzero, and in this case it would be a true CP-violating signal. In order to distinguish
true and fake signals, one must compare the same quantity in the decay and the CP-conjugate decay.
For a true signal, the angular component will be the same in both decays. This is because, in going
from process to antiprocess, the weak phases change sign and the azimuthal angle y — —y. A
fake signal will be indicated if the angular component changes sign. Thus, in the general case, to
obtain a true CP-violating signal, one must add the angular distributions for the decay and the CP-
conjugate decay. (Even though we are adding the distributions, these are referred to as CP-violating
asymmetries.)

Now, as argued in the introduction, in the case of B — D*(— Dn){" v, the SM and NP
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Amplitude in N | Angular Function
Re(ﬂoﬂaT) —32 cosZ §*

Re(AorA;) 32 cos B cos” 6*
Re(AoAp) —8 cos 0, cos” 0*
Re(AAgp) 8 cos’ 0"

Re(A AT ;) 16 cos 6, sin” 6*

Re(A| 1 A}) 16 cos 6, sin” 6*
Re(ﬂ”ﬂﬁj) —16 sin” 6"

Re(AL A ;) 16 sin” 6*

Re(?{oﬂij) —8V2 sin O;5in26* coSs y
Re(Apr A7) —8V2 sin 6, sin 20" cos y
Re( A rA;) 8V2 sin 6, sin 26* cos y
Re (A Agp) —2V2 sin 6 sin 26* cos y
Im(ﬂoﬂﬁj) 8V?2 sin 6, sin 20* sin y
Im (A A ) ~8V2 sin 6 sin 26" sin y
Im(AA ;) —8V2 sin 6, sin 26* sin y
Im(ALALp) —2v2 sin 6 sin 26" sin y

Table 5.2: Terms in the N, part of the angular distribution. These are suppressed by m,/ \/? .

contributions all basically have the same strong phase. That is, there is no strong-phase difference
between any pair of transversity amplitudes. In this case, the angular components whose coefficients
are Im(ﬂiﬂ;) are signals of CP violation.

In Tables and one finds, respectively, four, three and four of these CP-violating
observables. However, one must be careful here. These do not all involve different factors of
Im(&zl,-.?l;‘.) — some combinations of helicity amplitudes appear in more than one Table. Also, these
observables involve only three angular functions, so there can be a number of different contributions
to a single observable. In addition, the angular components listed in the three Tables are not all
the same size. Compared to Table the observables in Tables and are suppressed by
me/\q? and m2/q?, respectively. Typically, one has ¢> = O(m3), so these suppression factors
are significant. However, if the angular distribution can be measured in that region of phase space
where ¢? = O(m?), useful information can be obtained from the CP-violating observables in these
Tables. Finally, the helicity amplitudes all get contributions from the NP operators in Eq. (5.12),

so if a particular NP operator is nonzero, several helicity amplitudes may be affected.
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Amplitude in N3 | Angular Function

| A, |7 4 cos? 0%

| Ao|? 4 cos? O, cos? 6*

| AL 2 sin® 0, sin® 6* sin® y

| A, ? 2 sin” O, sin” * cos” y

| A 7I? 32 sin” 6*(cos” B cos” y + sin” y)
|ALT|? 32 sin® @*(cos” y + cos O sin” )
|Aor]? 64 sin? 0, cos? 6*

Re(ApA;) —8cos 0, cos” 6*

Re(ﬂoﬂﬁ) V2 sin 26, sin 26* cos y
Re(AA;) —2v2 sin 6 sin 26* cos y

Re(Aor A’ 1) 322 sin 6; sin 26* COS ¥
Re(Agr A ) —16V2 sin 26, sin 26" cos y

T
Re(ﬂ”,fﬂ%j) —64 cos @, sin” *
Im(A A7) —25sin” @ sin” % sin 2y
Im(A, A7) 22 sin 6 sin 26* sin y
Im(ALA;) V2 sin 26, sin 26* sin y

Table 5.3: Terms in the N3 part of the angular distribution. These are suppressed by m7/q>.

In Table [5.4] we present all the information about the CP-violating angular observables:
the contributing helicity amplitudes, the angular functions, the suppression factor, and the NP
couplings probed. This allows us to interpret possible future measurements.

For example, suppose that the angular distribution is measured using the full data set. In
this case, the measurements are dominated by the unsuppressed contributions of Table [5.1] This
angular distribution contains both CP-conserving and CP-violating pieces, and both can be affected

by NP. We focus on the CP-violating observables of Table [5.4]

* Suppose that the angular distribution is found to include the component sin 26, sin 26* sin .
This indicates that Im(ALA;) # 0, which implies that gg # 0, and that it has a different
(weak) phase than (1+ gz ). In this case, one expects to also observe nonzero coefficients for

the other two angular functions in Table sin® 6, sin® 6* sin 2y and sin 6, sin 26" sin y.

* The third angular function, sin 6, sin 26" sin y, receives an additional contribution from

Im(ﬂspﬂij). But if it has been established that gr # 0, one cannot tell if gp and gr are
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Not suppressed Coupling Angular Function
Im(ALA) Im[(1+g, +gr)(1+ gL —gr)*] | —V2sin26,sin 26" sin y
Im (A A7) Im[(1+gr —gr)(1+gr +gr)*] | 2sin” @ sin” 6 sin2y
Im(Agp AT ) Im(gpgy) —8V2 sin 6, sin 20* sin y
Im(ﬂoﬂﬁ‘) Im[(1+ g7 — gr)(1+ g1 + gr)*] | =2V2sin 6, sin 26" sin y
Suppressed by m,/ \/? Coupling Angular Function
Im(ﬂoﬂﬁj) Im[(1+gL - gr)gr] 8V?2 sin 6§, sin 20" sin y
Im(ﬂ“.ﬂgj) Im[(1+ gL — gr)gr] —8V2 sin 6, sin 20* sin y
Im(ﬂ,ﬂiT) Im[(1+gr — gr)gr] —8V2 sin 6, sin 20* sin y
Im(ALAgp) Im[(1+g +gr)gp] —24/2 sin 6 sin 26* sin y
Suppressed by m? /q* Coupling Angular Function
Im (A A7) Im[(1+gr —gr)(1+gr +gr)*] | —2sin” G sin” 6% sin 2y
Im(A A7) Im[(1+ g +gr)(1+ gL —gr)*] | 2V2sin 6, sin26*sin y
Im(ALA;) Im[(1+ gz +gr)(1+ g1 —gr)*] | V2sin 26, sin 26" sin y

Table 5.4: The CP-violating terms in the angular distribution, their corresponding NP couplings,
and the angular functions to which they contribute.

also nonzero. This is where the CP-conserving observables come into play. From Table[5.1]
we see that both |Agsp|? and | A, 7| can be determined from the angular distribution, so in
principle we will know if they are nonzero (though we will have no information about their

phases).

« If it is found that the coefficients of the first two angular functions are ~ 0, this implies that
gr = 0 (or that its phase is the same as that of (1+ g)). In this case, the measurement of a

nonzero coefficient of the third angular function will point clearly to Im(Asp A7 ) # 0.

Finally, suppose that the angular analysis reveals no unsuppressed CP-violating observables.
To probe other such observables, it will now be necessary to reconstruct the angular distribution for
the data with ¢° = O(mg). If this is possible, one can see if the angular function sin 6, sin 26* sin y
has a nonzero coeflicient in the data suppressed by m,/ \/? If it does, this indicates that g7
or gp (or both) is nonzero. As noted above, one can perform a cross-check by measuring CP-
conserving observables. In particular, from Table[S.1] we see that the angular distribution can give

us information about new tensor and scalar interactions.
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5.3 Leptoquarks as New-Physics Models

In the previous section, we derived the angular distribution for B — D*(— Dn){™ v, in the
presence of NP. This applies to € = e, u, 7. In this section, we examine the leptoquark (LQ) models
that can generate nonzero CP-violating observables in B — D** M V.

In the SM, the decay b — ¢~ v is due to the tree-level exchange of a W. In order to generate
a significant discrepancy with the SM, the NP contributions to this decay must also take place at
tree level. This can occur in the presence of leptoquarks [28, 85, 86].

Below we examine whether CP-violating observables can be generated with LQs. Specif-
ically, we determine which of the NP parameters g; g s.p71 [Eq. (@)] can be generated. Here,
our main goal is to examine the implications of the measurement of CP-violating observables
in B — D**u~v,. As such, these LQ models are not complete. That is, there may be con-
straints from other measurements that are not taken into account here. For example, because
Rg/f / (Rg/f)SM =1.00+0.05, any NP that contributes to b — cp~ v, mustequally affect b — ce™ .
But it is well known that a LQ that couples to both u and e will be constrained by © — ey and
b — seu [87]. Should a CP-violating observable be measured in B — D**u~v, suggesting the
presence of LQs, these constraints must be taken into account at the model-building stage. Now
we discuss the implications of CP violation for LQ models of our interest.

In previous chapters, we discussed how LQs contribute to the decay B — D®)¢~,. Here
we repeat the discussion to be self-contained. There are ten models in which the LQ couples to
SM particles through dimension < 4 operators [35]. These include five spin-0 and five spin-1 LQs.
Six of these can contribute to b — cu~ v, [28]]. Three have fermion-number-conserving couplings

and three have fermion-number-violating couplings. The interaction Lagrangian that generates the
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contributions to b — cu~ v, is given by

L9 = £+ L2,
L2 = (B 0uy Lip + WL diry"€iR) Uiy + B, 06y L1 - Usy
+ (W dir L1 + hSpQiLioslir) Ry + h.c.,
L2, = (g1, 05icaLy1 + gigitglir)Si + (85,05i02F Lj1) - S3

+ (g, dSevuLjr + 85,05 vuli) VE + h.c. (5.28)

Here Q and L represent left-handed quark and lepton SU(2); doublets, respectively; u, d and
¢ represent right-handed up-type quark, down-type quark and charged lepton SU(2); singlets,
respectively. The indices i and j are the quark and lepton generations and ¢ = Cy/! is a charge-
conjugated field.

For all six models, we integrate out the LQ to form four-fermion operators. We then perform
Fierz transformations to put these operators in the form of Eq. (5.12). In this way, we determine
which LQs contribute to which g7 r s p.r coefficients.

In Table [5.5| we summarize the contributions of all the LQs to the g7 g s,p 7 coeflicients of

Eq. (5.12).

