-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Springer - Publisher Connector

PUBLISHED FOR SISSA BY @ SPRINGER

I

RECEIVED: January 20, 2016
REVISED: March 7, 2016
ACCEPTED: March 20, 2016
PUBLISHED: March 31, 2016

Triplet-quadruplet dark matter

Tim M.P. Tait® and Zhao-Huan Yu®’¢
@ Department of Physics and Astronomy, University of California,
4129 Frederick Reines Hall, Irvine, California 92697, U.S.A.

bKey Laboratory of Particle Astrophysics,
Institute of High Energy Physics, Chinese Academy of Sciences,
19B Yuquan Road, Beijing 100049, China
¢ARC Centre of Fxcellence for Particle Physics at the Terascale,
School of Physics, The University of Melbourne,
Tin Alley, Melbourne, Victoria 3010, Australia

E-mail: ttait@uci.edu, zhao-huan.yuQunimelb.edu.au

ABSTRACT: We explore a dark matter model extending the standard model particle content
by one fermionic SU(2)y, triplet and two fermionic SU(2), quadruplets, leading to a mini-
mal realistic UV-complete model of electroweakly interacting dark matter which interacts
with the Higgs doublet at tree level via two kinds of Yukawa couplings. After electroweak
symmetry-breaking, the physical spectrum of the dark sector consists of three Majorana
fermions, three singly charged fermions, and one doubly charged fermion, with the light-
est neutral fermion \{ serving as a dark matter candidate. A typical spectrum exhibits
a large degree of degeneracy in mass between the neutral and charged fermions, and we
examine the one-loop corrections to the mass differences to ensure that the lightest particle
is neutral. We identify regions of parameter space for which the dark matter abundance is
saturated for a standard cosmology, including coannihilation channels, and find that this

is typically achieved for m 0~ 2.4TeV. Constraints from precision electroweak measure-

X
ments, searches for dark matter scattering with nuclei, and dark matter annihilation are

important, but leave open a viable range for a thermal relic.
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1 Introduction

With the discovery of the ~ 125 GeV Higgs boson at the LHC [1, 2], the Standard Model
(SM) of particle physics has been proven to be a self-consistent SU(3)¢ x SU(2)z, x U(1)y
gauge theory describing the strong and electroweak interactions of three generation quarks
and leptons. However, the SM fails to describe astrophysical and cosmological observations,
which are best explained by the existence of a massive neutral species of particle — dark
matter (DM) [3-5]. While a variety of DM candidates are provided by extensions of
the SM, among the most attractive are weakly interacting massive particles (WIMPs),
which have roughly weak interaction strength and masses of O(GeV)-O(TeV). If WIMPs
were thermally produced in the early Universe, they could give a desired relic abundance
consistent with observation.

WIMPs typically appear in popular extensions of the SM aimed at addressing its defi-
ciencies, such as e.g. supersymmetric [6, 7] and extra dimensional models [8, 9]. However,
the need for their existence is independent of deep theoretical questions and it behooves
us to leave no stone unturned in exploring the full range of possibilities. It is further nat-
ural to explore dark sectors containing SU(2); multiplets, whose neutral components are



natural DM candidates and whose interactions suggest the correct relic density for weak
scale masses. Within the broad class of such models, both theoretical considerations and
experimental results (most importantly, the null results of searches for WIMP scattering
with heavy nuclei) provide important constraints on the viable constructions.

In minimal dark matter [10], the dark sector consists of a single scalar or fermion in
a non-trivial SU(2)y, representation. For even-dimensional SU(2);, representations, non-
zero hypercharge is required to engineer an electrically neutral component, and typically
results in a large coupling to the Z boson, which is excluded by direct searches for dark
matter [11]. Odd-dimensional SU(2), representations have much weaker constraints, and
lead to thermal relics for masses in the range of a few TeV.

If the dark sector consists of more than one SU(2); representation, electroweak
symmetry-breaking allows for mixing between them, resulting in a much richer theoret-
ical landscape. If the dark matter is a fermion, tree level renormalizable couplings to the
Standard Model Higgs are permitted provided there are SU(2), representations differing in
dimensionality by one. Such theories provide a theoretical laboratory to explore the pos-
sibility that the dark matter communicates to the SM predominantly via exchange of the
electroweak and Higgs bosons.! The minimal module consists of a single odd-dimensional
SU(2), representation Weyl fermion together with a vector-like pair (such that anoma-
lies cancel) of even-dimensional representations with an appropriate hypercharge. Two
such constructions which have been previously considered are singlet-doublet dark mat-
ter [12-17] and doublet-triplet dark matter [17, 18]. Both of these sets look (in the appro-
priate limit) like subsets of the neutralino sector of the minimal supersymmetric standard
model (MSSM), and share some of its phenomenology.

In this work we investigate a case which does not emerge simply as a limit of the
MSSM, triplet-quadruplet dark matter, consisting of one Weyl SU(2), triplet with Y =0
and two Weyl quadruplets with Y = +1/2. After electroweak symmetry-breaking, the mass
eigenstates include three neutral Majorana fermions x?, three singly charged fermions X;t,
and one doubly charged fermion x**, leading to unique features in the phenomenology.
After imposing a discrete Zy symmetry, and choosing the lightest neutral fermion x{ to
be lighter than its charged siblings, we arrive at an exotic theory of dark matter whose
interactions are mediated by the electroweak and Higgs bosons.

As with the singlet-doublet and doublet-triplet constructions, this theory is described
by four parameters encapsulating two gauge-invariant mass terms (my and mg) and two
different Yukawa interactions coupling them to the SM Higgs doublet (y; and y3). The
limit y; = yo realizes an enhanced custodial global symmetry resulting in x{ decoupling
(at tree level) from the Z and Higgs bosons (provided mg < mr), greatly weakening the
bounds from direct searches. It further implies that x{ is degenerate in mass with one of
the charged states (and sometimes x=F) at tree level. For small deviations from this limit,
the degeneracy is mildly lifted, requiring inclusion of the one-loop corrections to reliably
establish that the lightest dark sector fermion is neutral.

In contract, scalar dark matter can always couple to the Higgs via renormalizable quartic interactions.
We restrict our discussion to the fermionic case, leaving exploration of scalar dark sectors for future work.



This paper is outlined as follows. In section 2 we describe triplet-quadruplet dark
matter in detail and establish notation. In section 3 we discuss the interesting features in
the custodial symmetry limit. In section 4 we compute the corrections to the mass splittings
at the one-loop level. In section 5 we identify the regions of parameter space resulting in
the correct thermal relic abundance for a standard cosmology (including coannihilation
channels) as well as the constraints from the electroweak oblique parameters and from
direct and indirect searches. Section 6 contains our conclusions and further discussions.
Appendix A gives the explicit expressions for the interaction terms, while appendix B lists
the self-energy expressions which are used in the calculations of the mass corrections and
electroweak oblique parameters.

