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Abstract The search for flavour-changing neutral current
effects in B-meson decays is a powerful probe of physics
beyond the Standard Model. Deviations from SM behaviour
are often quantified by extracting the preferred values of the
Wilson coefficients of an operator product expansion. We
use the FlavBit module of the GAMBIT package to per-
form a simultaneous global fit of the Wilson coefficients
C7, Cy, and Cjg using a combination of all current data on
b—s T~ transitions. We further extend previous analyses
by accounting for the correlated theoretical uncertainties at
each point in the Wilson coefficient parameter space, rather
than deriving the uncertainties from a Standard Model cal-
culation. We find that the best fit deviates from the SM value
with a significance of 6.6¢. The largest deviation is associ-
ated with a vector coupling of muons to b and s quarks.

1 Introduction

In the Standard Model (SM), flavour-changing neutral cur-
rents (FCNC) are heavily suppressed by the Glashow—
[liopoulos—Maiani (GIM; [1]) mechanism. Since the start of
the LHC, experiments have observed numerous deviations
from the predictions of the SM in b—su™ ™ transitions,
starting with the 2013 LHCb collaboration observation
of a deviation in the P/observable in the range q*e
[4.30, 8.68] GeV?2/c*of the decay By — K*0u*pu~ [2].
Further discrepancies were later observed in measurements
of the By — outu=[3,4], B — KuTu~[5],and Ap —
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ApTp~ [6] decays in both the angular and branching frac-
tion observables. Given the consistency of the observations,
other experiments [7-9] have performed measurements of
the B; — K*Out ™ decay, finding results consistent with
the discrepancies seen earlier.

As has been studied in previous analyses, the discrepan-
cies can be solved by reducing the Cy Wilson coefficient by
one quarter of the SM value (see for example Refs. [10-20]).
Unfortunately, these processes suffer from non-factorisable
corrections, making the size of the theoretical uncertainties,
and therefore the overall significance of the results, difficult
to quantify (see Refs. [21-28] for a recent discussion of the
hadronic corrections).

The SM predicts that the rate of b— sll transitions is inde-
pendent of the flavour of the leptons involved, except for
mass effects which are negligible when studying the first
two generations £ = e, u. In addition to the discrepan-
cies seen purely with muons, the LHCb collaboration has
therefore also performed explicit tests of lepton universality
in b—sil transitions. The first test is to measure the ratio
Rx = B(B — Kutu™)/B(B; — Kete™), whilst a sec-
ond is to measure Rxy = B(By — K*utpu=)/B(B; —
K*0¢te™). In both cases the SM prediction is known at the
1% level, as the hadronic uncertainties cancel in taking the
ratio of the two branching ratios. The LHCb experiment mea-
sured a lower value than the SM prediction with a significance
of 3.10 and 2.1-2.5 o for Rk and Rg+ respectively [29,30].

In this paper, we focus mainly on tests with muons, explor-
ing the extent to which the combination of all such data to
date either constrain flavour-universal new physics (i.e. cou-
pling identically to all leptons) in b— s transitions, or prefer
itin comparison to the SM. Using the FlavBit [31] module of
the Global and Modular Beyond-Standard Model Inference
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Tool (GAMBIT; [32,33]), we carry out a model-independent
analysis by simultaneously fitting three Wilson coefficients
in an effective field theory for interactions of b and s quarks
with leptons and photons. We significantly improve on previ-
ous analyses by explicitly re-computing theory uncertainties
at every Wilson coefficient combination, rather than assum-
ing that they are constant and given by their SM values across
the entire parameter space. The final result is a 6.60 prefer-
ence for new physics, overwhelmingly associated with the
vector coupling of muons to b and s quarks.

We begin in Sect. 2 with a description of the effective field
theory framework in which we work, followed by explana-
tions of the observables (Sect. 3) and likelihoods (Sect. 4)
involved in our fits. We show the results of our analysis in
Sect. 5, including preferred regions of the Wilson coefficient
parameter space and the spectrum of observables at our best-
fit point, before concluding in Sect. 6.

2 Theoretical framework

Our analysis is based on the effective Hamiltonian approach,
in which the Operator Product Expansion is used to sepa-
rate physics at low energies from a (possibly unknown) high
energy theory. In this framework, the transition from an ini-
tial state i to a final state f is proportional to the squared
matrix element |( f|Hefr|i)|?, with the effective Hamiltonian
for b — s transitions given by

10
4G * !/ /
Her = =~V Vi ;(Ci (1O, + C{G0O; ().

2.1)

Gr, Vip and V;5 are SM parameters (the Fermi constant and
two CKM matrix elements, respectively), u is the energy
scale at which the calculation is being performed, and the
O; are local operators providing low-energy descriptions of
high-energy physics that has been integrated out. The oper-
ators each come with an associated Wilson coefficient C;
which, for a particular high-energy physics model, is calcu-
lable within the framework of perturbation theory. This is
done by matching the high-scale theory to the low-energy
effective theory at a scale uw, which is of the order of the
W boson mass. The renormalisation group equations of the
low-energy effective theory can then be used to evolve the
Wilson coefficients to the scale @, which characterises B
meson decay calculations and is thus of order mp.

