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We have recently seen new upper bounds for BY — u* ™, a key decay to search for physics beyond
the standard model. Furthermore a nonvanishing decay width difference AI' of the B, system has been
measured. We show that AT, affects the extraction of the B — u* u~ branching ratio and the resulting
constraints on the new physics parameter space and give formulas for including this effect. Moreover, we
point out that AT'; provides a new observable, the effective BY — u* u~ lifetime 7+ u~» Which offers a
theoretically clean probe for new physics searches that is complementary to the branching ratio. Should
the B — u' u~ branching ratio agree with the standard model, the measurement of T+ u-» Which

appears feasible at upgrades of the Large Hadron Collider experiments, may still reveal large new

physics effects.
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Introduction.—Thanks to the Large Hadron Collider
(LHC) at CERN we have entered a new era of particle
physics. One of the most promising processes for probing
the quark-flavor sector of the standard model (SM) is the
rare decay BY — u* . In the SM, it originates only from
box and penguin topologies, and the CP-averaged branch-
ing ratio is predicted to be [1]

BR(B, = up )sy = 3.2%02) X 1079, (1)

where the error is fully dominated by nonperturbative QCD
effects determined through lattice studies. The most strin-
gent experimental upper bound on this branching ratio is
given by BR(B, — u " ™) <4.5 X 107 at the 95% con-
fidence level (C.L.) [2].

In the presence of new physics (NP), there may be
additional contributions through new particles in the loops
or new contributions at the tree level, which are forbidden
in the SM (see Ref. [1] and references therein).

A key feature of the B;-meson system is BY-B? mixing.
This quantum mechanical effect gives rise to time-
dependent oscillations between the BY and B? states. In
contrast to the B, system, we expect a sizable difference
AT, = F(L‘Y) - Fg) between the decay widths of the light
and heavy B, mass eigenstates [3].

Performing a time-dependent analysis of B — J/ ¢,
the LHCb collaboration has recently reported A’y =
(0.116 = 0.019) ps—! [4], which represents the current
most precise measurement of this observable.

As we pointed out in Ref. [5], the sizable AT’y compli-
cates the extraction of the branching ratios of B,-meson
decays, leading to systematic biases as large as O(10%)
that depend on the dynamics of the decay at hand.

In the case of the BY — u* ™ channel, the comparison
of the experimentally measured branching ratio with the
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theoretical prediction (1) is also affected by this effect,
which has so far been neglected in the literature.

It can be included through a measurement of the effec-
tive B — u* u~ lifetime. As BY — u* u™ is a rare de-
cay, it turns out that this observable offers another sensitive
probe for NP that is theoretically clean and complementary
to the branching ratio.

The general B, — u*u~ amplitudes.—The general
low-energy effective Hamiltonian for the B — u®u™
decay can be written as

Gg .
H s = ——=—ViiVyal[C1g0yy + CsOg + CpOp

2

+ C}, 0}y + C50% + CLOL]. )

Here Gg is Fermi’s constant, the V,q are elements of the
Cabibbo—Kobayashi-Maskawa (CKM) matrix, « is the
QED fine structure constant, the C;, C are Wilson coef-
ficients encoding the short-distance physics, while the

Oy = (S*yMPLb)(Ey“)/J)
Os = m,,(5Pgb)(£4) (3)
Op = m,(3Prb)(€yst)

are four-fermion operators with P; r = (1 ¥ ys)/2, and
my, is the b-quark mass. The O/ are obtained from the O; by
making the replacements P; < Pz. Only operators result-
ing in nonvanishing contributions to BY — u* u~ are in-
cluded in (2). In particular, the matrix elements of
operators involving the £y*{ vector current vanish.

This notation is similar to Ref. [6], where a model-
independent analysis of NP effects in b — s transitions
was performed. In the SM, as assumed in (1), only Cj is
nonvanishing and given by the real coefficient C?(l}/[ An
outstanding feature of BY — u™ u™ is the sensitivity to

© 2012 American Physical Society
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(pseudo-)scalar lepton densities, as described by the Op)s
and 02 p)s Operators. Their Wilson coefficients are still
largely unconstrained and leave ample space for NP.

The hadronic sector of the leptonic BY — u* u~ decay
can be expressed in terms of a single, nonperturbative
parameter, the B -meson decay constant fp [1].

For the discussion of the observables, we go to the rest
frame of the decaying B? meson and distinguish between

_ B B _ G
ABY — pfpy) = (uy ui|H B = ———

2

where My is the B mass, n; = +1 and 9z = —1, and
Cyp—Cly . Mj Cp—C
p=S0_Co, s ( my )( P P>’ ©6)
Ch 2m, \my, + mg C

g=.]1— 4@ M ( my Cs — Cg )
N M2 2m, \m;, + m csM )
B ® b s 10

The P = |Ple'?r and S = |S|e'¢s carry, in general, non-
trivial CP-violating phases ¢p and ¢g. However, in the
SM, we simply have P = 1 and § = 0 (see also Ref. [6]).
The ¢cp(up) factor in (5) originates from using the
operator relation (CP)T(CP) =1 and (4) in the leptonic
parts of the four-fermion operators.