2 Triplet-quadruplet dark matter

The triplet-quadruplet dark sector consists of colorless Weyl fermions 7', ()1, and @2 trans-
forming under (SU(2)r,U(1)y) as (3,0), (4,—1/2), and (4,+1/2). We denote their com-
ponents as:

- “ x
T=1]17°|, Q1 = gl : Q2 = Q%Q) (2.1)
T— 1
Q7 Qy

The two quadruplets are assigned opposite hypercharges in order to cancel gauge anomalies.
Gauge-invariant kinetic and mass terms for the triplet and the quadruplets are given by

1
Ly =iT'6"D,T — 5(mr TT + h.c.) (2.2)

and
Lq =iQle"D,Q1 + Q15" D,Q2 — (mo @1Q2 + h.c.), (2.3)

which specify their interactions with electroweak gauge bosons. They also couple to the
SM Higgs doublet H through Yukawa interactions

Lurq =1 £(Q)ITEH' — yo (Q)I*TiH! + hec., (2.4)

where we use the tensor notation (see e.g. ref. [19]) to write down the triplet and quadruplets
with SU(2), 2 (upper) and 2 (lower) indices explicitly indicated. We further assume there
is a Zy symmetry under which dark sector fermions are odd while SM particles are even
to forbid renormalizable operators T'LH and nonrenormalizable operators such as TeH H ,
Q1LTHH', and Qo LHH' (where L is a lepton doublet and e is a charged lepton singlet),
which would lead the lightest dark sector fermion to decay.

In decomposing the SU(2) components, a traceless tensor 7;1 in the 3 representation

is constructed from a 2, u’, and a 2, v;, as

o 1.
T = u'vj — 55}ukvk, (2.5)



whereas a 4, Q?, is constructed via
i Y i L 1o
Q= B Tiw + Tu' — §5k7; U — §5k72 u o, (2.6)

which is symmetric in the upper indices ¢ and j, and satisfies >, Q;7 = >, Q" = 0.
Taking into account the normalization of the Lagrangians (2.2) and (2.3), we can identify
the components of T, 1, and @2 in the vector notation (2.1) with those in the tensor
notation via:

Tt =T), T° = V2T = —V2T1%, T =T% (2.7)
Qf =(@Q1)3', Q1 =V3(@Q1' = —V3(Q1)3" = —V3(Q1)3', (2.8)
Q1 = V3(Q1)3* = —V3(QUI* = —V3(Q)T, Q7 = Q% (2.9)
Q3" =(Q2)3',  QF =V3(Q2)1' = —V3(Q2): = —V3(Q2)3, (2.10)
Q5 = V3(Q2)3* = —V3(Q2)1? = —V3(@2)7',  Q; = (@) (2.11)
Thus, the mass terms decompose into
- %mTTT = —%mTTgT;’ = —mgT TT — %mTTOTO (2.12)

and

—meQ1Q2 = —moea(Q1); (Q2)lk —mo(Q] Q3T —QTQ7 +QYQ% - Q7 Qy). (2.13)

The explicit form of the Higgs doublet is

H' = (ZZ) . Hl = (H ,H"), (2.14)
leading to
iy L 0
Hi(z) = NG <U+h(x)> (2.15)

after electroweak symmetry-breaking in the unitary gauge. Then

1 1 1
Lutg = yi(v+h) (Q1T+ — Q1" - QTT_>

V6 V3 V2
+y2(v + h) <\}§Q8T0 + ;EQ;T - %Q;T*) . (2.16)

The complete model-dependence is specified by the four parameters,

{mT7 mQ7 Y1, y?} (217)

By choosing appropriate field redefinitions, my, y1, and y» can be made to be real, such
that the phase of m( is the only source of C'P violation in the dark sector. However, here
we do not consider C'P violation effects and take all of them to be real. Moreover, taking



mr — —mr, the transformation mg — —mg or y2 — —y2 each yields the same Lagrangian
up to field redefinitions. Therefore, we consider mr and mg both positive without loss of
generality.

After electroweak symmetry breaking, the full set of mass terms can be written

70 T+
__ 1 e A
Lmass = —m@Qy Q3" — 5 (T°.QL QY My | @) | = (T7,Q1. Q) Mo | QF | +he.
Q3 3
13 3
=—mg X~ X =5 > mo xIx? = ) mes xix{ +he, (2.18)
i=1 i=1
where ™7 = Q] and xTt = Qg’ *. The mass matrices for the neutral and charged
fermions are given by
1 1 1 1
m — Y1V ———=Yov m — Y1V ——=Yov
1 T \/gyl \/§y2 T ﬁyl \/gyz
M —=1Y1v 0 m , Mog=| ———=wyv 0 —m . (2.19
N \/%yl Q C i/éyl Q ( )
——=y2v m 0 —1Yov  —m 0
\/ng Q \/§y2 Q
They are diagonalized by three unitary matrices, N, Cr,, and Cg:
NTMNN = MN = diag(mxg,mxg,mxg), (2.20)
T _ -~ _ .
CaMcCr = Mc = dlag(mxli, mxg,mxg), (2.21)

with the gauge eigenstates related to the mass eigenstates by

70 XY T X7 T X
QA l=NI3], (e |=Cc|xd ]|, |oer|=C]|xs |- (2.22)
Q3 x5 Q7 X3 Q5 X3

Therefore, the dark sector fermions consist of three Majorana fermions X?, three singly
charged fermions Xzi, and one doubly charged fermion y**. Here we denote the particles

in order of mass, i.e., m, 0 <m0 <m0 and m_+ < m_+ < m_+. The lightest new particle
X1 X2 3 X1 X2 X3

X
is stable as a result of the imposed Zs symmetry. Consequently, we identify parameters
such that x! is lighter than X;E and x**, in order for X! to effectively play the role of
dark matter.

We can construct 4-component fermionic fields from the Weyl fields:

0 + ++
x0= [ M) xr= | e} xte = [ XL ) (2.23)
(XiR) (XiR) (XR )
where
X2 =x% =003 )", xF =0 od )" xr=a e xs) T (2.24)
it=xtt xg =x - (2.25)



And the mass basis is defined such that they have diagonal mass terms:
_ 18 _ 3 _
Lonass = —mq XTHXH -2 Y myo XPXP =Y ms XX (2.26)
i=1 i=1
3 Custodial symmetry

If y; is equal to y9, there exists a global custodial SU(2) g global symmetry, as is well known
in the SM Higgs sector. Under this symmetry the triplet is an SU(2) g singlet, while the
quadruplets and the Higgs field are both SU(2)r doublets:

ij Q)7 H]
Qa)y = ol Ha)i=1{ ), 3.1
@i = (o ) = (.1
where H; = Einj and A is an SU(2)g index. Lg and Lyrq can be expressed in an
SU(2)r x SU(2) g invariant form:

Lo + Lirg = Q)0 Du(Qu)Y — Tmg [+P2u(Qu)Y Q) + e
+ |y < P(Qu)M T (Hp); + e (3.2)

where y = y1 = yo. This symmetry is also found in the singlet-doublet model [13-15] and
the doublet-triplet model [18]. Though broken by the U(1)y gauge symmetry, nonetheless
it dictates some tree level relations with important implications. We describe the cases
mqg < mp and mg > m7 separately below.