The operators that are most relevant for rare B decays
featuring FCNCs are

O = Sy T Pre)(cy T PLb),
Oy = (SyuPre)(cy" PLb),
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O3 = (yuPLb) Y (Gr"q),

q
O = GyuTPLb) Y (Gv"T q),
q
Os = (Y Vi Yus PLD) D _(Gy" vy q),
q
O = (EVMlVMzVMsTaPLb) Z(‘?VMVMZVM T),
q
07 = (4n)2mb(§UMvPRb)FMU,
8 _
O3 = me(sa“vT“PRb)sz,
62 —— =
Oy = G5 v PLbYEyb),

2

O = (:T)Z(Ey“ PLD) Ty, ys0). (2.2)

The same set of operators applies for b — d processes,
with the valence strange quark substituted by a valence down
quark. We have denoted the b-quark mass by my, the strong
coupling by g, the SU(3). generators by 7%, and the photon
and gluon field-strength tensors by F),,, and G, The sums
run over the relevant quark flavours ¢ = u, d, s, c, b.

Global statistical fits of the Wilson coefficients with
flavour physics data are a standard way to uncover evidence
for possible beyond-SM (BSM) physics contributions, in a
way that remains agnostic to the precise high-scale theory
that supersedes the SM.

In our analysis we allow for modification of three Wilson
coefficients:

C7=CM+ ACy,
Co = CM + ACy,
Cio = C)' + ACyo,

where CiSM is the SM value of the ith Wilson coeffi-
cient (Re(C7S’1\9/{10) = —0.29, 4.20, —4.06), whereas AC; is
its modification by some high-energy new physics. In the
fit that we perform in this paper, we vary the real parts
of AC7, AC9 and ACjy to best match the experimental
results.

3 Observables included in the fit

In this section we will discuss the theoretical calculations
of the observables that are included in the fit. We perform
the calculations with the latest version of FlavBit [31],
which uses Superlso 4.1 [34-36]. Below, we provide a brief
description for completeness.
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3.1 Angular distribution and branching fraction of
By — K*u* ™ decays

The decay B; — K*ut ™ is of particular interest as it
presents a wide variety of experimentally-accessible observ-
ables. On the other hand, in general the hadronic uncertainties
in the theoretical predictions are large. The decay with K*
on the mass shell has a fourfold differential distribution

d*T'[By — K+x0(— Km)utp™]
dqg? dcos 0y, dcos g do

9
= — Ji(g%) gi (61, 6k, ¢),
nﬂgjw>gu )

3.1)

with respect to the three angles 6;, 6k, and ¢ (as defined in
[37]) and the dilepton invariant mass ¢2. In the low-g? region
(where g2 is below the J/v resonance), the description of
this decay is provided by the method of QCD-improved fac-
torisation (QCDf) and the Soft-Collinear Effective Theory
(SCET).

The functions J|_g can be written in terms of the transver-
sity amplitudes, Ao, A, AL, A; (and Ag if scalar operators
are also considered and lepton mass is not neglected) [38]:

_ Q@+

; [|Ai|2 +IAFP 4+ (L - R)]

4m 2
+ —Re (AL ARY 4 ALAR*) , (3.22)

2
JE = |AFR + 1ARP + =5 [14,2 + 2Re(af AF )]

+ BZ14s)%, (3.2b)
5= B [|A P+ AR + (@ - R)] (3.2¢)
J5 = —p; [IAO I+ (L — R)] : (3.2d)
hz—mDAV AP+ (L~ B). (3.2¢)
Iy = ﬁﬁé [Re(AgAﬁ*) +(L— R)], (3.2f)
Js =28 |:Re(AéAi*) — (L — R)

—% Re(Al A% + A’fA”S‘)} , (3.29)
IS =2p [Re(ALAﬁ*) —(L - R)] , (3.2h)

— 48, L Re [AOA* (L R)] (3.2)

/cT

=28 [Im(AgAf*) —(L—> R)

+% Im(AL A% + AﬁA§)] , (3.2j)

1 )
Jg = Eﬁg [Im(AgAi )+ (L — R)], (3.2k)
Jo = B} [Im(af" Aty + (L > B)). (3.21

where 8y = /1 — 4m%/q2 and (L — R) indicates the same
terms as immediately preceding, but with L and R super-
scripts exchanged.