Model gL gR gs gp gr
172232+ 22,32+ 22,32+
Ui 2 hlL hlL 0 _hlL th _hlL th 0
Us | -3h32h3 | 0O 0 0 0
1722 .32+ 172232 | 1322 .30+
15 LT B 57T S e T SR LT
St _Ié_lg312Lg212L 0 | 78178i% | —38i18ik | ~168iL8iR
53 18385 | 0 0 0 0
Vs 0 0 | -&k'8r | ~83x 8 0

Table 5.5: Contributions of the various LQs to the g; gs.p.r coefficients of Eq. (5.12). All entries
must be multiplied by 1/(V2G pVCbMEQ).
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5.3.1 CP Violation

As shown in Table[5.4} the CP-violating observables involve any pair of {(1+g..), gr. gp, &7 }-
Above we have seen that most LQ models contribute to g;. It must be pointed out that, in
b — cu~v,, g1 cannot be large. This is because it is the coefficient of the (V — A) x (V — A)
operator ¢y, (1-7ys)bjy* (1-7vs)v,, which is related by SU(2), x U(1)y to the b — su*u~ operator
5y (1=ys5)biy*(1—ys)u [88]]. In order to explain the anomalies in the b — su*u~ observables,
we require [89]]

g1 = 21(—0.68 +0.12) = 0(107%) . (5.29)
T

In (1+ g1), this is negligible.

Most NP models proposed to explain the Rj ) and R/, experimental data contribute only
togr (inb — c1t7v;). As such, they predict no CP-violating effects. Should a nonzero CP-violating
observable be measured, this would rule out these models, or at least force them to be modified.

Conclusions about the type of NP present depend on which nonzero observables are mea-

sured:

 If the angular distribution is found to include the components sin 26, sin 26" sin y and
sin® 0, sin® 6* sin 2y (the top two entries in Table , this requires a nonzero gg. This

can only arise in a W’ model, and so excludes all LQ models.

« If the sin 26, sin 20" sin y and sin® 8, sin? #* sin 2y components do not appear in the angular
distribution, but sin 8, sin 26 sin y (the third entry in Table does, this indicates that gp
and gr are nonzero, and that they have a relative phase. This can only occur in a model with
two LQs. gr can come from a R, or S LQ, while gp can be due to a Uy, Ry, S or V, LQ (but

the two LQs must be different).

* If none of the above three angular functions are present in the angular distribution, this
implies that gg and one of gp and g7 are zero (or that there is no phase difference). There

can still be a CP-violating observable in the data suppressed by m/ \/? (entries 5-8 in Table

90



[5.4)). If this is found to be nonzero, this indicates that one of g7 or gp (or both, if they have
the same phase) is nonzero. The gp option is particularly interesting. The U; LQ is a very
popular NP choice (for example, see Ref. [90]]), and it can generate gp, but not g7. If this is

the only nonzero CP-violating observable found, this would be strong support for the U; LQ.

* There is also information from the CP-conserving observables. The full angular distribution
has components proportional to |ﬂ||7T|2, | AL 7], |Aor|* and |Asp|>. Measurements of

these quantities also gives information about which of g7 and/or gp is or is not nonzero.

5.4 Conclusions

At the present time, the anomalies in the measurements of R and Rj;, suggest the
presence of new physics in b — c¢7~v decays. A number of different NP explanations have been
proposed, as well as several methods for differentiating these NP models. In this chapter, we
explored the possibility of using CP-violating observables to distinguish the various NP scenarios.

The angular distribution in B — D**(— D%r*)7~¥, can be used to provide CP-violating
asymmetries. Now, the reconstruction of this angular distribution requires the knowledge of the
3-momentum of the 7. The problem here is that 5, cannot be measured since its decay products
include v, which is undetected. Thus, while our ultimate goal is to compute the complete angular
distribution, including information related to the decay products of the 7, here we took a first step
by focusing on the decay B® — D**u~v,. Here p, is measurable, so the angular distribution can
be constructed. In addition, NP that contributes to » — ¢t~ v may well also affect b — cu™v.

In the SM, the hadronic b — ¢ current is purely LH. In the presence of NP, there can be
additional contributions to this LH current, parametrized by g, as well as other Lorentz structures:
RH (gg), scalar (gs), pseudoscalar (gp) and tensor (gr) currents. We computed the angular
distribution of B — D*{~ v, in terms of the helicity amplitudes A;, both in the SM and with NP.
We identified the CP-violating angular asymmetries, proportional to Im[A,-A;‘.], and showed how
all CP-violating observables depend on any pair of {(1+ g7), gr, gp, &7}-

We then examined various LQ models that contribute to » — cu™v,. While LQ models do
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not contribute to gg, they can contribute to all other couplings, namely g;, gp and gr.

The most popular explanations of the B anomalies involve NP that contributes only to g;.
Should any nonzero CP-violating observable be measured, this would rule out these models, or
at least require them to be modified. In addition, there are CP-violating asymmetries that depend
on (1+gr)-gr, gp-gr, (1 + g1 + gr)-gp and (1 + g, — gg)-gr interference. By measuring all of
these, along with the CP-conserving components of the angular distribution, it will be possible to

distinguish several LQ models.
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CHAPTER 6
B ANOMALIES AND THE MUON (g —2)

6.1 Introduction

So far, we have been mainly concerned with B anomalies and the new-physics effects in
B decays. Another anomaly in low energy measurements that has persisted for a long time is the
muon (g —2). In this chapter which is based on Ref. [91]], we explain all the B-meson and the muon
(g — 2) anomalies in a concrete model: a two-Higgs-doublet model (2HDM) extended to include
TeV-scale leptoquarks and a light scalar S with mass mg ~ 10 — 200 MeV. We find solutions that
depend on only a small number of parameters and show that these explanations motivate interesting
new searches, particularly for rare meson decays to diphoton final states and Higgs boson decays
to four photons.

The anomalous magnetic moment of the muon is a longstanding anomaly in particle physics.
A recent evaluation of the standard model (SM) prediction [92] finds a 3.7 o~ discrepancy with the

experimental measurement [93]]:

(g-2)" = (g -2 =27.4(2.7)(2.6)(6.3) x 107, (6.1)

where the first two uncertainties are theoretical and the last is experimental.
The B anomalies that we have been concerned with so far, were in the charged current (CC)
processes, b — ¢t~ v,. There are also many measurements in the neutral current (NC) processes
(b — st*¢7) that show deviations from SM predictions. Similar to R(D ), the lepton universality
ratio Ry = B(B* — K*u*u™)/B(B* — K*e*e™) [94,05] has been precisely measured by LHCb
[96]], which finds

RYP =0.846 700501000, 1< ¢* < 6.0 GeV?, (6.2)
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where g% = m?+ ¢~ This is lower than the SM prediction RIS(M =1.00+0.01[97] by 2.50". The related

ratio R+ = B(BY = K*%u*u™)/B(B® — K*%¢*e™) has been measured by LHCb to be [O8]

0.66*01 +0.03, 0.045 < ¢ < 1.1GeV? (low ¢?)

R;{x*p — -0.07 — (6.3)
0.697% 1+ 0.05, 1.1<g*<6.0GeV? (central ¢%) .

These are also lower than the SM predictions [97] R3M = 0.906 + 0.028 (low ¢?) and R3M =
1.00 + 0.01 (central g%) by 2.30" and 2.50, respectively. Taken together, the general consensus
is that these B decay branching ratios differ significantly from SM predictions, and theoretical
hadronic uncertainties [99, 100, 101] alone may not explain the data.

An interesting question, then, is whether the B anomalies have a common explanation in
terms of new physics. Early work on the simultaneous explanation of the CC and NC anomalies [88|,
102, 1103}, 1104]] has been followed by many model calculations; an incomplete list can be found in
Refs. [105,1106, 107,108,109, 110, 111,112,113, [114,115,1164189, 117, 118,119,120, 121,122,
1231 1124, 125} 1126/, 1127, 41}, 1128}, 904 129, 1130, 131 132} [133] [134]. Remarkably, there appears
to be a rather simple explanation for both the CC and NC anomalies in terms of a single vector
leptoquark U with SM quantum numbers (3,1, %) that couples dominantly to left-handed quarks
and leptons. For a mass my ~ 1 TeV and O(1) couplings to the third generation, the U leptoquark
can explain the R(D™) and R(K*)) anomalies, at least for the central ¢ data. Weak-scale states
do not fully resolve the low ¢ discrepancy, since a larger effect is required to modify the larger SM
widths near the photon pole, but the U leptoquark does also reduce the discrepancy for the low ¢°
data to roughly 1.70 [89].

However, the U leptoquark does not resolve the (g —2),, anomaly; it contributes at one-loop,
but this contribution is too small. We must therefore introduce additional particles if we are also to
explain the (g — 2), discrepancy. To do this, we consider a weakly coupled light scalar particle S
with mass mg ~ 10 —200 MeV that is an extension of the standard Type Il 2HDM model. The scalar
S, which we will often refer to as the dark Higgs boson, couples to both leptons and quarks, but

with couplings that are suppressed both by Yukawa couplings and a small mixing parameter sin 6.
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At the one-loop level, its contribution to (g — 2), is too small to resolve the anomaly. However,
motivated by the leptoquark solution to the B anomalies, we note that leptoquarks (as well as other
TeV-scale particles) will generically induce an Sy coupling, and this can resolve the (g — 2),
anomaly through a two-loop Barr-Zee diagram (Fig. . In this way, the solutions to the (g —2),,
and B anomalies proposed here are connected. As an aside, for values of mg just below 2m,,, this
model can also completely remove the discrepancy in the low ¢2 of R+ measurement, following a
possibility noted previously in Ref. [133]].

In addition to resolving longstanding anomalies, the proposed explanation predicts new
signals. In particular, given the light state S and its couplings to electrons and photons, the model
predicts new meson decays, such as B — KS and K — xS, followed by S — e*e, vy, leading
to di-lepton and di-photon signals that could be discovered in current and near-future experiments.
The model also predicts exotic Higgs boson decays i — SS — vyyyy, which may appear in

detectors as a contribution to the 4 — 7y signal.

This chapter is organized as follows. In Sec. [6.2] we present the model, including the
new fields and the relevant model parameters. In Sec. [6.3] we determine the parameter values
that resolve the (g — 2), anomaly. In Sec. we then discuss constraints on the model from
hadronic physics and show that a resolution to the (g — 2), and B constraints exists in a viable
region of parameter space. The interesting implications for exotic B, K, and Higgs boson decays

are discussed in Sec. [6.5] In Sec. [6.6] we conclude this chapter with a short summary.