3.1 mg < mr

If mg < mr, the leading order (LO) dark sector fermion masses can be derived to be:

m;? = mi? = m;g:)j: =mg, (3.3)
1
migo = mig =3 [\/83/21)2/3 + (mg + mT)2 +mg — mT] ) (3.4)
1
migo = mii) = 5 [\/81;21)2/3 + (mg + mT)2 —mg + mT] , (3.5)
3

while the mixing matrices take the form

0 @ _V2 0 a V2i 0 —a V2
N=lvi v | =3 %% | Cr=|% % -5 |, (0
1 i _a_ V3i V2 ai i V6 3ai
V2 b V20 2 2b 2b 2 2b 2b
where
\/8y2v2/3 + (mg +mr)? — mg —mr
a= i hd and b=+/2+a?. (3.7)

2yv/ V3
Thus each of the neutral fermions is degenerate in mass with a singly charged fermion,
and the lightest one is also degenerate with the doubly charged fermion, which always



LO, mq =200 GeV, m;=400GeV, y=y; =Y, LO, mq=400GeV, my=200GeV, y=y; =Y,
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Figure 1. Fermion masses as functions of y in the custodial symmetry limit at LO. The left (right)
panel corresponds to mg = 200 (400) GeV and my = 400 (200) GeV.

has a mass of mg. In figure 1(a), we show the mass spectrum for mg = 200 GeV and
mrp = 400 GeV. If y = 0, the quadruplets would not mix with the triplet, and we would

have ml9 = mM? = ml9 = ml? = mlQ, = mg and mlY = mM? = my. As
A T hE T Mg T M S Mg = me and mygt = myg = mre As [yl

increases, x9, X3, Xét, and Xét become heavier. At loop level the custodial symmetry
realizes that it is broken by U(1)y, and corrections from the loops of electroweak bosons
lift the degeneracies [10, 20, 21]. We examine the next-to-leading (NLO) corrections to the
masses in detail in section 4.

In general, the x! couplings to the Higgs boson and to the Z boson are proportional to
(y1N21 — yaN31)N11 and (JN31]2 — [N21]?), respectively. In the custodial symmetry limit,
the interaction properties of ¥ are quite special. From the explicit expression of A in
eq. (3.6), we can find that there is no triplet component in x? and N3; = N3 = 1/v/2, i.e.,
XY = (QY 4+ Q9)/v/2. Therefore, the x{ coupling to the Higgs boson vanishes because this
coupling exists only when the 7° component is involved. Moreover, there is no x! coupling
to the Z boson, since QY and QY have opposite hypercharges and opposite eigenvalues of
the third SU(2),, generator. As a result, x| cannot interact with nuclei at tree level and
generically escapes from direct detection bounds.

3.2 mg > mr

If mg > mr and |yv| < \/3mg(mqg — mr), the fermion masses are

1
my = mi? 2 [\/892”2/3 +(mq +mr)* —mq + mT] : (3.8)
m;go = mig = migi =mg, (3.9)
1
myg =m = [\/8y2v2/3 + (mg +mr)* +mg — mT] : (3.10)
3



and ¥ is a mixture of 70, QY, and QY:

W=~ T - Q)+ @QY). (311)

In this case, the coupling to the Higgs boson does not vanish, that with the Z boson still
vanishes because |N21 |2 = |[N51|2 = 1/b2. Consequently, x{ can interact with nuclei through
the Higgs exchange at tree level. Figure 1(b) shows the mass spectrum for mg = 400 GeV
and mp = 200 GeV.

If mg > my and |yv| > \/3mg(mqg — mr), we have

1
mQ <5 [\/8@/21)2/3%— (mq +mg)? —mg +mep|,

and hence My = mQ and x¥ = (Q) + QY)/+/2, whose interactions are similar to the case

of mg < m7 described above.

4 One loop mass corrections

In this section, we calculate the dark fermion mass corrections at NLO, determining the
parameter space for which x{ is lighter than X{E and y**

For mixed fermionic fields X; (either X! or X;"), renormalized one-particle irreducible
two-point functions can be written down as [22, 23]

Sx.x;(0) = (4 = my)dij + Sx,x; (a) — IMi; P — M5 PR
1 X 1 *
+50 - My ) (6Z5PL + 62 Pr) + 5(52].2 Pr+08ZPL) (¢ —my,), (4.1)
where P;, = %(1 —75) and Pr = %(1 + 75) are chiral projectors and 5/\;lij are mass
renormalization constants defined by M;; o = M;; +dM;;, where the subscript 0 denotes a
bare quantity and the diagonalized mass matrix M stands for either My or M. The wave

function renormalization constants (5Zi§ and 525- are defined as X; o0 = X; + %((52{313,; +
5Zg*PR)X j- The self-energy Yx, x;(q) can be decomposed into Lorentz structures:

Sx.x;(0) = PLSXx, (%) + PrEN x, (¢°) + 4PLYR x, (6%) + 4PrEN x, (¢%),  (4.2)
and Hermiticity relates these functions:
¥x, (@) =25, (%), Rk (@) =K% @), TR () =Tk, (). (43)
There are additional constraints for Majorana fields X?:

EXOXO( ) EXOXO( 2)a EXOXO( ) EXOXO( 2)a EXOXO( ) EXOXO( 2)a (4-4)

which we utilize as a cross-check on our calculations.
On-shell, there should be no mixing between states in the mass basis. Using the
definition of the pole mass in the on-shell scheme leads to the renormalization condition:

Re Sx,x,(q)ux,(q) =0 for ¢* =m?

2, (4.5)



where Re takes the real parts of the loop integrals in self-energies but leaves the couplings
intact. This condition fixes the mass renormalization constants to

- 1~

As in refs. [22, 24] for the renormalization of neutralinos and charginos, we introduce
renormalization constants My and d M to shift the mass matrices My and Mg, but
the mixing matrices N, Cr, and Cg remain the same at NLO as at LO. Therefore, we have

(6M)ij = N*OMNNT)ij = NGNG(EMN ), (4.7)
and
(OMc)ij = (CROMcCr)ij = (CR)Ki(CL) (OMc) - (4.8)
Furthermore, we choose to renormalize the Majorana fermion masses on-shell, i.e.,
mg(%o = myo, (4.9)

and compute the relative shifts in the masses of Xz?t and x**. In this scheme eq. (4.7)
provides the NLO shifts in the parameters mz, mg, y1, and ya:

vy = VINFNG (OMN),  voy2 = —VINFNG (SMN ), (4.11)

where 6 My is given by eq. (4.6):