The transversity amplitudes are related to the Wilson coef-

ficients and form factors as

ALR _ N«/ﬁ[ [(Cg +Y(gH +CH) F (Cro+ c{o)]

VgH | 2my e 5
iy T2 TN >}, (3.3)
A” Nf(MB M‘z,)
A 2
) [[(C9 +Y(q%) — C9) F (Cio — C?O)] %
+ 2;"—1’@“ c;>T2(q2>], (3.4)

L.R N { 2 / /
Ay =——=1((Co+Y (@) —Cq) F (Cio — Cip)
=l ’ w)
x | (M3 — My — gH) (Mg + My)A1(¢%)
A 2
MB+MV

A
x | (M +3M3, — g*)Ta(q%) — ng(qz)]},
B~ Vv

(3.5)
A= Lﬁ[z(clo ~Cly)
Va?
L(CQZ -c )]Ao(qz), (3.6)
my(mp + mq) 02
As=- mb+n1x/kcgl Cop) Ao, 3.7

where My is the K* (vector) meson mass, n1, the spectator
quark mass and

Go? 2
N=mmﬂ;;§55qmmmﬂ, ﬁﬁ :
(3.8)
with the Killén function
A, y,2) =22+ 3+ 28— 2(xy + yz +x2). (3.9)
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CSff is defined as

' | 4 20 80
Cgtf =C7(n) — §C3(,U«) - §C4(M) - ?Cs(u«) - 3C6(M),
(3.10)

and the function Y (¢?) is given by

4
Y(612) = h(qz’ me) <§Cl + C2+6C3 + 60C5)

1 4 64
_ Eh(‘iz’ P (703 +3Ca+76Cs + ?C6>

1 2 4 64
— Eh(q 0O [ Cs + §C4 + 16Cs5 + ?C6

64
Ce,

4 64
with
2
4 m 2
h(qg?, =—— (W <L -Z—
(q°,my) 9<HM2 3 z)
t ! 1
arctan 7>
4 Vz—1
@AVl L T in
n———— - — z<1
vz 2
(3.12)

where 7 = 4mfl/q2. For the form factors A1,2,3(q2), V(q2),
Tl,z,g(qz) we use the combined LCSR + lattice results from
Ref. [39]. The precise values of these form factors are cor-
related, and together depend on 21 nuisance parameters.
When obtaining the correlation matrix between the theo-
retical uncertainties on the different observables that enter
our fit, we include these parameters in our marginalisation
over theoretical uncertainties using Monte Carlo methods in
Superlso 4.1, for each combination of Wilson coefficients.

In addition, the transversity amplitudes receive corrections
arising from the hadronic part of the Hamiltonian, through the
emission of a photon which itself turns into a lepton pair. The
leading contributions at low ¢ can be calculated within the
QCD factorisation approach where an expansion of A /my, is
employed, but the subleading nonfactorisable power correc-
tions are difficult to estimate. The corrections to the transver-
sity amplitudes can be written as

2 3

s = % (N+(q2) - N (q2)> , (3.13)
327> Nm’?

sap" = TzB (Ve +M-@D)., (3.14)
2 3

syt = 322& (Vo). (3.15)
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The QCDf contributions to N} (¢%) are

: 1 m 2F : ~
QCDf b 2 2 1% —(1),nf+WA —(u)
NP = — 1677 iy {(mB —mv)—m% (Tl n + T )
(3.16)
A : N
¢x/; (Tl+(1),nt+WA n )‘“Tf(mﬂ ,
mp
ASQCDE _ 1 my q?
5 — b va

_16712 mp 2mv

2Ey A
X”:(m%;'f‘%l%/_qz) 3T T3 2 2i|
mp (my —my)my

« (Tl—(t>,nf+WA + 5‘1471_(“)>

A —(0).nf 5
_m (7] (1),nf+WA +)»u7ﬂ ( ))} . (317D
where i, = (Vip V,i)/(Vip Vi) and the expressions for T+
can be found in Ref. [40]. The remaining hadronic corrections
are unknown, and are assumed to be a fraction of the lead-
ing order non-factorisable contribution. They can be param-
eterised by multiplying ¥ (¢%) and the & Af’R by

2
q
1+aL,R+bL,R( >i|’
[ » * \6GevZ/ct

where af’R and bf’R are taken as uncorrelated complex nui-

sance parameters. We model the distributions of their ampli-
tudes as Gaussians centered at 0, with variances of 10% and
25% respectively in the low-g? region. In the high ¢ region,
we assign a variance of 10% to the distribution of the ampli-
tude of af’R, and neglect the term proportional to bf‘R, as
in this regime the relative variation of ¢ is small compared
to its variation at low g2, so one can neglect higher orders in
the ¢ expansion (and the sensitivity to New Physics at high
g? is very small anyway). The phases are unknown constants
(see Refs. [41,42] for more details).

The traditional set of observables used to probe By —
K*9 11~ decays consists of the differential branching frac-
tion

(3.18)

dar §<J _ ﬁ) (3.19)
gz —a\"' "3 )
where J; = 2J7 + J£, and the angular observables
2 _ | Aol®
Fr(q”) = A+ 1A+ 1AL (3.20)
AFB(q2) = /O d cos 6, dz—F/d_F
1 dg?dcost; [ dqg?
! d’r dr
B /0 dcos 6 dqzdcosel/W
3 ar
- §J6/W. (3.21)
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In order to minimise the hadronic uncertainties emerg-
ing from form factor contributions to the B; — K*Outu~
decay, angular observables have been constructed offer-
ing specific form-factor-independent observables (at leading
order) [37,38,43,44]. One such set of observables is the so-
called optimised observable set, Pi’ , defined as

1 Join 4’175 + T3]

2 foindq?lJas + Jos]

lfbin d‘]2[-]6s + J_ﬁs]

8 fbin dq®[Jas + Jos] ’

(Plyin = —— / LU + sl
bin ¢ bin

1 _
(Pl)pin = =—— / dq®[Js + Js] .
> 2Ny Join

(P1)bin =

(P2)bin =

-1 _
(Plyom = — / dq’Lr + i1 .
6/bim sz/m bin

, —1
(Pg)bin = 77—

bin

/Q dq*[Js + Js . (3.22)
bin

where the normalisation Ay, is given by

G =\ o 442 LI2s + 2] fogy daPLne + Trc] . (323)

Alternatively, one can define the observables [45—47]
S = M (3.24)

dr  dr
dq? ' dq?

which are related to the P; setas S; = P/ /FL(1 — Fp).