6.2 The Model

Our model is an extension of the Type II 2HDM. The Type II 2HDM contains two Higgs
doublets H,, and H;, which get vacuum expectation values (vevs) v, and v; and give mass to the

up-type and down-type fermions, respectively. We extend this by adding a singlet scalar ¢, which
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couples to the Higgs doublets through the portal interactions [91]]
Vioral = A (HiHy + H H,) ¢ + | A HyHy + AgH Hy + Ly (H{Hg + H H,) | 66 (6.4)

where CP conservation is assumed. In this extension, we consider parameters such that H, and Hy
get vevs, but ¢ doesn’t. After electroweak symmetry breaking, then, the trilinear scalar couplings
mix the new scalar with the Higgs bosons of the 2HDM, and the quartic scalar couplings contribute
to new Higgs boson decays &7 — ¢¢ and to the mass of the ¢.

More precisely, to determine the physical states of the theory, we minimize the full Higgs
potential and diagonalize the mass matrices; for details, see Appendix [G] In the end, the physical
states include the SM-like Higgs boson /4 and the heavy Higgs bosons H, A, and H* of the 2HDM,

but also a new real scalar, the dark Higgs boson S, with Lagrangian [91]

1 1 mys mye 1
Ls=5(0,8)->m3s?~singtanf Y —LFfS —sin@'coty —LFfS - -kSFuWF*, (65)

2 2 , v — v 4

f=d.l f=u

where v ~ 246 GeV and tan 8 = v, /v4. The couplings to fermions are inherited from the mixing
of the dark Higgs boson with the 2HDM Higgs bosons: they are suppressed by Yukawa couplings,
and the down-type couplings are enhanced by tan 8, while the up-type couplings are suppressed
by cotB. In addition, they are modified by the mixing angles sin 6 and sin’. For weak portal
interactions A < my, and large tan 3, these mixing angles can be written in terms of the physical

Higgs boson masses. As shown in Appendix |G} the results are

2
A 2vA m
sinf ~ _v_2 , sinf ~ _Lz 1- —hz) ) (6.6)
my my 2my,

The last term of Eq. (6.5) is an Syy coupling governed by the parameter x, which has dimensions
of inverse mass. This coupling is generically induced by heavy states, such as leptoquarks, as will

be discussed in Sec.
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Finally, as discussed in Sec. [6.I] we add a vector leptoquark U with SM quantum numbers

(3,1, %) and Lagrangian

Ly= —iFﬁVFU”V - myU,U* - [hﬁj (QiLy"LjL) Uy + H.c.] - gmySUU* . (6.7)
The U leptoquark’s couplings to left-handed quarks and leptons resolve the B meson anomalies. The
leptoquark’s couplings to right-handed quarks and leptons are constrained to be small [136]. We
have also included the leptoquark’s couplings to S. This interaction is allowed by all symmetries,
but will not play an important role in any of the phenomenology discussed below. As we will
discuss later, we consider the U leptoquark coupling to photons to be the same as the one between
the W boson and photons. Since the leptoquark is colored, it couples to gluons also [137]. This
coupling leads to their pair production at high energies but it does not affect our phenomenology
here.
In summary, the model we consider consists of a 2HDM model extended to include a light
dark Higgs boson S and a leptoquark U. The leptoquark’s couplings hg are chosen to resolve the

B anomalies [41]. In addition to these, the parameters of the theory that are most relevant for the

phenomenology we discuss below are
mg,tan B, sin@, my, k , (6.8)

where tan g, sin 6, and m gy fully determine sin 6" and the S couplings to fermions, and k determines
the S couplings to photons. We will be primarily interested in the parameter ranges mgs ~ 10 —
200 MeV, moderate to large tan 8 ~ 10 — 60, small mixing angles sin 6 ~ 0.005, my ~ 1 TeV, and
kK~ (1TeV)~.

6.3 Resolving the Muon Magnetic Moment Anomaly

Given a 2HDM extended to include a dark Higgs boson S and a vector leptoquark U through

the Lagrangian terms of Egs. (6.5) and (6.7), respectively, we can now calculate the beyond-the-SM

97



Y

Figure 6.1: Contribution of the effective Syy coupling to (g — 2),.

contributions to (g — 2),,.

6.3.1 Dark Higgs Boson Contribution from Effective Syy Coupling

Let us first consider the dark Higgs boson contribution from the Syy effective coupling
shown in Fig.[6.1] This contribution is dominated by the log-enhanced term [138§]]

2
1 m A
A(g _ 2)377 ~ 4_7-(2 SiHGtanﬂTHKhl (m—S) , (69)

where A is the cutoff scale, which we may take to be of the order of the mass of the particles
that induce the effective Syy coupling. Parameters required to resolve the (g — 2), anomaly are
presented in Fig.[6.2] For dark Higgs mixing angle sin 6 ~ 0.005 and tan 8 ~ 10—60, we see that the
effective coupling required is « ~ (1 TeV)~. In our calculations we also include the contribution to

the lepton anomalous magnetic moment at the one-loop level, which has been calculated to be [139]

2 1 2
(11oop) _ 8¢ / (I+2)(1-2)
) = dg——————— | 6.10

9 812 Jo ‘ 1-2)2+r2z ©.10)

where r = my/mg and, in our case, g, = sin 6 tan S(m¢/v).
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Figure 6.2: The region of the (tan 3, «) plane where an effective S7yy coupling induces a Barr-Zee
contribution to (g — 2), that enhances the theoretical prediction to be within 1o~ of the measured
value. The sub-dominant 1-loop contribution from a virtual S has also been included. We fix
sinf = 0.005, A = 2 TeV, and show results for mg = 100 MeV and 200 MeV, as indicated.
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6.3.2 Dark Higgs Boson Contribution from Syy Coupling Induced by V Leptoquarks

How could such values of « be induced? As an example, motivated by the effectiveness
of leptoquarks for explaining the B anomalies, we consider adding Niq vector leptoquarks V;,
i=1,..., NLg, with Lagrangians
Ly, = —%FX;FV"“V —my, Vi VI - [h}/k (O RY*LiR) Viu + H.c.] — gvmy, SV V¥, (6.11)
where for simplicity we add only leptoquarks with SM quantum numbers (3,1, %) and assume that
their couplings to right-handed quarks and leptons are identical.
Assuming small couplings h}/ , the leading way in which these V; leptoquarks contribute to
(g —2), is by inducing an Sy7y coupling, which then contributes through a Barr-Zee diagram. The
Barr-Zee contribution to (g — 2), with a W boson in the loop has been calculated in Ref. [140] in
the context of 2HDMs. As leptoquarks are not gauge bosons, there might be ambiguities in the
leptoquark two loop contribution. For an O(1) estimate of this contribution, we model the effect
of this leptoquark loop by the W loop. We find that the leptoquark contributions to (g — 2), are
always positive, that is, in the right direction, and they induce an effective Syy coupling parameter
x = TEM ¥ Ve Fu (4m3, /m3) . (6.12)

4r i my,

where agpy =~ 1/137, N = 3 and Q = % are the number of colors and electric charge of the
leptoquarks V;, respectively, gy, parameterizes the SV;V; coupling in Eq. (6.7), and Fy is a loop
function defined in Ref. [141]].

For large leptoquark masses my, > mg, the loop function is Fy =~ 7. In the simple case

where we have N g copies of degenerate leptoquarks with mass my, = my g and coupling gy, = gv,

Eq. reduces to

N
K ~0.034 18V (6.13)

mrqQ

Setting gy = 3 and requiring x ~ TeV~!, the mass and number of leptoquarks required to resolve
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the (g — 2), anomaly are related by myq = N (100 GeV). The required parameters are shown
graphically in Fig.[6.3]

We see that it is not difficult to induce an effective Syy coupling large enough to resolve
the (g — 2), anomaly. For the tan 8 = 60 case shown, with even just N = 5 leptoquarks with
mass mpqg = 2 TeV, which is currently viable, one can reduce the discrepancy in (g — 2), to lo.
Alternatively, one can achieve the same result with Ny g = 10 leptoquarks with mass myq = 4 TeV,
which is likely challenging even for searches at the High Luminosity LHC. For the tan 8 = 40
case shown, one requires roughly twice as many leptoquarks, but the number is still not very large.
Generically, One might be able to directly see leptoquarks. First generation scalar leptoquarks have
been excluded below 1435 GeV and 1400 GeV in LHC pair production searches by CMS [[142] and
ATLAS [143], respectively. Higher energy hadron [144] 145]] and lepton [146 147, 148] colliders
may be able to extend the search.

In our model, the assumed new physics that is necessarily light is the dark Higgs boson S.

This will have interesting observable consequences, as we discuss in Sec. [6.5]

6.3.3 U Leptoquark Contribution

In addition to the contributions to (g—2), mediated by the dark Higgs boson and independent
of the U leptoquark, there are also the contributions that depend on the U leptoquark shown in
Fig.[6.4 These include the two-loop Barr-Zee contribution from a Syy coupling mediated by the U
leptoquark, similar to those discussed above for V leptoquarks in Sec.[6.3.2] and also two one-loop
contributions independent of the dark Higgs boson.

The two-loop Barr-Zee diagram’s contribution is as discussed above. The contribution of a
single U leptoquark with mass ~ TeV is not sufficient to raise the theoretical prediction for (g —2),
to the experimental value.

In addition, however, there are the one-loop contributions from the coupling of U to the

muon and down-type quarks, hgld_[LyV,uLUv, where i = d, s, b. These contributions to (g — 2),
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Figure 6.3: The region of the (myq, NLg) plane where Ny q vector leptoquarks V; with mass myq
and SM quantum numbers (3,1, %) induce an effective Syy coupling that resolves the (g — 2),
anomaly. In all panels, we set mg = 100 MeV. In the upper and lower panels, we fix (sin 6, tan 8) =
(0.01,60) and (0.005, 40), respectively. For the left panels, we set gy = 3 and show the bands
where the (g —2), discrepancy is reduced to lo. For the right panels, we consider the several values
of gy indicated and plot the lines on which the theoretical prediction for (g — 2),, exactly matches
its experimentally measured value. (In the upper and lower right panels, the induced couplings are
k =~ (3.2 TeV) ! and (0.9 TeV) ™!, respectively.)
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Figure 6.4: U leptoquark contributions to (g — 2),. Left: two-loop Barr-Zee diagram involving
also the dark Higgs boson S. Center and right: one-loop diagrams that are independent of the dark
Higgs boson.

are [149]] )
N¢(hY)? (4m? 5m?
Ag=2)= ), ——5 (3 . i~ 3 S0u |, (6.14)
i=d.s,b T my my
where N¢ = 3 is the number of colors, and Q; = —% and Qpy = —% are the electric charges of the

down-type quarks and the U leptoquark. Substituting these charges and the value for the muon

mass, we find

2

TeV

Ag-2)Y= 3 ~14x1070(hY)? (miU) : (6.15)
i=d,s,b

This contribution is of the wrong sign to explain the (g —2), anomaly and depends on the couplings

U

hgl. In particular, the couplings A by

and hgﬂ contribute to b — su*u~ and are used to explain the
R(K*) and b — su*u~ anomalies [41,90]. As we show in the next section, however, the couplings
h;, have small enough values that we can ignore the one-loop contribution to (g —2),,. In summary,

then, the U leptoquark contributions to (g — 2), are negligible in our model and do not modify our

discussion about the V leptoquark requirements to resolve the (g — 2),, anomaly.