(6My)is —Re [Exoxo(m 0) + EXoXo(m o) +m OEXOXO(Mig) + mxgzg){?(mig)} :
(4.12)
The shifts on these parameters shift M¢ through eq. (4.8). As a result, the physical masses

of Xii at NLO are given by

1~
mNEO = i, + (OM e —iRe{QEI)‘(S;rX;r(mXi) +ms [ERh o (m2e) + R (mizi)} }

7

(4.13)
where
(OMc)ii = Y (Cr)ji(CL)ki(OM) ji
jk
1
=— [(CR)Qi(CL)3i + (Cr)3i(Cr)2i]0mg + %v&h [V3(CRr)1:(CL)2i — (CR)ZZ‘(CL)M}
1
+ (Cr)u(Crudme + Zzvdue | V3(CrI (Coi — Cr)1Co)a] (4.14)
The physical mass of Y=+ is affected by the shift in mQ:
1—
mﬁ};g =mqQ + (SmQ — *Re {22%(8++X++ (miii)
+mq [EX++X++( i:ﬁ::ﬁ:) + 2t (miﬂ:ﬂ:)} } . (4.15)



NLO, mg =200 GeV, my=400GeV, y=y; =Y, NLO, mq =400 GeV, my=200GeV, y=y; =Y,
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(a) mg < mr case. (b) mr < mq case.

Figure 2. NLO mass differences between charged and neutral fermions in the custodial sym-
metry limit y = y1 = y2. The left (right) panel corresponds to mg = 200 (400) GeV and
mr = 400 (200) GeV.

Explicit expressions for the self-energies of dark sector fermions at NLO can be found
in appendix B. We evaluate the mass corrections numerically with LoopTools [25]. In the

custodial symmetry limit ¥y = y; = yo, the mass differences between charged and neutral

. . + _ .0 + _ .0 + _ .0
fermions at NLO are presented in figure 2. m3, —my , mi, — my,, and mi, —my,

degenerate for y = 0, where the triplet has no mixing with the quadruplets, and the mass

are

splitting is solely induced by the irreducible O(100) MeV contribution from the electroweak
gauge interaction at one loop [10]. This degeneracy lifts for y # 0. When m¢g = 200 GeV
and mp = 400 GeV, the charged fermions are always heavier than their corresponding
neutral fermions for |y| < 1. When mg = 400GeV and mr = 200 GeV, X§E becomes
lighter than x§ for 0.25 < |y| < 1. In both cases, x¥ is always the lightest dark sector
fermion as required for a DM candidate.

Moving beyond the custodial symmetry limit, in figure 3, we fix mqg, mr, and y; = 1,
and plot the fermion masses as functions of yo. We find that a value of yo unequal to ¥
tends to drive x! lighter, especially when the sign of y, is opposite to y;. The charged
fermions remain rather degenerate with the corresponding neutral fermions. In figure 4, we
present the corresponding mass differences, which change sign frequently as yo varies. For
—1.95 Syo £ —0.5 (=1.95 S y2 < —0.85) in the mg < mp (mr < mg) case, x) becomes
lighter than Xf and fails to describe viable DM.

5 Constraints and relic density

In this section, we investigate the constraints on the parameter space from electroweak pre-
cision measurements, direct and indirect searches, and identify regions where the observed
DM relic abundance is obtained for a standard cosmology. We discuss each of these regions
in greater detail below, but begin with a summary presented in figure 5 in the mg-m7 plane

~10 -



NLO, mqg =200 GeV, my =400 GeV, y; =1 NLO, mq =400 GeV, my =200 GeV, y; =1
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Figure 3. NLO fermion masses as functions of ys for y1 = 1. In the left (right) panel, mqg =
200 (400) GeV and mr = 400 (200) GeV. The red solid lines correspond to the neutral fermions,
while the black dashed and blue dot-dashed lines correspond to the singly and doubly charged
fermions, respectively.

NLO, mqg =200 GeV, my =400 GeV, y; =1 NLO, mg =400 GeV, my =200 GeV, y; =1

8 T TS 15 e ey

£ : : S ; : [ : : : 2

-~ ‘F ERPNR \ £
= oF E r ]
[0} E ] [0) C ]
o 3 1 & s5¢F 3
Pl 0k 4 ~ C ]
8 E 8 o} ; - ]
-2 J L U s Ty AT -
T ] 8 ¥ ~o TN
g 4r | | | V18 sF NS N A
Sogp T MnTM V4 Sk ‘ AV v
8 4f T MaMme | 18 7F —‘mﬁ‘ml? v | v
S F cTTmEmmg : i =2 sF T M Me : \ ]
A0 e Myt m j v FooTTT mEmms : \
RPN P B S D DT 20 Liis S TV T TUUUT T TR
20 -15 -10 -05 00 05 10 15 20 20 -15 -10 -05 00 05 10 15 20

Y2 Y2
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Figure 4. Mass differences at NLO between charged and neutral fermions as functions of y, for
y1 = 1. In the left (right) panel, mg = 200 (400) GeV and mq = 400 (200) GeV.

with the values of y; and yo fixed for four cases: (a) y1 = y2 = 0.5 (custodial symmetry
limit); (b) y1 = 0.5 and y2 = 1; (¢) y1 = 0.5 and yo = —0.5; (d) y1 = 0.5 and yo = —1. The
0= 1, 2, and 3 TeV. When y,v and yov
are much smaller than m¢ and my, X§ is mainly constituted from the lighter multiplet.

dashed lines in the plots denote the contours for m

Thus we find that myo >~ mq for mg < mr and M0

we have seen in figure 4, when yo has a sign opposite to yi, X1 may be lighter than .
Therefore, in the cases (c¢) and (d) the condition m+ <m

o ~ mg for mT < mg in figure 5. As

0 (which implies that x{ is not
stable) excludes large portions of the parameter space, particularly when mg < mg, as

shown by the violet regions in figures 5(c) and 5(d).
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Figure 5. Constraints in the mg-mr plane for four sets of fixed y; and y». The dot-dashed lines
correspond to the mean value of the observed DM relic abundance [26], while the light blue bands
denote its 20 range and the dark blue regions indicate DM overproduction in the early Universe.
The violet, orange, green, and red regions are excluded by the condition m, £ <My, electroweak
oblique parameters [27], the LUX direct detection experiment [28], and the Fermi-LAT gamma-
ray observations on dwarf galaxies [29], respectively. The gray dashed lines indicate contours of
fixed m,p.

5.1 Relic abundance

To begin with, we identify the regions in which the dark matter abundance saturates
observations for a standard cosmology. As we have seen, x{ is always nearly degenerate

X0 as well as

My =M+ = Myo when mg > |y1,2v|. These fermions, with close masses and comparable
2

interaction strengths, tend to decouple at the same time, with coannihilation processes

in mass with Xf. Furthermore, for mg < mp, we may have Myts > M

playing a significant role in their final abundances. Since after freeze-out they decay into
XY, we compute their combined relic abundance using the technology of ref. [30]. We
implement the triplet-quadruplet model in Feynrules 2 [31], and compute the relic density
with MadDM [32] (based on MadGraph 5 [33]).
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In figure 5, the parameter space consistent with the DM abundance measured by the
Planck experiment, Qh% = 0.1186 +0.020 [26], is plotted as the dot-dashed blue lines, with
the 20 region around it denoted by the light blue shading. As is typical for an electroweakly-
interacting WIMP, the observed DM abundance is realized for M0 ~ 2.4TeV. When !
is heavier, there is effectively overproduction of DM in the early Universe, as shown by
darker blue shaded regions in figure 5. Regions with lighter masses and underproduction
of dark matter are left unshaded.