The most important measurements for the interpreta-
tion of b—su™ ™ transitions in terms of new physics are
the angular observables in various ¢> bins of the B; —
K*0F ™ decay. They are currently measured by four col-
laborations: LHCb, Belle, ATLAS and CMS, with the most
recent measurement being an LHCb analysis of part of the
LHC Run II dataset [48]. In the case of this measurement,
the whole set of angular observables is available with the
full correlation matrix. In particular, LHCb provides angular
observables in the S; basis [45-47] as well as the so-called
optimised observables [43]. The optimised observables are
“clean” from hadronic uncertainties only at leading order, and
with the current precision this is not enough for phenomeno-
logical applications. Furthermore, the optimised observables
are non-linearly correlated with each other. In the following,
we therefore use the measurements in the S; basis. As was
pointed out in [49], the conventional theoretical and experi-
mental angular observables differ by a minus sign in the case
of S4, §7 and S9, which we make sure to take into account.

The analyses of Belle [50], CMS [9] and ATLAS [8]
include measurements of only a subset of the angular observ-
ables. This is due to the fact that their datasets contain a

smaller number of B; — K*Ou* ™ decays than that of
LHCb, so the full angular distributions cannot be determined
without folding some of the angles [51]. In our fit, we use
all observables for which measurements by Belle, CMS or
ATLAS are currently available.

In addition to the angular observables, we use the mea-
sured branching fraction of the By — K*Ou* ™ decay in
various ¢ bins. Currently the only measurement that distin-
guishes the s-wave and p-wave contributions is the LHCb
one [52]. The theoretical framework discussed in Sect. 2 can
only describe the p-wave contribution. It is therefore of cru-
cial importance to take into account the branching fraction
measurement that subtracts the s-wave contribution.

In addition to the B; — K*%ut ™ observables, we also
include the corresponding observables from decays with
electrons in our fit, i.e. By — K*%¢te™.

3.2 Branching fraction of By — ¢ut ™ decays

Thedecay By — ¢ut " isalsoab—>su™ ™ transition, but
with a valence strange quark. The decay has only currently
been measured by the LHCD collaboration [53]. In contrast to
the By — K*Out ™ decay, the By — ¢ut ™ decay is not
self-tagging, and thus there is no experimental access to the
most relevant C P-averaged observables S;. Therefore, we
use only the branching fraction information in our analysis.
Because the ¢ meson has a much narrower width than the
K* meson, the s-wave pollution is negligible in this case.

The calculations for this decay are very similar to the ones
for By — K*Out ™, with the main difference being that
the spectator quark is a strange quark, and the meson masses
and form factors are different. Here we use the form factors
from the LCSR + lattice results [39].

Because the By — ¢ut ™ decay is not self-tagging, the
untagged average over the By and By decay distributions is
required. Defining [54]

Ti=qii . (3.25)
with
¢ =1 for i=1s,lc,2s,2c¢3,4,7,

ti=—1 for i =5,6s,6c,38,9, (3.26)
and

_AM _ AT 3.27)
X = F ’ y - 2F 9’ .

the averaged J; functions are computed for LHCb with

(3.28)

. 1 [Ji4+ T yh
(Ji + Ji)Hadronic = [ — - / }

r l—y2 l—y2

@ Springer
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and the time-dependent decay rate is given by

dr 1
<d72>: ra—y

3 - _
(Z)Hadronic = Z|:2(Jls + Jis =y his) + Jie + Jie — yhltr)]

(3.29)

1 - _
_Z |:2(-’27 + Jos — y hZ.r) + (J2c' + Joe — thL'):|7
(3.30)
where 7 is the usual normalisation considered in analyses of

the angular coefficients.
The coefficients h; relevant for the decay rate are:

2 2
hig = ZﬂeRe[ (ALabs+ Abaf + AR A%+ ARAR)]
(3.31)
4’”% o (AL AR* o AL AR*
+?Re[ (ALake 4 ALaf)
teid <A" AR 4 ALAR*)] , (3.32)

he = 2Re[e" (AfAF" + AR AF)]
8m? o~
S [Re[e®4;]
+Re [ AL AR + e AL AR || + 26Re [0 Asa],

2
hyy = %Re[ i¢ (ALAL*_'_ALAL*_'_ALAf*_’_ARAR*)]’
(3.33)

hae = —2p7Re [ (G AF" + AR AF)]. (3.34)
where ¢ = 28, sm¢ = 0.04, x = 27 and y = 0.06 [55].
The amplitudes Ay denote the amplitudes Ax(B — f)
in which CP-conjugation is not applied to the final state.
The hadronic uncertainties due to power corrections are
accounted for using Eq. (3.18).