6.4 Resolving the B Anomalies and Hadronic Constraints
6.4.1 The U Leptoquark and B Anomalies

The couplings of the U leptoquark in Eq. can resolve all the B anomalies. Let us start
with the b — su*u~ anomalies, which include the Rx and Rg- measurements. The procedure

to fit for new physics is the following. The b — su*u~ transitions are defined via an effective
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Hamiltonian with vector and axial vector operators:

aG - )
Het = - fFv,bv;s > (Ca04+CLOY)
2n a=9,10
O90)y = [SyuPrblliy" (ys)ul , (6.16)

where the V;; are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, and the primed
operators are obtained by replacing L with R. The Wilson coeflicients include both SM and new
physics contributions: C, = C, sm + C, np. One now fits to the data to extract C, np. There
are several scenarios that give a good fit to the data, and the results of recent fits can be found
in Refs. [136, 137, 150, (151, 152, 153]]. One of the popular solutions is Cg,‘f\lp = —C{&‘NP, which

can arise from the tree-level exchange of the U leptoquark in Eq. (6.7). Following the results of

Ref. [136]], fitting to the b — su*u~ data constrains the central values of the U couplings to satisfy
hy, by, = 8x107%. (6.17)

The framework to explain all the B anomalies, including both the CC and the NC anomalies, involves
the U leptoquark coupling to the third generation quarks and leptons in the gauge basis with O(1)

coupling, hgT ~ 1[41]. As one moves from the gauge to the mass basis, for the quarks and leptons,

U

the couplings k) and hY, are generated. Hence one has the hierarchy hY ~1> thﬂ > hY, > hgﬂ.

Using the allowed values of hgﬂ ~ 0.1-0.6 [41] and Eq. (6.17)), we see the one-loop U contribution

to (g —2)7 in Eq. (6.15) cannot resolve the (g — 2), discrepancy. The (g — 2), anomaly therefore

requires additional new physics, such as the S boson discussed in Sec. [6.3].

6.4.2 Hadronic Constraints

In this model the S boson inherits its couplings from the Higgs boson, and so necessarily
couples to both leptons and hadrons. The lepton couplings, specifically the muon coupling, are
desired to resolve the (g —2),, anomaly. Here we begin to examine the implications of the hadronic

couplings, which may either constrain the model or lead to predictions of interesting new signals.
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Particularly stringent are constraints on FCNC processes, since couplings like bsS are in-

duced through a penguin loop. Integrating out the W-top loop induces the effective bsS vertex [154]

_ sin®’ 3V2G pm?ViVy,
~ vtanp 1672

bs mpSPrbOS + Hc. , (6.18)

sin 6’
vtan S

where the factor comes from the top quark coupling to S. By the same loop process, but
replacing b and s quarks by s and d quarks, respectively, the sdS vertex is also generated. Note
that the FCNC amplitude depends on the mixing angle sin 8’ in Eq. (6.6)), which is suppressed by
m}Zl, while the (g — 2), in Eq. is controlled by the mixing angle sin 8 in Eq. , which is
suppressed by m%l If a higher value of my is compensated by a larger value of the mixing parameter
A to keep the same sin 6, then sin #” can become too large and be inconsistent with FCNC data.

The FCNC interactions will induce two-body decays B — K™S and K — nS. To
determine the signature of these processes, it is important to determine how the S decays. For mg ~
10 — 200 MeV, the possible decays are S — e*e™, yy. In Figs. and [6.6] we show the S lifetime
and branching fraction to e*e, respectively. We see that for most of the parameters of interest,
the S flight distance (excluding the boost factor) is ctp ~ 1 mm, and so the S decay is effectively
prompt. We also see that the dominant decay is to di-photons, with BR(S — e*e™) ~ 107> — 1073
in the parameter region of interest.

We now determine the rates for the two-body decays B — K*)S and K — xS. For the
two-body decays B — K S we have [155} [156]]

8555 (m3) (my = my)? | pits

BR(B — KS) =
( ) 32m%(mp — my)>

(6.19)

and
g2 AL(m3)|pk-’ts
8r(my, +my)?

BR(B — K*S) = , (6.20)

where m; and m; are the bottom and strange quark masses, respectively, fy and Ay are form

factors, which are taken from Refs. [[157, [158]], and g, is the flavor-changing b — s coupling
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Figure 6.5: Contours of constant flight distance (excluding the boost factor) (dg = c7p) of the light
scalar S in the (mg, «) plane. We fix sin# = 0.005 and tan 8 = 40. In the pink shaded region, the
(g — 2), anomaly is reduced to lo.
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Figure 6.6: Contours of constant branching fraction BR(S — e*e™) in the (msg, k) plane. We fix
sinf = 0.005 and tan 8 = 40. In the pink shaded region, the (g — 2), anomaly is reduced to 1o,
and in the purple shaded region, BR(B — K*e*e™) is within 1o~ of its measured value.
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Observable New scalar contribution Existing constraints/measurements
sin@ = 0.005, tan 8 = 40
BR(B — KS) 1.7x107* < 10%
BR(B — K*S) 1.7x107% < 10%
BR(By — p*u") 42 %1071 (3.0+0.4) x107°
BR(B; — yv) 7.4 %1071 <31x107°
AMp?S —2.5x1077 Gev <1.7x1072 GeV
AMEY® —6.3x107°* GeV <5.9%x1078 GeV
BR(K* — ptvete) 3.3x107# (7.81+0.23) x 1078
BR(K* — n*ete) 8.7x1071 (3.11+0.12) x 1077
BR(Ks — yy) 3.3x1071 (2.63+0.17) x107°
BR(K. — yy) 3.2x1071 (5.47 £ 0.04) x 107*
5(g —2)e 6.3x1071 (—87 +36) x 1071

Table 6.1: Values of the contribution of the new scalar S to various meson observables. We fix the
dark scalar mass to mg = 100 MeV. References for the experimental constraints are given in the
text.

with the normalization L5 = g,s5PrbS. Given the prompt S decays to e*e™ and yy, we have
BR(B — K™e*e™) dominantly coming from BR(B — K"S)BR(S — e*e”) and BR(B —
K“yv) dominated by BR(B — K S)BR(S — 7). One can extend this to K decays also.

We now discuss constraints from B and K decays on this model. In this subsection, we will
consider a variety of non-leading constraints and show that they are far from excluding the favored

parameter space of this model. These observables are listed in Table [0.1]and are the following:

* B Total Decay Width: In the first two rows of Table we require that BR(B — K®)§) not
exceed the uncertainty in the SM prediction of the width of the B meson, which we take to

be around 10% [159]].

* B Decay: The process By — u*u~ is mediated by an s-channel dark Higgs boson S, where

the matrix element is Mp__,,+,- = m‘i%bsfzé (5PgrD) (fau). We use flavio [160] to calculate
the contribution of the light scalar S t(s) this decay mode. The branching ratio of this decay
is measured to be (3.0 + 0.4) x 10~ [35]. The process B; — 7yy is also mediated by an
s-channel S. The SM prediction for BR(By; — y7) is around 5 x 10~ [161]], and there exists

an experimental upper bound of 3.1 x 10~¢ [35]] for this observable. The branching ratio of
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the decay in terms of the effective Syy coupling « is

2 7

|lgbs|?|&|? fs,mp,
BR(B; — = u TB. .
(B, = v7) 647 ml%(més—mg)z *

(6.21)

* B, and K Mixing: In the SM, the B, mass difference is AMgiv[ = (17.4 £ 2.6) ps~' [41]. We
require that the new scalar contribution not exceed the SM uncertainty. The expression for
the mass difference due to the new scalar is [162, [156]]

5 8
AMYS = ———=0 — fimy (6.22)

2 _ 2
24mBs m

We use a similar equation for the K — K mixing mass difference and use the experimental

value AM? = (52.93 £ 0.09) x 10% s7! [33].

* K Decay: The rare decay K* — u*ve*e™ has been measured by the NA48/2 Collaboration
tobe BR(K* — u*vete™) = (7.81+0.23) x 1078 [163]], where the measurement is restricted
to the kinematic region with m,+.- > 140 MeV. To study this decay mode, we calculate the
branching ratio of the decay K — uv,S, where the scalar particle S is radiated off the muon

leg [164]]. The total branching ratio is then determined through

BR(K* — u*vyete™) = BR(K" — p"v,S)BR(S — e*e) . (6.23)

The K= — n*e*e” mode also has been measured by the NA48/2 Collaboration to be
BR(K* — n*ete™) = (3.11+0.12) x 1077 [165]. For this process we find the two-body decay

rate K* — %S, and the branching ratio of the desired process is determined by

BR(K* — n*e*e™) = BR(K* — n"S)BR(S — e*e7) . (6.24)

* Ks 1 Decays: The decays Ks; — vy are mediated through s-channel dark Higgs bosons S,
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just as in the case By — vy discussed above. The new contributions to these decay modes

and their Particle Data Group values [35]] are presented in Table [6.1]

* Last, although not a hadronic constraint, we also list the model prediction for (g — 2),. Just
as there is a Barr-Zee contribution to (g —2),, there is an analogous Barr-Zee contribution to
(g —2).. In contrast to the muon case, the measured value for (g — 2), is smaller than the SM
prediction, and so our model’s contribution to (g — 2), is in the wrong direction. However, as
can be seen in Table the contribution to (g — 2), is very small, and does not significantly

worsen the agreement between theory and experiment.

We see that none of the constraints listed in Table [6.1] is a significant constraint on the
model. In the next section, we will consider the leading constraints, which do constrain parts of
the model parameter space, but also provide interesting predictions for signals that could be seen

in the near future.