The B, — utu~ observables.—For the observables
discussed below, we need the

ABY — uhuy) = (uy w1 H 1BY) (8)

amplitude. Inserting again (CP)t(CP) = 1 into the matrix
elements of the four-fermion operators and using both (4)
and (CP)|BY) = ei®crB)| B%), we obtain

G £l
_—ths V}bastMB.gm,uC?gl

2

X el BI+dep(pm)1=n)/20[ -y, P* + §*],
)

ABY—= pypy)=

which should be compared with (5). We observe that
|A(B? - MZRMZR)l = |A(B(v) - M;LMEL)' (10)

Following the formalism to describe BY-B? mixing dis-
cussed in Ref. [7], we consider the observable

- ~
f}\ = _eiid)\'[eid’CP(Bs) A—(Bs _ ,U/j\—,Uu,\)]
ABY = pypy)
+n,P+ S
= _[%] (11)
n)lP + S

Here we have taken into account that the B%-B? mixing
phase ¢, = 2 arg(V},V,;,) is cancelled by the CKM factors
in (5) and (9), and that the convention-dependent phase

the w; w; and ujf py helicity configurations, which we
denote as uy u, with A = L, R. In this notation, u; u;
and uj py are related to each other through a CP trans-
formation:

l(ufup)er) = CP)ufur) = eerem|utuzy, (@)

where e/®cr(##) is convention-dependent. We then obtain

V;“sthafBSMBSmMC?(l;/le"‘bcp(”“)(l*m)/z[n,\P + 57, (5)

& cp(By) is cancelled through (9), whereas ¢ ¢p(u ) sim-
ply cancels in the amplitude ratio. We notice the relation

E1ér = &R = 1 (12)

The observables £, contain all the information for cal-
culating the time-dependent rate asymmetries [7]:

T(BYt) = uypy) — T(BYt) = py )
L(BY(1) = wypy) + T(BU0) — wypy)
_ G cos(AM 1) + S, sin(AM,1)

cosh(y,t/7p ) + A} sinh(y,t/7p)

(13)

Here, AM; is the mass difference of the heavy and light B
mass eigenstates, and

ys = 75, AT/2 = 0.088 = 0.014, (14)

where 75 is the B; mean lifetime; the numerical value
corresponds to the results of Ref. [4]. CP asymmetries of
this kind were considered for By, — €¢*€~ decays (ne-
glecting AT) in various NP scenarios in Refs. [8-10].
The observables entering (13) are given as follows:

1 —1&,I? [ZIPSICOS(sop - ¢s)]
Cp=-— A — SGE
U N A R TR ()
_ 2Im¢,  |PPsin2¢p — |S|? sin2eg (16)
TN [P|* + |S]? ’
Al = 2Reé,  |PI*cos2¢p — |SI? cos2ey (17

IR |PI> + |SI?

It should be emphasized that due to (12) Scp = S, and
A r = Ajp donot depend on the helicity A of the muons
and are theoretically clean observables.

Since it is difficult to measure the muon helicity, we
consider the rates

(=)0 (-)0
T(B()— p*p )= D T(B,0)— ufuy) (18)
A=L,R

and obtain then the CP-violating rate asymmetry

041801-2
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IBY1) — p*u™) —TBY) — uu”)
LB — prpu™) + TBY) — w'u”)
B Scp sin(AM, 1)
B cosh(yt/7p ) + A ,rsinh(y,t/75 )’

(19)

where the C, terms (15) cancel because of the 7, factor.

It would be most interesting to measure (19) since a
nonzero value immediately signaled CP-violating NP
phases. Unfortunately, this is challenging in view of the
tiny branching ratio and as tagging, distinguishing between
initially present B? and BY mesons, and time information
are required. An expression analogous to (19) holds also
for B — ut ™ decays.

In practice, the branching ratio

1 0
BR(B,— 1" oy =5 [ (B0 =" w i 20)
is the first measurement, where the “untagged” rate
(T(B,(1) = f)) = T(BA1) — f) + T(BYUD) — f)
o ¢!/ 7s, [cosh(y,t/7p )

+ A rsinh(y,t/75 )] (21)
is introduced [5,11]. The branching ratio (20) is extracted
ignoring tagging and time information. As shown in
Ref. [5], due to the sizable width difference, the experi-

mental value (20) is related to the theoretical value (calcu-
lated in the literature, see, e.g., Refs. [1,6]) through

1—y2
BRB,— u"u)=|——25 [BRB, — " it )ern,
(By— pu ™) [HﬂApyJ (By = " 17 )exp
(22)
where
—_— +
BROB, = w'm) _ppyisp. 3)

BR(B, — u" 17 )sm

The y, terms in (22) were so far not taken into account in
the comparison between theory and experiment.