5.2 Precision electroweak constraints

The dark fermions contribute at the one loop level to precision electroweak processes. Since
there are no direct coupling to the SM fermions, these take the form of corrections to the
electroweak boson propagators, and are encapsulated in the oblique parameters S, T', and
U [34, 35],

167c?, 53 2. — g2
5= TN | 0) - S 0) - 11,0 5.)
wSW
4 | Hyw (0 IIzz(0
TEeQ[ 2()— 2( )], (5.2)
My mz
. 1671'8‘2/[/ , 9 s , 5
U= &2 [ ww (0) — eIl 2£(0) — 2ewsw il 4(0) — SWHAA<O)] ) (5.3)

where sy = sinfy, e = cosfy with Oy denoting the Weinberg angle. II7;(p?) is the
g coeflicient for the vacuum polarization amplitude of gauge bosons I and J, which can
be divided as I} (p?) = ig" 11 (p*) + (p"p” terms), and II; ;(0) = 9L, ;(p?)/d(p?)|p2=o-

The contributions to IIzz(p?), Myw (p?), Haa(p?), and TIz4(p?) from dark sector
fermions are given in appendix B. In the custodial symmetry limit, T" and U remain zero,
while S is positive and increases as |y| increases. Outside of the custodial limit, all are
typically nonzero, with U typically much smaller than S and T, as is expected given the
fact that it corresponds to a higher dimensional operator.

A global fit to current measurements of precision data by the Gfitter Group yields [27]

S =0.05+0.11, T=0.09+0.13, U = 0.01 £0.11, (5.4)
with correlation coefficients,
pst = +0.90, psy = —0.59, pry = —0.83. (5.5)

These results exclude the orange regions in figures 5(a) and 5(b) at the 95% CL. In the
custodial symmetry limit y; = y2 = 0.5, a region limited by mg < 300 GeV and mr <
1.8 TeV is excluded. For y; = 0.5 and y» = 1, a region limited by mg < 400 GeV and
mp < 4.1 TeV is excluded.

5.3 Scattering with heavy nuclei

Spin-independent scattering with heavy nuclei is mediated at tree level by the exchange of
a Higgs or Z boson. The coupling strength of x! to Higgs (see appendix A) is:

1 2
Inxox9 = 5(anxoxe +bpxoxo) = —ﬁ(yu\/m — yaN31) N1 (5.6)
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In the zero momentum transfer limit, this induces a scalar interaction with nucleons NV:

Lsn= Y Gsn X{X{NN, (5.7)
N=p,n
where
ghXoXomN
Gon=——Fto— | D> [ +303 |, (5.8)
vmy, -z
q=u,d,s

and the nucleon form factors f¥ are determined to be roughly [36]:

f? =0.020+0.004, f? = 0.026 =+ 0.005, £ =0.014 + 0.003,
2
7 =0.036£0.008, fP=fr=0.118+0.062, f5 = 5 | 1- SN 6.9
q=u,d,s

The tiny up and down Yukawa couplings imply approximately iso-symmetric couplings,
Gsn ~ Gg,p, yielding a spin-independent (SI) scattering cross section of

4
U>S<5v = ;MiNG?syN, (5.10)

where i, N = mX?mN/(mX? +my) is the x9-N reduced mass.
As a Majorana fermion, X(1) couples to Z with an axial vector coupling of strength
1 g 2 2
9zx0x0 = §(bzxgx$ —azxox0) = E(V\/’:ﬂ’ = [N21[%), (5.11)

leading to axial vector interactions with nucleons:

Lan= ) Gan XPYsXINy N, (5.12)
N=p,n
where
q
_ 9949zx9X) _ N . w1 4 s 1
Gag= 740Wm22 and Gg n = q:ustGA’QAq with ¢4 = 3 and ¢4 = g% = —3 (5.13)

The form factors are Al = A7 = 0.842 +0.012, Al = A7 = —0.427 £0.013, AL = A? =
—0.085 £ 0.018 [37]. These interactions lead to a spin-dependent (SD) scattering cross
section 12

Ui% = ?UiNG?LLN- (5.14)

Current limits on afﬁv are lower than those on 0>S<R by several orders of magnitude

(owing to the coherent enhancement of the SI rate for heavy nuclear targets such as Xenon).
The green regions in figure 5 are excluded by the 90% CL exclusion limit on the ST DM-
nucleon scattering cross section from LUX [28]. The profiles of these regions depend on
the relation between y; and y2. As mentioned in section 3, in the custodial symmetry limit
InxOX0 and 97x9x90 vanish for mg < myp, while Inx0x0 is nonzero for mr < mg, explaining
why LUX only excludes the region with mr < mg in figure 5(a) for y1 = y2 = 0.5. In
figures 5(c) and 5(d), the exclusion regions lying around the diagonals of the plots can reach
as high as m 0 2 5TeV, because gy, Xx0x0 18 enhanced when mg ~ mr leads to comparable
triplet and quadruplet components of x?V.
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5.4 Dark matter annihilation

Finally, we consider bounds on the annihilation cross section (annvrel) (Where vy is the
relative velocity between two incoming DM particles) based on the non-observation of
anomalous sources of high energy gamma rays. We adapt MadGraph 5 to calculate the
annihilation cross sections in the non-relativistic limit for all open two-body SM final
states. The dominant channels? are W+ W=, ZZ, and Zh. The W W~ channel is typically
dominant over ZZ and Zh by one to two orders of magnitude.

Thus, we compare predictions for annihilation into W*W ™ with the null results for
evidence of DM annihilation into gamma rays in dwarf spheroidal galaxies based on 6 years
of data collected by the Fermi-LAT experiment [29]. Fermi provides 95% CL upper limits
on (Gannvrel) for annihilation into W+W ™ as a function of the DM particle mass, which we
translate into the exclusion regions shown as the red shaded regions in figure 5. The Fermi
data basically excludes m, o S 1TeV for mg < mp and m,o < 700 GeV for mp < mg.

5.5 Constraints on the y;-y2 plane

By fixing the mass parameters mr and mg, we can see how the constraints vary in the
y1-y2 plane, as shown in figure 6. The plots are symmetric under the simultaneous trans-
formations of y1 — —y1 and y2 — —yo. In figures 6(a) and 6(c), we have mg < my, and

the condition myx <m0 excludes some regions where y; and y» are sufficiently large and
1

X
their signs are opposite to each other. The contours of myo are parallel to the diagonals,

which correspond to the custodial symmetry limit and have the largest values of m 0. In

figures 6(b) and 6(d), we have mp < mgq, and m,o is larger at the corners of y, = yQX: 1.5
and y; = yo = —1.5 than at the corners of y; = —y» = 1.5 and y; = —yo = —1.5.