6.5 New Signals of the Model
6.51 B — K®ete™

As noted above, the model contributes to the decay B — K*)e*e™ with branching fraction
BR(B — K™e*e™) = BR(B — K S§)BR(S — e*e™). The region of the (myg, ) parameter space
that is consistent with the measured value of BR(B — K®e*e™) = (3.1t%§ fg% +0.2) x1077 [166]
is shown in Fig. along with the region in which the (g — 2), anomaly is resolved. We see that
the existing constraint on BR(B — K e*e™) excludes the very lowest values of mg ~ 10 MeV, but
most of the parameter space is allowed. Future measurements of BR(B — K*)e*e™) with increased
sensitivity may therefore see a deviation predicted by this model. There is also a measurement of
the inclusive B — X e*e™ decay [167] for 0.1 < m§+e, < 2.0 GeV?, but this is outside the mg range

we consider and so cannot be used to constrain our model.
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Figure 6.7: The values of the branching fractions for the decays B — K®)yy and K* — n*yy.
The branching fractions for B — Kyy and B — K™yy are essentially identical. The dashed
bands correspond to the 20~ variations of the B — K form factors. We fix sin6 = 0.005 and
mgs =100 MeV.

652 B — K®yy

As the S decays almost always to di-photons, another important signal for the § state is from
B — K™yy decays. In Fig. we show the predictions for B — K*)yy. The predictions depend
on the B — K form factors fy and Ay mentioned above. We show the range of the predictions
as we vary the form factors within 20 of the quoted uncertainty. It should be noted that the form
factors are not from first principle QCD calculations, and so one should keep that in mind when
discussing uncertainties in the form factors. The predictions for B — Kyy and B — K*yy are
almost identical, and range from roughly 1 x 107# to 3 x 10~* for tan 8 = 40.

Because the yy comes from a light S, for a sufficiently low mg, the two y may be collinear
and look like a single y. One of the v may also be soft, in which case again the 2y will look like
a single y. Hence, experimentally one should check the B — Ky signal carefully to look for
signs of a di-photon resonance. We should also point out that our predictions for the B — K*yy
rates should be considered as ballpark estimates, as one can choose a more general 2HDM model

to relax the branching ratio predictions. If the mass of the S is close to the 7° mass, the final states
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for B— K®7%and B — K™S, with both 7° and S decaying to yy, are the same, and one will
have to consider carefully adding the two contributions. As nonleptonic decays are very difficult to
calculate it will be difficult to detect the presence of the § particle in this case or obtain constraints
on the model from the B — K 7° measurement. In the SM, the non-resonant decay B — X,yy
has a branching ratio around 4x10~7 [161]], where the photons are required to have an energy greater
than 100 MeV. Also, in Ref. [168]], a study of the short distance effects in B — K (*)yy decays,
together with the resonant contributions, is presented. At present, the observed B — K *)yy signals
come only from known resonances, but analyses of the currently unexplored non-resonant regions

could yield signals of the dark Higgs boson S.

6.5.3 K — myy

In Fig.[6.7| we also show the predicted branching ratios for K* — n*yy. For tan 8 = 40, the
prediction is approximately 6 x 1077, If the S mass is near the 7° mass, the K* — n*yy decay will
be swamped by the K* — 7* 70 decay, which has a branching ratio of about 21% [35]]. Away from
the ¥ resonance, there is a measurement of the non-resonant K* — n*yy decay with branching
ratio (1.01 + 0.06) x 10~ [35]], but this measurement is obtained by combining measurements
made for di-photon invariant masses above the range of S masses we consider. The predictions of
this model could be tested by future measurements with this sensitivity, but for di-photon masses
between 10 and 200 MeV.

For the neutral kaons, the model predictions for sinf = 0.005, tang = 40, and mg =
100 MeV are BR(K; — 7'S) = 4 x 1077 and BR(Ks — n°S) = 4 x 107°. The much smaller
branching ratio for Ky is largely due to the K having a much shorter lifetime than K, while the
K* and K lifetimes are of the same order. The measured branching ratios are BR(K; — 7%yy) =
(1.273+0.033) X107 and BR(Ks — 7yy) = (4.9+1.8) x1078 [35]. Again, the model predictions

are not far from current sensitivities and predict a sharp signal with di-photon mass equal to m.
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6.54 h — yyyy and Implications for h — yy

The model discussed here may also modify Higgs boson decays through the process 7 — S,
followed by S — yy [T Since the SM Higgs boson is much heavier than the scalar S, the two photons
from S decay are boosted and highly collimated. Therefore, the decay i — S(— yy)S(— vy)
contributes to the 7 — 77y signal [169]. We can calculate the couplings appearing in the % gnsshSS
interaction in terms of the parameters of the potential and mixing parameters. The resulting

branching ratio is

2
8nss 4m
BR(h — S§§) = ——=——|1 - —=. 6.25
( - ) 327rmhl“h m%l ( )

o

The signal strengths measured by CMS and ATLAS are u? = 1.18f%111 [170] and p*? =

1.06fg'.lé [171], respectively. By a naive combination of these two measurements, we find u”” =

.11 + 0.10. (We averaged the CMS and ATLAS measurements to u”” = 1.18 + 0.16 and u”

1.06 + 0.13, respectively.)

In the parameter region of our interest in the model, we can find values for parameters of
the potential such that the addition of the process 4 — SS — yyvyy to the SM rate of h — y7y does
not exceed the measured signal strength. As an example, for sinf = 0.005 and tan 8 = 40, and
taking mg, = 200 GeV, 4; = 0.6, 45 = 0.3, A345 = 2.8, 15 = —0.3, 1, = 0.0005, and 4,4 = 0.005,
the signal strength becomes u?” =~ 1.08. Of course, this also implies that as the experimental

constraints on u”” become more precise, a deviation from the SM expectation may appear.

6.6 Conclusions

In this chapter, we have proposed a concrete model that resolves both the (g — 2), and B
meson anomalies, which are currently among the leading discrepancies between SM predictions
and experimental data. The model is a Type II 2HDM model, such as the Higgs sector of the
minimal supersymmetric model, extended to include a light dark Higgs boson S, a leptoquark U,

and additional leptoquarks V. The U leptoquark resolves the B anomalies, and the V leptoquarks

1The model also predicts heavy Higgs boson decays H — S, but the branching ratio for this is very small, of the
order of 1076,

113



generate a Sy coupling. This coupling induces a two-loop Barr-Zee contribution to (g — 2),,
which is shown in Fig. [6.1]

For dark Higgs mass mg ~ 100 MeV and dark Higgs mixing angle sin 6 ~ 0.005, tan 8 ~ 40,
and N g ~ 10 V leptoquarks with masses at the TeV scale, the correction resolves the (g — 2),
anomaly. The introduction of a new light scalar S has many possible effects on SM meson
phenomenology. We have checked that all current bounds on K and B properties, as well as the
current constraint on (g — 2),, are respected for the parameters that solve the (g —2),, and B meson
anomalies; see Table [6.1]

In the near future, however, there are measurements that could uncover beyond-the-SM
effects and provide evidence for this model. In particular, the dark Higgs boson is light enough
to be produced in meson decays, and it then decays through S — e*e™,yy. The S boson has
ct ~ 0.01 — 1 mm, and so for most model parameters the decay is indistinguishable from prompt,
yielding interesting new di-electron events from B — K e*e™ with m+.- = mg and di-photon
signals from B — K®yy and K — nmyy with my, = mg. The branching ratios for some
of these modes are shown in Figs. [6.6] and In all cases, the predicted branching ratios
are not far from current sensitivities, although current measurements typically explore ranges of
Mme+o- and m., outside the considered range of mg. As examples, the model predicts values
BR(B — K™yy) ~ 10™* and BR(K* — n*yy), BR(K; — n%yy) ~ 107°. Provided the S is
not too degenerate with the neutral pion 7%, these signals could be observed above background in
the near future, for example, at Belle II, providing a motivation to look for these exotic di-photon
modes and an avenue for testing this model. More generally, these decay modes test many models
where the (g — 2), anomaly is resolved by a two-loop Barr-Zee contribution generated by a light S
with an Syy coupling.

In addition, there are potentially observable contributions to exotic Higgs decays & — SS —
vyvYy, which, given that the S is very light, typically lead to signals indistinguishable from 7 — yvy.
For typical energies of the photons in the boosted S — yy decay, E, = 30 GeV, the opening angle

of the photons is approximately 0.2°. Taking the distance from the beam to the electromagnetic
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calorimeter to be ~ 1.2 m (which is the case for CMS), the separation of the photons would become
~ 4 mm which is too small. On the other hand, CMS has a silicon tracker with a mass of about
a tenth of a radiation length. So for four 30 GeV photons, there is a 40% chance that one of the
photons pair produces in the silicon and we might be able to distinguish each photon.

In all decay modes with photons in the final states, while the main signals are the ones with
two photons in the final states, one or both of these photons can convert internally to e*e™ Dalitz

pairs which can be searched for in experiments.
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CHAPTER 7
CONCLUSIONS

There are a lot of opportunities in exploring beyond the Standard Model (SM) physics
in hadronic systems that contain heavy quarks. The ideal hadrons for this purpose are the ones
that contain the b quark which is the heaviest quark that can hadronize. Interestingly, there has
been many measurements of the B-meson decays that deviate from their SM predictions. These
measurements are grouped into two main categories: charged current decays B — D¢y, and
neutral current decays B — K*)¢£*£~. The theoretically clean observables related to these decay
modes are R(D™) = gg:—m and R(K™) = %, where £ = e, u. R(D™) has been
measured by BaBar [2, 3], Belle [4} 5,16} 14] and LHCb [7,13]. The average of these measurements
deviate from the SM predictions by ~ 3.10 [9]. R(K () ) has been measured by LHCb [96, 98]]
where these measurements deviate from the SM predictions by ~ 2.50. These deviations point
to the lepton flavor universality violation which is absent in the SM. These anomalies have been
our main focus in this dissertation. We have studied new physics (NP) effects in the decay mode
Ap — A.Tv,. This decay mode is important in diagnosing the R(D*)) anomalies since it has the
same quark level transition, » — ctv,. We have calculated various differential decay distributions
including all possible NP Lorentz structures that can contribute to this decay mode. Taking the
allowed values of the couplings from R(D*) measurements, we have studied how R(A.) as well
as the differential observables, deviate from their SM predictions. We have explored how future
measurements of R(A.) can help differentiate NP models responsible for the R(D*)) anomalies.
We have also studied the leptoquark models that can explain these anomalies and how they can

affect various observables related to the decay mode A, — A, 7v;.
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Another decay mode that has the same quark level transition as R(D™)) is the inclusive
decay B — X {v¢. We have studied this decay mode in the presence of all possible NP Lorentz
structures, both model-independently and with all possible leptoquark models that can contribute
to this decay mode. We have also carried out the calculation of non-perturbative corrections to
this decay mode both in the SM and when all possible NP Lorentz structures are included. This

calculation leads to a more precise prediction for this decay mode when NP is added to SM.