3.3 Branching fraction of B — K u*u~ decays

Another member of the b—su ™t " transition family is the
decay B — Kut ™. Because the K is a scalar, the decay
kinematics can be described with only one helicity angle, and
the angular distribution has only two observables, which are
in fact not sensitive to the Wilson coefficients that we consider
here. We therefore consider only the branching fraction of the
B — KuT ™ decay. The decay was measured by LHCb
[56] and the B-factories Babar [57] and Belle [58]. In our
fits, we only include data from LHCb, as the uncertainties
of the B-factory measurements are more than a factor of 4
larger, and therefore do not contribute much to the global
picture.

@ Springer

The B — K/{¢{ matrix element can be written as [59]

M(B — KEZ)—lG

N

x (Fv Pl [yl + Fa ply [€y,75€]

Vi Vis

+ (Fg 4+ cos O Fr) [€0] + (Fp + cos 0 Frs) [Eysz]),
(3.35)
where 6 is the angle between £~

B in the dilepton rest frame.
The F; functions are defined as [60]

and the flight direction of

Fy(g®) = (Co+ Y (g% + C) f1+ (g

2my, eff 4_ 2
L e (c +clt CT> Fri@d.
(3.36)
Fa(g®) = (Ci0+ C}o) f(g?), (3.37)
M2 — M2
Fs(q®) = 2B—K(Cs +CY) folg™), (3.38)
(mb — My
2 _ Mp— My )2
Fp(q®) = Sy —my) (Cp+Cp)folg?)
—my(Cio+ Cjp)

2

M3 — M
x [mqZ) - (o) - f+(q2))} ,

(3.39)
2V Be
Fr(g?) = ——"" 2 4
T(q") MB+MKCTfT(61 ), (3.40)
2V Be
Fre(g?) = —Y 28 2. 41
75(47) My +MKCT5fT(q ) (3.41)

where C7 and Crs are tensor Wilson coefficients, which we
take to be equal to zero in our analysis, and fy, f4, f—, fr
are form factors. We consider the LCSR + lattice results from
[61] together with their uncertainties and correlations.

Fy receives corrections from hadronic terms:

2m
SFy = — 2 13, (3.42)
Mp + Mg
where 7p is given in [59,62].
To evaluate the uncertainties due to higher-order correc-
tions, we again use the parameterisation

2
F, — F; [1+di + b; (q—2>i|,
6 GeV?/c*
with a; and b; uncorrelated complex nuisance parameters.

As for the By — K*Out 1~ angular observables, following
the prescription of [41], we model the distributions of their

(3.43)
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amplitudes as Gaussians centered at 0, with respective vari-
ances of 10% and 25% in the low-¢? region, and 10% and 0%
in the high-¢? region, and take their phases to be uniformly
random.

The decay rate is then given by

1
I'(B— Ktte)=2 (Ag + §Cg> , (3.44)
where
qr%mx 2 2 qrznax 2 2
Ay =/ dq~ae(q?), Ce=/ dqce(g”). (3.45)
qr%.in qr%ﬁn
with

A
arq®) = CqD)|a? (BIFsP+1Fp )+ 5 (IFaP+FyP?)
(3.46)
2 2 2
+2mq (M3 — M + %)
x Re(FpF%) + 4m§M§|FA|2],
celq?) = gD |q* (BHIFr2 + | Frsl?)

A
= 2B (1Fal +1Fv ) + 2m V3B Re(Fr F) .

(3.47)
where A = )»(M2 s M,z(, qz) is as defined in Eq. (3.9),
C(g*» =To Be Vi, (3.48)
with
[p = M (3.49)

3
51275 M3,
3.4 Branching fraction of By/B; — ™ decays

The rare decay By — ™ ™ is strongly helicity-suppressed
in the SM and proceeds via Z° penguin and box diagrams,
but can receive large contributions from BSM physics. The
main contribution to this decay is from the effective operator
019 in the SM and from the scalar and pseudoscalar operators
Os. p in some BSM scenarios. As O1¢ has no contamination
from four-quark operators, the generalisation to B, decay is
straightforward.
The branching fraction is given by

B GZ 052 4m2
BR(By — p' ) =i fi wamp |V Vil® | 1=—3=
By

2
M } , (3.50)
m S

where fp, is the B decay constant, m g_is the By meson mass
and tp, is the B; mean life. As we consider only scenarios
where new physics enters through modifications of C7, Co
and/or Cg, in our analysis we set Cs = Cp = 0.

The main theoretical uncertainty comes from fp_, whichis
determined with lattice QCD. We use fp, = 227.7MeV [63].
The main parametric uncertainty is from the CKM matrix
element V.

Within the minimal flavour violation approximation, the
B; — £7¢~ rate can be obtained from the By — £ ¢~ rate
simply by exchanging s — d in the above formula.