In figures 6(a) and 6(b), the fixed values of mp and mg are suitable for obtaining an
observed DM abundance. The contours corresponding to the mean value of the measured
Qh? appear as ellipses, inside which QAh? is larger. The mass parameters are chosen to
show comparable sensitivities of LUX and Fermi-LAT in figures 6(c) and 6(d), where both
the LUX and Fermi exclusion regions enclose the point y; = —yo = 1.5 as well as the
point y; = —y2 = —1.5. In figure 6(d), the LUX bound also excludes the regions around
y1 = y2 = 1.5 and y; = y2 = —1.5. Both the LUX and Ferm: limits roughly coincide with
the contours of myo.
6 Conclusions and outlook

In this work, we explore a dark sector consisting of a fermionic SU(2), triplet and two
fermionic SU(2);, quadruplets. This set-up is a minimal UV complete realistic model of
electroweakly interacting dark matter with tree level coupling to the SM Higgs boson, the
simplest such construction which is distinct from any limit of the MSSM. After electroweak
symmetry-breaking, the dark sector consists of three Majorana fermions X?, three singly
charged fermions xli, and one doubly charged fermion y**. The lightest neutral fermion
x? is a wonderful DM candidate provided it is the lightest of the dark sector fermions.

2 Annihilation into fermions mediated by the Z or h bosons and into hh are suppressed by either vZ,,
m?/mi?, both [38].
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Figure 6. Constraints on the yi-y» plane for four sets of fixed mg and mr as indicated. The
legend for the lines and shadings are the same as in figure 5.

When two Yukawa couplings are equal, i.e., y1 = yo, there is an approximate global
custodial symmetry, implying that X? is mass-degenerate with XZ:-t at tree level. We compute
the one-loop mass corrections to determine the precise spectrum. Fortunately, in the
custodial limit these corrections always increase the masses of charged fermions. Another
gift from this symmetry is the tree-level vanishing of the x{ couplings to Z and h, rendering
the current DM direct searches impotent as far as constraining it. Beyond the custodial

symmetry limit, at tree level m, o and m, & are slightly different, but nonetheless still quite

X

degenerate. At the one-loop level, mass corrections suggest that we may have myx < 1myo
1

when y; and yo have opposite signs. When that happens, x{ is no longer a viable DM
candidate, decaying into the lightest charged state.

Due to the mass degeneracy, coannihilation processes among dark sector fermions
strongly affect the abundance evolution of x¥ in the early Universe, and must be included.

The calculation suggests that m

X0 2.4TeV to saturate the observed relic density for a
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standard cosmology. We also investigate the constraints from the electroweak oblique pa-
rameters and direct and indirect searches. The global fit result of S, T, and U parameters
excludes a region up to mg < 300 (400) GeV and my < 1.8 (4.1) TeV for y; = y2 = 0.5
(y1 = 0.5 and yp = 1). The LUX exclusion region significantly depends on the relation
between y; and ys. When yo has a sign opposite to y;, the LUX result excludes Mo up to
several TeV for mg ~ my, cutting in to some regions favored by the relic abundance. Anni-
hilation into W+W ™ is the dominant channel in the non-relativistic limit, and Fermi-LAT
N S 1TeV and S 700 GeV for mg < mr and mr < mq,
respectively. Nonetheless, there is still plenty of room in the parameter space that is con-

dwarf galaxy limits exclude m

sistent with the observed DM abundance and escaping from phenomenological constraints.

As the charged fermions in the dark sector couple to the Higgs boson, the h — ~~
decay is a possible indirect probe of their presence. However, the current LHC data are
not sufficiently precise to give a meaningful limit, though LHC high luminosity running
may reach the correct ballpark [39]. LHC direct searches for exotic charged particles de-
caying into missing momentum may also be able to explore the model, but the electroweak
production rates of the dark sector charged fermions are quite low for multi-TeV fermions,
and it may ultimately fall to future higher energy colliders to have the last word [40, 41].
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A Detailed expressions for interaction terms

In this appendix, we derive explicit expressions for the interaction terms in the triplet-
quadruplet model. The covariant derivatives for the triplet and quadruplets are

DT = (9, — igWit})T, (A1)
D,Qi = (0, — ig' BuYq, — igWith)Q, (A.2)

where Yo, = —1/2, Yo, = +1/2, and the generators of SU(2);, are:
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and

V3/2 —V/3i/2
g V3/2 1 2 _ V/3i/2 —i
@ 1 V3| e i —V3i/2 |
V3/2 V3i/2
tQ diag <Z ; %, —g) . (A.4)

We can express the gauge interaction terms in egs. (2.2) and (2.3) as

Ly D TYetgWitsT
= (eAu + gew Z,)(TH G TH + gW,H(TT)IGHT0 + g, (T°) 15T
— gW, (T G T™ — gW, (T7)16"T° — (eAy + gew Z,)(T7)Te"T~ (A.5)

and

Lq O Qla" (¢ B, Yo, + gWith)Q1 + Q16" (g’ BuYq, + gWith)Qs

= owriQyianal+ @ e+ LawrQdierar + (@) e ;)
+V2gW QD)o Q7 +(QF)To" Q) + V29 W [(Q7) 'Y + (@5)'o" Q]
+ “fgvvﬂ@;)*a“@r +(Q9)'o"Q3] + *fg%[(@;‘)* ' Q7 + (@21 QS
+ o Zu(@)10" Q) — 572,016
Cw

[ sz, + 3¢ B cZ, — §2
+ |ed, + 9(siv + 3ciy) W)ZN} QN e QT + [eA,L + 9l = siv) V;CW w)

s 2] @proros

r 2 2 2 2
+ |—eA, + g(SWCW)ZM] (Q1—>T5MQ1— + [—eA# _ 9(30W+8W)24 (QQ—)T5MQ2—

2cw 2ew
r 2 2
g(sy, — 3¢ et
i+ [-2ea, + L3 2 ] g yiangy
[ g(3c%, — s _
+ [2e4, + (VzchW)Z“} Q3 N)T1QF . (A.6)

Including the would-be Goldstone bosons, eq. (2.4) becomes

L 2 1 B
Lurq =1 GT (Q1 TH — —=QiT° — —=QiT >

G V3
oosnsin (b S L)
+ G (— 2 T - \;6 ST+ \}g 3T+>
(vt h—iGY) <\}§Q3TO + \}EQJT - éQz_T+> the, (A7)
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where the Goldstone bosons G° and G* are defined as

<H+> X Gt as)
H = = . . .8
HO ﬁ(v—i-h—i—zGO)