An important component of particle physics is CP violation as it is known that the observed
amount of CP violation is not enough to explain the baryon asymmetry of the universe. As a
consequence, we should look for new sources of CP violation. We have studied the angular dis-
tribution of the decay B — D**(— D) u~ v, in search of CP violating triple products. These
triple products are constructed with the momenta and/or polarizations of the final state particles.
Observation of CP violation in the angular distribution of this decay mode is a definite sign of
NP, since in the SM, we do not expect any CP violation in this decay mode. We can also use this
angular distribution to distinguish various NP models. We have used the angular distribution of
this decay mode to determine which couplings are necessary to produce certain (CP conserving
or CP violating) angular terms. This can also be used to distinguish different explicit NP models.
We have used this angular distributions to study various leptoquark models some of which are very

plausible candidates to address the R(D*)) and R(K*)) anomalies.

Finally, in the last chapter, we have presented a study of the muon (g — 2) anomaly and its
possible connection with the B anomalies. (g — 2), is a longstanding anomaly in particle physics
and there has been a lot of efforts to address it with new physics models. Here, we introduced a
simplified model to resolve this anomaly together with the B-meson anomalies. The model consists
of a weakly coupled light scalar particle S in the framework of the two Higgs doublet model
(2HDM) of type II. This scalar particle which is usually called the dark Higgs boson, couples to

both leptons and quarks through its mixing with the neutral Higgses of the 2HDM. This means that
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these couplings are further suppressed by mixing angles when we compare them with the neutral
Higgses couplings to fermions in the 2HDM. In this model, the light scalar further couples to two
photons (Syy). In general, this coupling can be induced by the coupling between S and TeV scale
charged particles and here we have considered leptoquarks as these heavy particles. The effective
Syy coupling can then contribute to the (g — 2), through a two-loop Barr-Zee diagram and this
contribution can resolve the (g — 2), anomaly. In this model, we see that to explain the (g — 2),,
anomaly, we need a large coupling between the light scalar § and two photons and this leads to

interesting signals in the B and K, as well as the SM Higgs decays to photons.
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APPENDIX A

HELICITY SPINORS AND POLARIZATION VECTORS

In this appendix, we give explicit expressions for the spinors and polarization vectors used

to calculate the helicity amplitudes for the decay A, — A .7V;.

A.1 Ajp rest frame

To calculate the hadronic helicity amplitudes, we work in the A; rest frame and take the
three-momentum of the A, along the +z direction and the three-momentum of the virtual vector

boson along the —z direction. The baryon spinors are then given by [172]

_ F[pa. |
ii2(£3,pa.) = VEa, +ma, (Xl —xl) :
EAC + mMA,
1 Xi
ul(ii’PAb) = \/Zm,\b , (Al)
0
1 0
where y; = and y_ = are the usual Pauli two-spinors. The polarization vectors of the
0 1
virtual vector boson are,
o !
(1) = —=1(4q0:0,0,-q]) ,

\/?

e (1) = % (0; %1, -,0)
1
6#*(0) = = (lql’ O’ 0’ _CIO) B (A2)

\/?
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where g* = (qo;0, 0, —|q|) is the four-momentum of the virtual vector boson in the A, rest frame.

We have
1 2 2 2
0= 5.~ (my, —my +q°), (A.3)
b
1
lq] = [pa.| = Tn VO.0-_, (A.4)
b
where
Q. = (ma, £mp)* - g°. (A.5)

A.2 Dilepton rest frame

In the calculation of the lepton helicity amplitudes, we work in the rest frame of the virtual
vector boson, which is equal to the rest frame of the 7V, dilepton system. We define the angle 6,
as the angle between the three-momenta of the 7 and the A, in this frame.

The lepton spinors for p, pointing in the +z direction and py, pointing in the —z direction

are

IZT(i%’pT)

|
S
-~
+
3
~
—_——
>
Ii—«k
ul
<
il
H+ —+
S —

X+
vi (3, p7) = VE, . (A.6)

We then rotate these about the y axis by the angle 6, so that after the rotation, the three-momentum

of the A, points in the +z direction. The two-spinors transform as

H >

e—tHTUZ/ZXi

cos(0;/2) —sin(6;/2)

= X (A7)
sin(6;/2) cos(6:/2)
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and

0:/2 in(6,/2
i e | (A3)
—sin(6;/2) cos(6:/2)

and the full lepton spinors after the rotation are

ol pr) = V77 [c05(01/2) 50001 /2), 2 cos(0r/2), P sin(0r/2)

() = VE +m (—sin(er/z),cosz/z),E"f;L sin(6,/2), 2 cosz/z)),
cos(6:/2)

v Gopey = NE| TP (A.9)
—cos(6:/2)
—sin(6,/2)

The polarization vectors of the virtual vector boson in this frame are

e”(t) = (1,0,0,0) ,
1

e (1) = —(0;«1,-,0),
V2

e (0) = (0,0,0,-1) . (A.10)

The three-momentum and energy of the 7 lepton in this frame can be written as

NV

|pT| =
E: = |p:|+m2/\q% (A.11)
where
mz
v=all-—. (A.12)
q
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APPENDIX B

HELICITY AMPLITUDES

In general for the process B — X.77 v, the scalar-type, vector/axial-vector-type, and

tensor-type hadronic helicity amplitudes are defined as

and

(MAp
H/lc,/l,/l’

(THAp
H/lc,/l,/l’

(T2)Ap
Hy

SP _ S P
Hy a0 = Hy o0t H), -0
H3 o = 8s{Xc|cb|B),
ch,ﬂzo = gp(Xc|Cysb|B),

1% A
= H/lc,/l - H/lc,/l’
(1+ g1 +gr) € () (Xc| ¢yub|B),

(1+g1 —gr) €"(A) (Xc| Eyuysb |B),

(T, (T2
H/lc,/l,/l’ H/IC,/I,/I’ ’

gr € (D)e” (V') (Xc| Cioyy b |B)

= gr € (D)™ () (Xc| Cioyyysb |B)
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where € is the polarization vector of the virtual vector boson. The leptonic amplitudes are defined

as

LY = (17| T(1 = ys5)v¢ |0),
LY = () (17| Fyu(1 = y5)ve [0)
Ly = =ie!(De' () (r7:| 703 (1 = y5)v: [0). (B.4)

When we consider the process as a free quark decay, we simply use the quark spinors without
hadronic expectation values. So the matrix elements for the hadronic vector and axial vector

currents will become

(Xcley"b |B) —  acy'uy, (B.5)

(Xc|cytysb |BY —  dicyHysup, (B.6)

for the scalar and pseudoscalar currents

(Xc|¢b|B) — itcup,

(XclCysb |B) —  dcysup, (B.7)

and for the tensor currents

(Xc|cioc""b|B) — dcicuy,
(Xc| cio®ysb|BY —  dciot ysuy.

(B.8)

The hadronic and leptonic helicity amplitudes of the process b — ¢7~ v, in the presence of

scalar and pseudoscalar, vector and axial-vector, and tensor NP operators are below.
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B.1 Hadronic helicity amplitudes

Below, we present only the nonvanishing hadronic helicity amplitudes and use the definitions
Qs = (mp = mc)z - q2.
The scalar and pseudoscalar helicity amplitudes associated with the new physics scalar and

pseudoscalar interactions are

Hybo = gsVQs—gr/0-,
-1/2,0 8s VQ++gPVQ— . (B.9)

=,
~
I

The parity-related amplitudes are

S — S
AeANp T H—/lc,—/le >
P _ _gP
H/lca/lNP - H—/lc,—/le . (B . 10)

For the vector and axial-vector helicity amplitudes, we find

Hy5,=(1+gr +gR)@(mb +me) — (1+gL - gR)@(mb —me),

Vit va?
H1‘;§,+1 =—(1+grL+gr)V20-+ (1+gL - gr)V20+,

Hl‘;g,t =(1+g1 +gR)@(mb -me)—(1+gL— gR)@(mb +me) ,

V7 Ve

H‘—/f}z,o =(1+g1 "‘gR)E(mb +me)+ (1+gr — gR)@(mb —me),

Va2 Va2
HY, ==+ g0+ gr)V20- - (1+81 - gr)V20+ ,

HY, = (l+gL+ gR)@(mb —me)+ (1+gL - gR)E(mb +me) . (B.11)

V2 Ve
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We also have the relations

\% _ \%
Hy 2, = Ho i,

A A
Hya, = —Ho - (B.12)

w c»— tw

The tensor helicity amplitudes are

HO )il = —gr[ Vo ++0.],
Hiro = er[VO-+ V0. ],

_ 2
Hi?/)zi/fl = _gT\/i—z [(mb +me)\Q- + (mp —m) VQ+] )
q

+ 2
HO = —gwi—z [(my + m)NQ- ~ (my, ~ mo)yOL].
q

B 2
A = s o 4 mNE - mNE
q

+ V2
Hg/)zlgz—l = gT\/_—z [(mp, + me)VO- = (m), — me)N Q04 ]
q

HilT/)2+,1112,—1 = _gT[\/@ + @]’
HO L = —er[VO- - Vou]. (B.13)

The other nonvanishing helicity amplitudes of tensor type are related to the above by

M _ (T2
Hy b =—Hy 2y (B.14)
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B.2 Leptonic helicity amplitudes

In the following, we define

v=4/l-—. (B.15)

The scalar and pseudoscalar leptonic helicity amplitudes are

L+1/2 — 2\/?‘)’

L7YV2 = 0, (B.16)

while the vector and axial-vector amplitudes are

LV = \2m,v sin(8,),

+1

Lgl/z = —2m.v cos (6;),

L:’l/z = 2m.v,

L,)? = 2¢% (1£cos(6,)),

L)? = 2\/% sin (67),

L'* = o, (B.17)
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and the tensor amplitudes are

Here we have the relation

+1/2
LO,J_rl

L+1/2

+1,t

+1/2
Lt,O

-1/2
LO,il

-1/2

+1,t

-1/2
L,

—/2¢?v sin(6;),
F+/2¢%v sin(6;),

L:i/_zl = —2./q?v cos(6;),
FV2mev (1 £ cos(6y)),

—V2mv (1 % cos(6y)),

-1/2 .
L, 2 =2my sin(6;).
e _ _gdr
Lyv =—-Ly,
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APPENDIX C

FOUR-BODY DECAY KINEMATICS

In this appendix we derive the expression for the lepton’s energy in the b quark rest frame

E¢, in terms of the scattering angle in the dilepton’s rest frame 6,. Consider the four-body decay

b(pp) = (po) +ve(py,) +c(pe) +8(pg), (C.1)

where g is the real gluon. A four-body decay can be described in five invariants; here we present

three of them which are relevant to our discussion. We have

1 =(pe+pe)* = (po — pe — pv)*, (C.2)
@ =(pe+p)* = (pp— Pg = Pe)*s (C.3)
52 =(pp — pe)* = (pg + pe + pv)*. (C.4)

The expressions on the right-hand side above are written using 4-momentum conservation.