3.5 Branching fraction of inclusive b— sy decays

Last but not least of the relevant processes in our study is
the inclusive branching fraction of b—sy. As an inclusive
decay, it does not suffer from form factor uncertainties, and it
therefore provides the strongest constraint on the C7 Wilson
coefficient.

The branching fraction of B — Xy for a photon energy
cut £, > Eq is given by [64-70]

BR(B — X;sV)E,>E, = BR(B = XceV)exp

6 ViV, |2
w em | Tis Yeb [P(Eo)+N(E0)], (3.51)
xC Vcb

where oery = 2Pl [71], C = |V, |*/|Ven|? x T[B —
Xcev]/T[B — Xyev] and P(Ep) and N(Ep) denote the
perturbative and nonperturbative contributions, respectively.
We adopt the standard experimental cut £y = 1.6GeV.

The perturbative contributions are known at NNLO pre-
cision, while the nonperturbative corrections are estimated
to be below 5% [72]. The main sources of theoretical
uncertainty are nonperturbative, parametric and perturbative
(scale) uncertainties, and ambiguity arising from interpola-
tion between results computed at different values of m..

The perturbative part of the Wilson coefficients is param-
eterised as

P(Eg) = PO (uy) + (%) [P{" ) + PV (o, )]

+0 (aF (). (3.52)

where bracketed superscripts indicate order in perturbation
theory, and
2
0)eff
PO () = [ ]
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1 0)eff 1)eff
P (up) =20 (wp) €V (1),

8
Py (Eo, p) = Y €7 (up) €O ) K (Eo, ).
i,j=1
(3.53)

The functions K l.(jl) can be found in Ref. [67], Cfﬁ‘(u) =
Ci(n) fori =1, ..., 6, C$M(w) is given in Eq. (3.10), and

1 10
C§"=Cy(w)+C3(1) — 5 Ca(w) +20C5 () — = Co ().
(3.54)

We also consider the branching fraction for B — K*9yin
the fit, following the theory calculation in Ref. [62].

3.6 Other measurements

Other potentially interesting experimental measurements of
b—suTu~ decays are provided by observations of the
decays of the Aj baryon, such as A, — App. The
LHCDb collaboration has measured both the branching frac-
tion [73] and the angular distribution [74] using the method
of moments [75,76]. We have not considered these measure-
ments here as they have much larger uncertainties than those
of the corresponding meson decays. It is worth pointing out,
however, that the A baryon is stable under strong interactions
and therefore the computation of the form factors does not
require a complicated treatment of multi-hadron states. Once
more experimental data are available, recent [77] and future
developments of lattice calculations mean that this decay will
eventually be placed on the same footing as other b— s ™™
transitions.

In the current analysis, we only consider the lepton-
universal Wilson coefficients. Therefore, we do not include
any of the observables explicitly designed to test violation of
lepton flavour universality, such as Rx or Rg~+. We defer the
study of Wilson coefficients that violate lepton universality
to future work.

4 Statistical treatment

We carry out global fits varying three Wilson coefficients:
Re(AC7),Re(ACy) and Re(ACg). For each set of the three
parameters, we compute the theoretical prediction for all con-
sidered observables and the covariance matrix correspond-
ing to the uncertainties on the theoretical predictions arising
from the variation of all theory nuisance parameters. We per-
form the fit using GAMBIT [32,33], an open-source, modu-
lar package that combines theory calculations, experimental
likelihoods, statistics and sampling routines. In particular,
we use the FlavBit module [31] for computing all theoretical
predictions and experimental likelihoods. The latest version

@ Springer

of FlavBit obtains observables via an interface to Superlso
4.1 [34-36], and likelihoods via an interface to the HEPLike
package [78], which retrieves experimental results and their
correlated uncertainties from the HEPLikeData repository
[79].

Here we present only profile likelihood results, which we
obtain via the interface in the GAMBIT ScannerBit module
to the differential evolution sampler Diver [80], run with a
population of 20,000 and a convergence threshold parameter
of 1073, We also carried out an equivalent Bayesian analysis
using the ensemble Markov Chain Monte Carlo sampler T-
Walk [80]; the results are practically identical to the profile
likelihood ones, so we do not show them here.

To compute the theoretical covariance matrix, we follow
a similar approach as the one described in [81]. Let us con-
sider two observables Q and T, which are subject to ele-
mentary sources of uncertainties, numbereda = (1, ..., n).
We denote the variations of the nuisance parameters as d,,
which have an impact on both observables. Assuming that
the uncertainties are small enough to affect the observables
linearly, the total variation of observable Q is given at first
order by:

0= Qo <1+ZaaA“Q>,

a=1

“.1)

where A“Q is the relative variance generated by the nuisance
parameter a and Qg is the central value. We denote the covari-
ance matrix between the nuisance parameters as
Pab = Cov[dq, 8p]. (4.2)

such that the total relative variance of observable Q is

(A0 =D parAHAY, 4.3)
a,b
the correlation coefficient between Q and T is
4.4)

(A1) =) pap AHAY,
a,b

and the covariance matrix of observables Q and T is therefore

(A0)*(Q0)* (Agr)? QoTo) _

Cov[Q,T] = ((AQT)Z 00Ty (A7)%(Tp)?