A ar depends sensitively on NP and is hence essentially
unknown. Using (14) and varying A zr € [—1, +1] gives

ABR(B, — p*u7)ly, = *yBR(B; = p 7 )exp,  (24)

which has to be added to the experimental error of (20).
In the SM, we have A5 = +1 and rescale (1) corre-
spondingly by a factor of 1/(1 — y,), which results in

BR(B; — u* u )smly, = (3.5 +0.2) X 107%,  (25)

where we have used (14). This is the SM reference for the
comparison with the experimental branching ratio (20).

The effective B, — u* u~ lifetime.—With more data
available, the decay time information can be included in
the analysis. As we pointed out in Ref. [5], the effective
lifetime

R KTB(0) = pt )1
N RO X v

allows the extraction of

(1= y)7, 0 — (L +y)7p

A = , 27
AFyS 27_8J _ (1 _ y?)TM-*-M— ( )
yielding
BR(B, — u"p”) Tt u
——— =2- (1 -y (28
BR(BS — MM )exp 7-Bl\

We emphasize that it is crucial to the above equations that
A r in (17) indeed does not depend on the helicities of the
muons, i.e., Axr = Ajr.

Effective lifetimes are experimentally accessible
through the decay time distributions of the same samples
of untagged events used for the branching fraction mea-
surements, as illustrated by recent measurements of the
BY — J/y fyand B — K"K~ lifetimes [12] by the CDF
and LHCb collaborations: both attained a 7% precision
with approximately 500 events, while an even larger sam-
ple of B — u* u~ events can be collected by the LHC
experiments, assuming the standard model value of the
BY — u* u~ branching fraction. Although a precise esti-
mate is beyond the scope of this article, we believe that the
data samples that will be collected in the planned high-
luminosity upgrades of the CMS and LHCb experiments
[13] can lead to a precision of 5% or better.

Constraints on new physics.—In order to explore con-
straints on NP, we introduce

BR(B; = 1" 1 )exp _ [1 + ﬂArys](lplz L 1sP)

BR(B; — u™ 17 )sm 1= y;

_ [1 + v COSZ¢P]|P|2 . [1 — Y;€082¢g
1—y; 1—y;

R =

]lslz, (29)

where we have used (17) and (22). Using (1) and the upper
bound [2] yield R < 1.4, neglecting the theoretical uncer-
tainty from (1). In the case of y, = 0, R fixes a circle in the
|P|-|S| plane. For nonzero y, values, R gives ellipses
dependent on the phases ¢pg. As these phases are in
general unknown, a value of R results in a circular band.

We obtain the upper bounds |P|, |S| = +/(1 + y,)R. As R
does not allow us to separate the S and P contributions,
there may still be a large amount of NP present, even if the
measured branching ratio is close to the SM value.

The measurement of 7,,+,- and the resulting observable
A r allows us to resolve this situation, as

cos2¢p — Ar

S| =1|P
IS1= 171 cos2¢g + Aar

(30)
fixes a straight line through the origin in the |P|-|S| plane.
In Fig. 1, we show the current R constraints in the |P|-|S]
plane, and illustrate also those corresponding to (30).
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14 mmm Upper Bound (R = 1.4)
Excluded at 95% C.L.

— lustration for Aar(¢ps = 0,7)

FIG. 1 (color online). Current constraints in the |P|-|S| plane
and illustration of those following from a future measurement of
the effective B,— " u~ lifetime yielding the A  observable.

In Fig. 2, we illustrate the situation in the observable space
of the R- A A plane. It will be interesting to complement
these model-independent considerations with a scan of
popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to By — 777"
decays where the polarizations of the 7 leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing C, observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently out
of reach from the experimental point of view.

Conclusions.—The recently established width differ-
ence AT, implies that the theoretical B — u* u~ branch-
ing ratio in (1) has to be rescaled by 1/(1 — y,) for the
comparison with the experimental branching ratio, giving
the SM reference value of (3.5 = 0.2) X 10~°. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of 9% originating from A ,r € [—1, +1].

The effective B, — u* u~ lifetime 7 u* - offers a new
observable. On the one hand, it allows us to take into
account the By width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, 7+ ,-
may reveal large NP effects, especially those related to
(pseudo-)scalar £ €~ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B — u™ ™ branching ratio is close to the
SM prediction.

The determination of 7,+,- appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of B, — ut ™

1.0
0.8
0.6
0.4

=
$02
T 0.0
Q |
- 02 Non-scalar
a4 J 1) Al
< 04 ',v NP:’(CIO, CP )
~0.6 i '
—0.8 / == |S|, ps free; |P|=1; ¢p=0
—10 i pp=r/2 = wp free; |S| =0;|P| =1+ 10%]
[P =1,|5]=0 Excluded at 95% C.L.
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 2.4

R = BRexp(Bs = p" 1) /BReu(Bs — ™ p7)

FIG. 2 (color online). Illustration of allowed regions in
the R-Ar plane for scenarios with scalar or nonscalar NP
contributions.

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
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