By expanding Eq. (C.4) in the dilepton’s rest frame we have
§? = m% + m? - 2EgVEgV + ZPiVPgVCOS(Hg), (C.5)

where Egv, Egv, Piv and ng refer to the energies and momenta of the b quark and the massive

lepton in the dilepton’s rest frame. In order to find for these values in terms of invariants we expand

Eq. (C.2), and using Eq. (C.3) we find

(C.6)



One can also find

2 2
m€+q

et

Using the above expressions for energies we can easily find the corresponding momenta

fy _
E,” =

piv _ A(m3, q2,r?)
b - ’
N

)
v qg - —m,

N

(C.7)

(C.8)

(C.9)

where A is defined as A(a, b, ¢) = a®> + b* + ¢*> — 2ab — 2ac — 2bc. Finally by expanding Eq. (C.4)

again, but this time in the b quark’s rest frame, and using Eq. (C.5) we find the expression for the

lepton’s energy as

1

Ef= ——
¢ dmyq?

[Om} +* =) (m} +0%) = (g7 = mp)\JA(m3, g%, r)cos(6r)].

In the case of three-body decay b(py,) — €~ (p¢) + ¥¢(ps,) + c(pe), r? reduces to m?.
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APPENDIX D
RESULTS FOR VARIOUS OBSERVABLES

For the twofold distribution #, one finds from Egs. |i and 1}

2 2.2 27,2 2
dar _ GF|VCb| q (l_mg/q ) CVA+&CVA+CSP
dq*dE, 256m2n3 PERE

2
m dmy _ 8my _ _
T+ Lot 4 CVA-SP | CVA-T 4 CSP-T
4 25 6 ) 7 8

NN

where the C terms are
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C/* = (1+cos 9)2|1711V/§1|2 + (1 - cos 9)2|HY32 I*+2sin 92|HY{}2 ol* +2sin 92|H1V/g‘0|2,

VA _ o n21gVA 12 L aing2lgVA |2 VA VA |2
C,” = sinf |H1/2,1| + sin @ |H_1/2’_1| +2|H1/2J+c059H1/2,O|

VA VA |2
+ 2|H_1/27t + cos 9H_1/2’0| ,

SP _ A ySP |2 SP 2
G35 =2[H ), o7+ 2|1HZ) 5 o7,

T)1/2 T)1/2 . T)1/2 )1/2
Cj =8cos 92|H1(/2),o/,¢ + 1'11(/2),1{_1|2 +4sin 6’ |H£1/)2/,—1,t + H£1}2{O,—1|2

0 (D2 (D122 2 g2 L g(M-172 12
+4sin6 |H1/2’t’1 +H1/2,0,1 |“+8cos b |H_1/2,0,t +H—1/2,l,—1| ,

. )1/2 )1/2 )1/2 H1/2
c!' =8sin 92|H1(/2)’0/’ T+ Hl(/z)’lf_l 2 +4(1 - cos 6)2|H" 1/)2/’_1J + Hfl/)Z/’o’_l E

T)-1/2 T)-1/2 . T)-1/2 T)-1/2
+4(1+ cos 0)°|H{) o * + H)) PP+ 8sin@2|HG )+ HO V2P,

VA-SP _ VA VA \ 17SPx VA VA SP+
Ce = Re[(cos 9H1/2,0 + H1/2,z)H1/2,0] + Re|[(cos 9H_1/2’0 + H—I/Z,t)H—l/Z,O]’

- T)-1/2 T)-1/2 *
G777 = 1+ cos O)Re[(H{01" + H ) HI5]) = (1= cos )

(1)1/2 (1)1/2 VA (1)1/2 (1)1/2 VA VA
Re[(HX) )~y +H o DH G p ] = Rel(H, s o+ Hy s =) (Hy 5+ cos 60 57|

(1)-1/2 (1)-1/2 VAx VAx
= Re[(H_y ), o, +H p ")(cosOH 5+ H ()],

— * 1/2 )1/2 % 7)-1/2 T)-1/2
CSPT = —8cos QRe[Hf/Z’O(Hl(/Z)’O/’ S Hf/z),lf_l)] —8cosHRe [Hff/z,o(Hfl/)z,O/, S+ Hfl/)m{_l)],

(D.2)

with
(m} —m?+q*)(q* +mj) — (4mpq*Ey)

VO.0-(q* - m?)

From relation (D.1), one can conveniently find the distribution for q2 or E,. Nonperturbative

cos b =

(D.3)

corrections to these distributions (for SM) are presented elsewhere (see [52], [54] and [S0]) and we

do not repeat them here.
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The forward-backward asymmetry can be written as the sum of tree level AIOE 5 and nonperturbative

2
O1/mp) ter

App ms,
0 01/m2)
with
21712 2 2 2
A0 = dr _; GlVeb|” ¢*>NOL0- (1 B @)2 BVA meBVA + uBT_}_
B N s m e I C
2me BYATSE 4 ame BIAT 4 4B T,
e
where

VA _ VA |2 VA 2
By —|H1/2,1| _|H—1/2,—1|’

32 = Re[Hl/zJH]/z’() + H-]/Z,tH—l/Z,O]’

T _ gg(T)-1/2 (1)-1/2)2 (M1/2 (M2 2
By = |H1/2,o,1 +H1/2,z,1 " - |H—1/2,—1,0+H—1/2,z,—1| ’

VA-SP _ SP+ VA SPx 1 VA
B, =Re[H})y o H{ 50+ H2 p o H )0l

VA-T _ VA 77(T)1/2 (T)1/2 VA« y(1)-1/2 | 15(T)-1/2
Bs™ =RelHpp,(H, ), 7+ Hypp o)1+ RelHy i (Hyp "+ Hyp )]

* T)-1/2 T)-1/2 * 1/2 7)1/2
+Re[H"[); (HT2 + HO U] = Re[HY); L (H))? (+HD)Y

—1y2-11 T2 000 —1j2,-10 Y 10,1
SP-T _ SPx (77(T)1/2 (1)1/2 SPx (T)-1/2 (1)-1/2
By ™ =RelH, o (H, ), ||+ Hypy [ ))] +Re[HZ 5 o (HZy ), 1+ H s 0]
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Also, the O(1/ mi) correction is

0(1/m2) dr 1 GEVep|* (1= m2/q%)?

2.2 2 9 2.2 2202
FB = (dqz) 3B4mImiq? {4l (mgmy; — mimZ — (¢*)*)(3(mj, — m?)

A
+q2(2mi - 6m3 +3¢%)] + /12[9m2m? - 45(m3 — qz)z(mzm? +(¢g*)?)
+m2(—63mgm? + 3q2(2m§ +9g%)) + 3mi(33mﬁm§ + 2m3q2(—8m§ +3¢%)

+(g*)*(3m7 +14¢%))]}. (D.7)
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APPENDIX E
THE THREE-FOLD DIFFERENTIAL DISTRIBUTION

In this appendix we present the three-fold differential rate for the inclusive decay in terms

of invariant quantities. We write the distribution in the presence of all NP couplings in the form,

&Pr GilVel| ,d°T ,d’T ,d°T ,d°T ,d°T
= 1+ — + — + — + —| + —
o7 = g rePo| el gg| +lesP o] +lerP s +lerP oS

d°r a’r
+Re((1+8L)gr)——| +Re((1+gL+8rR)E)—=

R 13 IR S7 4y3 |SLR
d°r a’r a’r
+Re((1+gL — »)—= + Re((1+ )—=| +R ) —
e((1+8L = 8r)gP) . e((I+81)87) . e(8r87) .

..’

+ Re((gs —8r)sr) 5 } (E.1)
X~ Ispr

where the three independent variables are usually taken to be dx® = dg?dE.dE, or dx® =

dq?dE.dg.v, v being the four velocity of the B meson. Each contribution to the differential

rate can be written as,

(2) 1 d3r (3)

+—_—
A Ag dx3

) 1 d3r
t o3
A AO dx

d°r
dx3

14T

- E.2
4 Ao dx3 (E.2)

A
Here we have defined Ag = p? —m? with p = m;,v — q. The contributions (E.2) to the decay

distribution are given by the substitutions [65, 50],

149



— = §(pP-md)

Ay

1 ,

= o e -m)

0

LN l(s”(pz—mz,). (E.3)
A} 2 ‘

In the following we present various contributions to this distribution.