4.5)

In practice, most of the nuisance parameters are uncorre-
lated, so that p,p = 84p. The form factors on the other hand
are strongly correlated, and we make sure to include their
correlation matrices when computing Eq. 4.5.

In the following subsection we will discuss specifics of
our treatment of different experimental likelihoods.
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4.1 Angular distribution of By — K*Outu—,
By — K™®e¢teand B, — K*Out ™ decays

The angular coefficients of By — K*u*tu=, By —
K¥ete~and B, — K*Outu~decays are measured by
several experiments, using different methods and providing
different information.

In the most recent LHCb publication [48], the angular

observables are provided in bins of ¢> with the full exper-
imental covariance matrix. In contrast to previous LHCb
results [82], the uncertainties provided are symmetric, which
is a consequence of increased statistics. The constructed
experimental likelihood has the form:
In L(C;) = —%VT(CI')COV_I(C,‘)V(C,'), 4.6)
where I denotes the likelihood, Cov is the covariance matrix,
and V is the vector of differences between the measured
values and the theory predictions for a given set of Wilson
coefficients (C;).

In the case of other analyses [7,83, 84],1 the uncertainties
are reported as asymmetric. In this case, we construct an
experimental covariance matrix for each point depending on
which of the asymmetric errors is relevant:

Cov[Q, T]

Corr[Q, T] afa_{,
Corr[Q, T10 207,
Corr[Q, T] U_QGI,
Corr[Q, T1 0267,

if Q> Qops and T > Tpps

if Q> Qups and T < Tpypy

if O < Qups and T > Tpy

if Q < Qups and T < Typy,
“@.7

where o_’ﬁ, and oX are the reported asymmetric uncertain-
ties of the kth observable, which we take to be given by the
sum in quadrature of the reported systematic and statistical
uncertainties. This is a refined treatment compared to some
previous studies.

We then compute the total covariance matrix as the sum of
the experimental and theoretical covariance matrices: Cov =
Covexp + Covin.

4.2 Branching fractions of the B, — K Optu—,
By — K*u*tp=, By — ¢t~ and
B — Kpu™u~ decays

In addition to the angular observables, we also include like-
lihoods for the branching fractions of B, — K Optu—,
By — K*utp= By — ¢utp~ and B — Kutp~ decays

! In the case of the Belle experiment, we use the average between the
muon and the electron mode.

in our fit, in multiple ¢? bins. Currently only the LHCb col-
laboration has measured these observables [52,53,56], with
asymmetric uncertainties. We construct the likelihood in the
same manner as in Sect. 4.1. The branching fractions of these
decays are independent measurements and are statistically
dominated. Therefore, no experimental correlation occurs
between them. As for the By — K*0u*tpu~ angular observ-
ables, we take into account asymmetric uncertainties.

4.3 Branching fractions of the By — u™ ™ and
By — '~ decays

The branching fractions of By — up*u~and By —
wt ™ have both been measured by LHCb [85], CMS [86]
and ATLAS [87]. All these measurements were simultaneous
determinations of both the B; and B modes. All three publi-
cations provide two-dimensional log-likelihood information,
which we use to construct our likelihoods.

For each two-dimensional set of measurements, we pro-
file over a two-dimensional Gaussian distribution A for the
theoretical uncertainties on the branching ratios for By —
wtu~and By — p ™, giving a final likelihood

L(BR;,BRy) = min  Lexp(BR., BR))
BR/,BR/,

Ol

x N'(BR,, BR,|BR;, BRy, Cov), 4.8)

where Leyp is the two-dimensional experimental likelihood,
BR; and BR, are the theoretically-predicted branching frac-
tions of By — utu~and By — utu~ decays respectively,
while Cov is the covariance matrix describing their correlated
uncertainties.

As all three experimental results have similar sensitivities,
we include all three in our total likelihood function.

4.4 Inclusive branching fraction for b— sy decays and
exclusive branching fraction for B — K*%y and
B — K*0¢te~

We employ simple one-dimensional Gaussian likelihood
based on the experimental measurement BR(b—sy) =
(3.32 £ 0.15) x 10~*, as recommended by the HFLAV col-
laboration [88]. This value is based on a photon energy
requirement of £, > 1.6 GeV.

We do the same for B — K*y, constructing a one-
dimensional Gaussian likelihood based on the HFLAV rec-
ommendation: BR(B — K*0y)=(4.14+0.12) x 1077 [88].