For convenience, we would like to express the interaction terms with 4-component
fermionic fields. Here we define

o[ v . wi)
W"((%ﬁ)’wz ((%)T ’ (A9

v =k = (T°,Q0,QN", vf =(T%,Qf,Q3)", vp=(T",Q1,Q3)". (A.10)

where

Now eq. (2.22) is equivalent to
ULr=NXLr Vi =Cox]s ¥ = Crxp: (A1)
We can use chiral projection operators to divide every fermionic field into two parts:
\IJ?LJr — PL\IJ?’JF, \If?}’%+ _ PR\P?7+, XZ-OIZJF’JFJF _ PLXZ'O’+7++; XZ‘()]%+’++ _ PRX?7+’++. (A12)
Thus we have
‘I’?L = MjXJQu ‘I’?R = M?X?Ra ‘I’TL = (CL)injJer ‘I’;?;: = (CR)ij;rR- (A.13)

The interaction terms in egs. (A.5), (A.6), and (A.7) can be written down with the
4-component fields \I/? and \Ilj projected into their left- and right-handed parts:

Ly = a,q+g+ AVl +bag gt ApVipn " Uk + aggt g Zu 00"
+ bzqu\yj Z U oM + %(azwg\pg Z Vo L, + bzwowo ZyVir"ViR)
+ aW\PjW?(WJ@jLw\I/?L +h.c.)+ bwm(wj@jﬂ“% +h.c.)
+ aWXJrN,j(WJXZ“*y“\IJjL +h.c.) + wa++q;j(W/jX§+’Yu‘I’$z + h.c.)
+ %(ah\ygwg hU2R Y, + bhwowo hWPLUhp + el 0 GOUPRY], + beowowo GOU7,U0R)
T Ohutut hO U + bhq/j\pjh‘i’;rL‘I’jR + aGOxquszo‘I’ﬁz‘I';rL theourur R
+ a@iq,jq,?(GﬂIij\If?L +he)+ bg:{:\pj—\p?(GJ’_\I’E‘yg‘)R +h.c.)
+ags g (GTXE TN +he) + b iy (GTXTT +he), (A.14)

where the coupling coefficients read

Cavtwt = bAq/fq/f = Qavfuf = bA\I/;q/; = Qqutud = bA\I/;\IJ; =6

9

_ _ _ 2 2\
Azgrut = bgututr = 9CW, gytys = e Bew + siv) = byysuy
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g

— 2 g2y
brutar = 2w (ciy — sw) = Azutwh
- _p __9 — _ 9
Azw9wg = —9209w) = 2w A A T T2y
- A Yy
Yweied = Pwefw) T 9D Cwetey T 59T TPwelv) Yweley T VA9 T Thweied
V6 V6
wa++\p; = - 9 9 Cwx++wi = 9 9,
—b _ N —p
Apw0wy = Opulwy = —75 = GpwdwY = Opwlwl;
a 00 = b 00 = 2 =a o0 — b 0\ 0
ne9eg = Ohuug = g = Ghuguy = Onugug,
Qa, 00__b 00——21'—@ 00__b 0\y0
GOWIWY GOWOWY /3 GOWIWY GOWIWY s
anogogo = —b, oo——ﬂz—a 00 = —brogogo
GOwIWY GOwIWY V3 GOWIWY GOWIWY s
apg+g+ =0 ++——£CL +g+ =0 ++—ﬂ
hf w3 hfwt VoA AT FEN
Upytgt = Dpgrgt = 2 Qyrgt = bpprpr = —
AW} nul T g Ohed v AW V2’
=-b -7 - b _ 4.
Aoogtoi = “Vgowiwt = \/51: Aoovtot = “Vgowiwl = \/627
- _p __ Y2, - _ Y,
Aoowiwi = “Ocoviod = \@27 Aoowiwl = “Ocowfui = \/5@7
_n _ 2y, oy, _ 2
Axufoy = _\/3’ Aotufo) = _\/6” GrUTw) = /3’ GrUiv) = _\/6"
o= x++ouf = YL bGix++q;ir = —Y2. (A.15)

The coupling coefficients that have not mentioned above are zero. Converting the gauge

bases into the physical bases, we have

— Y ~H YT YT A% YT Y ~% YT
Lx = aux 5+ AuXp V" X+ 0a xor AuXipV" Xip + ag s x+ ZuX 0" X

+ bZXij+ ZuXip M X + %(azxgx;? Z, X" X3 + bzxoxo Z, Xip" X JR)
+apx++x++ A XTIV XS Fbaxrr x+ A XETAHXET

+ Qg+ x++ ZM)_(ELJW“XZ”L 4+ bgx++x++ ZMXE+7“XE+

+ (aWXjX?W;X;E'YMXJ(’)L +he)+ (wajX]OW;j—X;{’VHXg(‘)R + h.c.)

+(agy e x Wi XETAMXGL +hee) + (b sy X 9" X + e

+ %(ahX?X? hX?RXj(']L+th?X](.) hX?LX]QR"i'aGOX?X? GOX?RX]QL+bG0X?X§)GOX?LX]QR)
+ay,x+ X;hX;E{X;“L—i—th;F X;th;ZX]TFR—i—aGO X+ X;GO X RXo +bgo XPXF e XiXh
+(ags x+ X;_)G+ XipXJp +he) + (bge x+ X0 GtX} XJp +h.c.)

+(age xor x+ G X T X Hhee) + (g s x+ G X T X7 +he), (A.16)
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where the coupling coefficients are related to those in (A.15) through the mixing matrices:

axfxt = a gyt (CL)ii(CrL)ky = edij, b,aucjxj+ = bayrut (CR)Ki(CR)E; = €dijs

Uzxfxt = Yzv}uf (CL)ki (CL)kj, bZXij+ = bzw;\yg (CR)’%’(CR)ZW
AzxPx9 = azwngg/\/ﬁki/\/kj? bzx?xg = bzmg\pg/\[ki-/\/}:j’
aax++x++ = bax++x++ = 2e, azx++x++ = bzx+tx++ = %(30%[/ — s )
Ywxtxo = ‘wutw) (CL)riNkj» bWXjX? = bW\yg\pg (CR)kiNl:j’
aw)(++X;r = awx++q/;r (CL)jz'7 bWX++Xi+ = wa++\1;;r (CR>>;za
apx0x0 = A uoNkiNij, bxox0 = brwowpNiNij,
agoxox0 = agow)wpNeiNij, baoxox9 = bgowgwoNgiNij,
Ahxxt = hufuf (Cr)ki(CL)ij, thj‘X;‘ = bh\p;w (CL)Zi(CR)?j’
dooxtxt = aGong\yT(CR)ki(CL)lja bGOXjX;r = bGO\pz\p;r (CL)ki(Cr)1j
aGinX? = aGi\p;\p? (CR)kiMja bGinXg? = bGi\p;ﬂy? (CL)L'N’[;;
agiX++Xi+ = G@ix++q,j+ (CL)jz', bGiX++Xi+ = b(;ix++qjj+ (CR);Z (A'17)

B Self energies

In this appendix, we give useful expressions for the self-energies of X?, Xli, Xt v, Z, and
W, used for both the calculation of the mass corrections for dark sector fermions and the
electroweak oblique parameters. In these calculations, we use the one-loop integrals whose
definitions are consistent with ref. [23]:

AO(mQ) — M /qul (B.1)
im2 G2 —m?2+ig’ '
omp)t P 1
Bo(p?, m%,m3 —(_/dD , B.2
o) = e s = A
4—D
puBr i i) = E— [ g &z (B.3)
g im? [ — m3 +ie][(p + q)* — m} + ie]
GuwBoo(p®,m3,m3) + pupy Bi1 (p®, mi, m3)
) 4—D
_ @) /qu . (B4)
& [¢* —mT +ic][(p + q)” — m3 + i€]

We calculate the self-energies of X?, X;t, and x** in the DR scheme with the 't Hooft-
Feynman gauge, as in ref. [42]. At NLO, the x9-x? self-energy has contributions from loops
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of WEXF, GEXF, by, ZxY, and GOxY. We have

2 2
1671' ZXOXO( )
* *
= Z ( X+X0aWX+X0 - 2wajxowa+xg T AaExtx09GEXS XD
v J J ?
2,2 2 2 2 2
i ag) (7 i)~ S uagagonag g B (o i)
J
2 b Bi(p*,m2g,m? B.5
+ T20zZxIx00zx0X) T PaoxIx)Acox Xy | DL, M0, M7 ) (B.5)
2 2
].671' ZXOXO( )

_ AR
o Z ( 4bWX]+X? aWX;-rXO 4CLWX+XO bWX+XO + bGiX+XO aGiXJrXo

2 2 2 2 2 2
a b* m.+ B, ( m m ) a a m.oB ( mog,m >
+ GEX X0 Gix;rxg) xFPo\P b hw + E hXPX00nx9X 010 D0 P X9 "
J

+ E <—4bZXOX0aZX0X0 + aGOXQXQaGOXQX(]) m.0 By (PQ, m2,, mzz) (B.6)
- i g ik ] ik J X
j

The x;-x; self-energy has contributions from loops of WHx?, G*XY, Zx7, G°XxT, Ax],
hXj, W=x*+, and G~ xTt. Therefore,

* * 2 2 2
= < - 2“Wxi+X0aWX;Xo - bGin'X?bgin‘X())Bl (p ,mx(;,mw)
J J

2 9 2
+ § : (_QGZX.JFX.+aZX.+X+ - bGOX*X*aG’OX*X*) By <p M iva>
- ] ik i g ik X;
J

2 2 2 2 2
- 2§ :aAXij*aAXj*X,jBl (p 7mxf70) - E :bhxjxjahxjx,jBl <P ,mxji,mh)
J J

X 2 2 2
+ ( 2aWX++X+aWX++X+ - aG’iX++Xi+aGiX++X:> By (p 7mxiiamw) ) (B.7)
2 2
167T 2X+X+ (p )
—Z — 4b a’ +a bt m.o By (p%, m2, m?
=2 WXy x0 T AaExFx00GExx0 ) TG PO\ P Ty, My

2 2 2
—|—E (—4b +y+0yx+y+ T 0qox+x+0Q ++)miB< m m)
: zXxFXF%zxt X GOXTXHGOXT X Xy oo\ X2

2 2
—4 Z bAX*X*‘M}(.*)(,jmxﬂ.E By (p LN
X v J J
j

0>+E Ay v+ v+ Ay v+ v+ iB(QmQ m2>
jia L ChX XTI XN o{P in, h
J

* * 2 2 2
( 4wa++xi+aWX++X,j+bGix++Xi+aGiX++X,j'>mxiiBO(p’mxii’mW)' (B.8)
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The self-energy of x** receives contributions from loops of Wy, Gy, Ax*t*, and
Zx T, and thus

167 EI)J(V++ X++ (pz)

= E (_2|awx++x_+|2 - |bgix++x_+|2) B <p27mi+aml2/v)
- i i i
7

— 2a124X++X++ Bl (Z)Q7 miii 3 0) - 2a2ZX++X++ Bl (p27 miii y m2z> 3 (Bg)
1677221)J(S++X++ (p2)

_ E 2 2 2
— ( 4bWX++X+aWX++X+ +aGiX++X+bGiX++X+) mX+Bo<p ,mxf,mw)
- 4 i

— 4bpx++ x++aax++x++Myxx By (p mii 0)
— 4bg x++ x++ Az x++ x++ My 2+ By (p27 mii mZZ) (B.10)

The expressions for XV (p?) and YR5(p?) can be obtained from Y™ (p?) and XI5(p?)
through a <> b, respectively.

Below we give the extra contributions to the vacuum polarization amplitudes of elec-
troweak gauge bosons from the triplet and quadruplets The contribution to the Z boson

vacuum polarization comes from loops of x? va Xz X; and y T
1
2 2 2 2
167 Allzz (%) = 5 3 [ (azxoxvazxoxs +baxoxobaxoxe) S (v m2e.m3 )
ij

—2<a b b a )m m B( m2,, m> ﬂ
2x9x907x0x0 T 0zx9x007Xx0X0 ) My 010 Bo P75 M0, Moo

2 2
—I-E[(a N P N e ++)J(m m)
4 Z2X XY zx)X; Z2xFXFOZX ) SIP s Th e T &
ij

—Q(QZXJ*ijZXij+bZXin+aZXij>mX}m iBo(p mif,mif)}
2(9.2 2 \2
g° 3¢y, — s
L8 o) 202 W, (pQ,miii), (B.11)
2¢yy,

where

Ji(p?, mi, m3) = Ao(m?) + Ao(m3) — (p° — mi — m3)Bo(p*, m7, m3) — 4Boo(p*, m3, m3),

Jo(p?,m?) = 24¢(m?) — p*Bo(p?, m?, m?) — 4By (p?, m?, m?). (B.12)
The contribution to the W boson vacuum polarization comes from loops of X! XJ
and x; xT:

167% Allyw (p?) (B.13)
= Z [(|GWX],+X?|2 + ’wafxg|2><]1 <p27mi?7 mij[)
ij

¥ 2 2
—2<aWX+X0bWX+X0 +bWXj+X?aWXj+X?>mx°m iB(](p mx?’mxfﬂ
2 2 2
+ § [(‘GWX++XZ.+‘ + ‘bWX++Xi+| )J1<p amxiamxii>
A 7
(2

¥ * 2 2 2
Q(GWX++X;“bWX++Xj +bWX++XjCLWX++Xi+)mX;th:t:}:BO(p ’mxf’mxiiﬂ'
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The contribution to the photon vacuum polarization comes from loops of X?XZ'_ and
-
XX

167°Allaa (p?) = 2¢% Y Jo(p®,m2 ) + 82 Jo(p®, mi s ). (B.14)

(2

And finally, the contribution to the mixed photon-Z vacuum polarization also arises from

loops of x; x; and x*TTx
2eg(3ct, — s%)
cw

167T2AHZA(p2) = ez (aZXj'Xj' + bZX:X;")JQ(pQ’mii) + Jg(pQ,miii).

i

(B.15)
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