The SM contribution is given as,

d3r (M
dx3 gy 3myp

[6mbp *pepy vV + (A1 +32)(2pr - py = Spr - vpy - V)] (E.4)
d31—* (2) _

— [2(4+322)(=2p - py +5p - vpy V)P - pr +2mpi(2p - VP -V = 5p - pr)py -V
dx3 gy 3mp

+6mpda(p-vpr-py—p-pyPr- V)] (E.5)

Ar|® 321
I :T[P'P—(P'V)Z]P'Prpv'v- (E.6)
SM

The A = R contribution is derived from SM part by the substitutions p — p, and p, — p-,

(@)

(@ 3
d’r
(pr = py) =123 (E.7)
SM

=)
R dx

d°r
dx3

For A = S we have,
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2r|iv 1

_ 2
P M [2m,(p - v +me) + (mp +me) (A +32) | pr - py (E.8)
ar|® A1 +31
— = — —( ! 2) [3mb(p-v+mc) —3mep-v+2p 'P_S(P'V)z]pq- - Dy (E.9)
dx> |g 3my,
ar| a4 )
—_— = — . ¢ N — . a Vs E.l
il =3 (p-v+m)p-p=(p-v)?|pc-p (E.10)

while the A = P case can be derived from A = S case by the substitution m, — —m_,

(i)
(me — —my)  i=123. (E.11)
S

d*r
dx3

() dSF
b Ao

For A =T we find,

S|V 16
— | =x—6mp(2p - pypr-V+2p - pepy v =p-Vpr-py)
dx> |r 3my,

+5(A1 +32)(pr - py — 4pc - VDY V)] (E.12)
&Ar|? 3

2

—| = = [(u+32)8p pep-py=2p ppc-py+5(p-v)’pr-py—10p-pyp-vpr-v
dx> | 3my,

—10p - p:p - vp, - V) +2mp(541 = 322)(p - pypr - V+Dp - PPy V)

—3my(A1 = A2)p - vpr - py = 8mpip - vpr - vpy - V] (E.13)
&3r|® 128
= "3 [p-p=-v)?|[p vPe Py =2P pypr-v=2p " pepy -] (E.14)

T
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For A = LR,

2r|W 4m,

— =- 2m?2 + A1 +312) pr -
43 R ml% ( b 1 2)pr Dv
&Ar|® g

3
dx’ | r

23|  32medy

(E.15)

m,
L= (U 30)p - vpe - pytmp(Ai+ 2)pe - py = 4mpdapr-vpy -] (B.16)

2
3 = PP *Pv E.17
i 3 1P p=(p-v)]pep (E.17)
For A = SLR,

&sr|® m
il :_T[Zmi(p-pv+mcpv.v)+(/11+3/12)(p-pv_mbpv.v)] (E.18)
dc g p - my

b
&°r|? 2
Sl = = [ 430)(Bp - pup v+ 3mpmepy v = Smep - vpy v+ 2mep - py)

&r? 8m.a
dx’ sy g 3

+mp (51 +32)p - py = 2mp(A = 3A2)p - vpy - V]

[p-p=(p-?](p-pv+mepy-v)

For A = PLR we have,

(1)
(me — —m¢) i=12,3.
SLR

d’r
dx3

@ d3r
pLr A

For A = LT,
d3r o)
ﬁ = —48mm, (pv ’ V)
LT
Ar|@ 16m.m,
—| = [ +32)(=2p - py+5p - vp, - v) = 3mp(d = 22)py - V]
dx LT mpy
d3r (3)
o3| = T 6dmemedy [p-p—(p-v)](py-V)
LT
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For A = RT,

Ar|Y 24m
3 = 2T [2m%p -py+ (A1 +30)(p - py—mppy, - v)] (E.25)
dx RT mb
&3r|® 16m
—| = - ——[=3u+30)p pyp - v+mp(50 = 2)p - py = 2mp(A+ A2)p - vpy - V]
(E.26)
d3F (3)
—5| =64mi[p-p—(p-)’|(p-p) (E27)
X~ |RT
For A = SPT,
d3r @)
5| =8P pvpe-v=ppepy-v) (E.28)
X~ |spT
&r|? 8
o [5(A1+32)p - v —mp(501+322) | (p - pypr-v—p - prpy V) (E.29)
X7 spr M
Sr|® 3
—| === l(p-popev=p-pepy-v) (E.30)
X7 lspT
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APPENDIX F

| MSM#NP|? | EPTONIC CONTRIBUTIONS

Here we present the leptonic parts of the angular distribution,

1. |MSP|25

D Lse Lip = Tel(p,+moPLp PRl

spins

where g = p¢ + py,.

2. IMyal?:

ZLVA(")L{'}A(H') = €,,(n) e (n)Tr liey PLvs, 5, vvPruc]

spins
3. IMg|*:

3 Lr(np) Ly, p)* = Te|(p,+m)ouPLp, TapPr

spins

x e (n) e (p) & (W) & (p') .

4. MSPM‘*/AZ

D Lsp Lya(n) = Te[(p,+m)Pup, vuPrle)y(n) .

spins
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5. Msp M5

D Lop Linp) = iTe|(p,+moPLp, o Pr| 6 () & () (E.5)

spins

6. Mya M

Z Lya(n) Ly(n',p") = iTr ((p,+m)yuPLp;,0apPr

spins

X €, (n)e;“(n’)e;ﬂ(p') ) (F.6)
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APPENDIX G
CALCULATION OF § COUPLINGS IN TERMS OF 2HDM MODEL PARAMETERS

We now explicitly calculate the parameters in the Lagrangian in Eq. (6.5), following the

analysis of Ref. [173]. We start with the Type Il 2HDM with the Yukawa couplings
~ Ly = L°Y?Hyel + 0°YOH dY + Q'Y HL U + Hee. (G.1)

Here the superscript means the quantities are in flavor space.

We write the scalar potential as

V(Hg,Hy, ¢) = Voupm(Hy, Hy) + V(@) + Vporwal (Ha, Hy, @) (G.2)

where

- + /ll /12
VaHDM m2,H Hy+m2,H{H, —m2, (H H, + H{Hy) + E(HZJHd)Z + 7(H;Hu)2

+ A .
+A3(HHa) (H{H,) + (3 H) (HHD) + 2 [(HIHD? + (HH)? | (©3)
1 A A
Vo = Bo+smye’ + 7%3 + 7%4 (G.4)

Vooral = A(HJHy+H H,)¢ + |A,H Hy + A4H Hy + Ay (H Hy + HjZHu)] dd . (G.5)

After each doublet obtains a vev, we write the neutral real components of the doublets as

H; =v;+ p;, where i = d, u. After expanding the potential, the elements of the mass matrix of the
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CP-even scalars in the (pg4, oy, ¢) basis are

M121 = mflu tan 8 + 41v% cos® B (G.6)
M3, = mJ, cotf+ v sin® B (G.7)
Mlz2 = —mfm + /13451/2 cos Bsin 8 (G.9)
M}, = vAsing (G.9)
M3 = vAcosf (G.10)
M323 = m(% +v2 A cos B2 +v2 A, sin B2 + 2v* A4 cos Bsin B, (G.11)

where Asy5 = A3 + A4 + As, and v, and v, are the vevs of the two doublets H; and H,, with
tan 8 =v, /vy and vCZJ +v2 =12 = (246 GeV)?.

We assume A < v, mg,, so we can consider the portal terms as small perturbations. In this
case we diagonalize the mass matrix perturbatively where the non-perturbed mass matrix is the

usual 2HDM mass matrix. We define the mixing matrix that diagonalizes the mass matrix as

Pd —sina cosa Op h
pu || cosa sina dr3 H |, (G.12)
¢ 031 o 1 S

where 6;; are small mixing angles that mix the light scalar with the other two scalars of the 2HDM.

When we diagonalize the mass matrix of the 2HDM, the parameter « satisfies the usual equation

2M7,
tan2a = ————-, (G.13)
My — My,
and the masses of the two C P-even Higgs bosons are given by
mp = 3 M+ M3, F \/(Mf] - M2)?+4(M2)?|. (G.14)
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To determine expressions for the ¢;;, we write the mass matrix as

ME ML 0 0 0  vAsing
M= My ML 0 [+ 0 0  vAcosB | (G.15)
0 0 M323 vAsinf3 vAcosp 0

where the second matrix is considered as a small perturbation. Below, we use the shorthand
notation sg = sin 8 and cg = cos 5.

We require the lighter Higgs / to have SM-like couplings to gauge bosons and fermions, so
that we have 8 — @ = n/2. Assuming M3z < my, myg, and writing @ = 8 — /2, we find that the

small mixing parameters are

2VAS3 m2 yn2
by = __zﬂ[_gm@ﬂ(l__g
2my, 2my,

2
63 = ———s%c 1—3(1—%@3)
2 °B°P 2m12q

031 =

6 = — , (G.16)

In the Yukawa sector after rotating to the mass basis and defining the mass matrices of

fermions, the interaction terms between the physical light scalar S and the fermions become

5 53 - 5
— Lyps=|—SeMee + -2 dMyd + —aMyu) S, (G.17)
o veg veg vsg

where the M’s are the diagonal mass matrices of the fermions. To better compare with SM Higgs

couplings, we write these couplings as

myg¢ —
~Lis= Y. &—LFfS. (G.18)
fetdu
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Then using the expressions for the mixing parameters in Eq. (G.I6)), we find that the couplings of

the scalar S to fermions are

2vAs[23 [ mfl ) m%l
‘f{),d = - ) tanﬁ _2 + cot ﬁ 1_ — ) (Glg)
my, »2mH ZmH
2vAs§ [ m? )
b0 = ——5Lcotp 1——2(1—cot /3) , (G.20)
my, i 2mH

where the couplings to down-type quarks and leptons are enhanced by tan 8 and the couplings to
up-type quarks are suppressed by cot 3. In the limit of large tan 8, we may take § — x/2 and
@ — 0 so that sg — 1in the equations above, and we can write the couplings purely in terms of
tan (.

We can find the couplings of S to the weak gauge bosons by expanding the kinetic terms of

the two scalar doublets. We find
1
- Lyys = fv; (Zm%VWlfW“ + m%ZﬂZ“) S, (G.21)

where the coupling is the same for both W and Z,

—2vAszcﬁ
Ew.z = cpdis + 0 = —— 2 (1 +cot? ,8) . (G.22)
m
h

In the large tan 8 limit we write cos 8 ~ cot 8 and sin 8 — 1 so that we can write this coupling in

terms of cot 5 only:

¢w.z = —2w4—2c:c)tﬁ(1 +cot’ B) . (G.23)
m

h
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In summary we have the following couplings in terms of tan S:

Ea

u

Ew.z

WA [ 2 m2
—v—ztanﬁ —hz+cot2,8(1——hz)]
my, _2mH 2my,

A m;,
—v—zcotﬁ 1——}‘2(1—cot2,8)
my, i 2my,

2vA
2 cot B (1+ cot® B) .
m;
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APPENDIX H
COUPLING TO TWO PHOTONS

To calculate the scalar coupling to two photons, we use expressions from Ref. [174], where
the decay width for Higgs to two photons is given in terms of generic spin-1, spin-%, and spin-0
particles in the loop. Although the contribution to § — 7y is dominated by the effective coupling
k in the parameter region we are interested in, we include all other possible particles in the loop for

completeness. In our case, there are only spin-1 and spin—% particles in the loop, so the rate can be

written as
2 3 _ 2
O | 4 gsvv 2 2gSff 2
(S —yy) =035 N A + N A )N, H.1
(S =) = 10043 ot 2 cvQyAi(ry) poy c.f QA2 (ry) (H.1)

where r; = 4ml.2 / mg V and f represent spin-1 and spin—% particles, respectively, Q and N, are the
particle’s electric charge and number of colors, and the expressions for A and Aj/, are given in

Ref. [[174].
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