The decay B — K*™ete™ was measured by the
LHCb Collaboration [89] in the low ¢ region of g*e
[0.0008, 0.257] GeV?. The signal in this region is dominated
by the contribution from the radiative electroweak penguin
diagram, constraining C7. The measurement consists of four
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Table 1 Results of the

1 1 - 1 [0/ [0/ [0/
combined fit to the Re(AC), Wilson coefficient Best-fit point 68.3% interval 95.4% interval 99.7% interval
Re(AC_b)’ Re(ACi0) W.llson Re(AC7) —0.011 [—0.004, 0.025] [—0.018, 0.038] [—0.032,0.050]
coefficients. For each Wilson
coefficient we give the best-fit Re(ACy) —1.090 [—1.25,-0.93] [—1.39,-0.77] [—1.52,-0.61]
value and the 1, 2 and 30 Re(ACqp) —0.060 [—0.09,0.17] [—0.22,0.29] [—0.34,0.41]
intervals
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Fig. 1 Complete results of the combined fit to the Re(AC7), consistently for every combination of Wilson coefficients. Grey con-
Re(ACy)and Re(ACjp)Wilson coefficients, showing one- and two- tours and curves show the corresponding result when we approximate
dimensional profile likelihoods of each parameter. Contour lines indi- the theory covariance by its value in the Standard Model, across the
cate 1, 2 and 30 confidence regions. White contours and coloured entire parameter space. The Standard Model prediction is indicated by
shading in two-dimensional planes, and red one-dimensional curves, a yellow cross

show our main results, where we compute theory covariances self-
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Fig. 2 Angular observables for the decay By — K**u* 1~ included
in our fit. Yellow shading corresponds to Standard Model predictions
and uncertainties, and blue shading shows the prediction of our best-fit
model. Data points with error bars show measurements from LHCb [48]

and ATLAS [8]. For display purposes, we present theoretical predic-
tions using the same binning as LHCDb; in the likelihood function, we
always compare experimental results to theory predictions computed in
the same binning as used by the experiment in question
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Fig. 3 Optimised angular observables for the decay B; —
K*0u* 1~ included in our fit. Yellow shading corresponds to Standard
Model predictions and uncertainties, and blue shading shows the pre-
diction of our best-fit model. Data points with error bars show mea-
surements from Belle [50] and CMS [83]. For display purposes, we

amplitudes provided with correlations, from which we con-
struct a four-dimensional likelihood function.

5 Results
5.1 Current status

In Table 1 and Fig. 1 we present the main results of our global
fit, providing one and two dimensional profile likelihoods for
each of the Wilson coefficients. As can be seen, the strongest
required modification to the SM Wilson coefficients is in
Re(Cy). The best-fit points correspond to coupling strengths
Re(C7)/Re(CSM) = 0.96, Re(Co)/Re(CSM) = 0.74, and
Re(C10)/Re(CH) = 0.99 relative to the SM. The agree-
ment with the SM can be quantified by comparing the log-
likelihood of the best-fit point to that of the SM. This gives a
total of A In £ = 25.8, which for the three degrees of freedom
in our fit, corresponds to a 6.60 exclusion of the SM. Con-
sidering just Re(Cy) alone, i.e. also profiling out the impacts
of allowing Re(C7) and Re(Cjg) to vary, such that only a
single degree of freedom remains, we find Aln £ = 19.6.
This corresponds to a 6.30 preference for a non-SM value of
Co.?

Previous analysis of older datasets in terms of the same
Wilson coefficients have assumed that the covariance matrix
describing the theoretical uncertainties on the observable pre-
dictions could be reliably approximated by its value com-

2 These calculations assume that the asymptotic limit of Wilks’ theorem
holds, i.e. that in the asymptotic limit of a large data sample, twice the
difference A In £ follows a x2 distribution with n degrees of freedom,
where n is the difference in dimensionality between the larger parameter
space (the Wilson coefficient model + nuisances) and the nested one
(the SM, with O free parameters + nuisances). For the 3-parameter fit
n = 3, and for the Cy-only test, n = 1. Given that our best fit lies far
from the edges of the parameter space and the overall sample size is
large, assuming the asymptotic limit of Wilks’ theorem is a very good
approximation under the assumption of normally-distributed errors.
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again present the theoretical predictions using the LHCb binning in ¢2,
but consistently recompute the theory predictions in the bins used by
Belle and CMS in order to determine their contributions to the overall
likelihood

puted for the SM, across the entire Wilson coefficient param-
eter space. In our fits, we have explicitly recomputed these
theoretical uncertainties at every point in the Wilson coeffi-
cient parameter space. We show the impact of this improve-
ment in Fig. 1, by indicating with a grey star and dashed grey
curves the best fit and 1, 2 and 30 confidence regions that
would result from adopting the SM approximation. The cen-
tral value is not strongly affected, but the impact upon the
resulting confidence regions is non-negligible.

In Figs. 2, 3, 4 and 5, we provide plots of the key observ-
ables and data that enter our fit. These consist of the B; —
K *0/[" u~ angular observables in the S; basis (Fig. 2), their
optimised versions (Fig. 3), branching fractions for other
b — s processes (Fig. 4), and the joint measurement of the
branching fractions of By — u*u~and By — utu~ (Fig.
5). We show the predictions of both the SM and our best-
fit point, the theoretical uncertainties in each case, and the
respective data from LHCb, ATLAS, CMS and Belle used in
our fits. The improvement offered by the best-fit point is most
visible in the S5 and App angular observables (Fig. 2), and
in the overall branching fractions for B; — K*Ou* ™ and
By — ¢uT " decays (Fig. 4). Some reduction is expected
in the branching fractions for b—syand B — K*Oy rela-
tive to the SM in our best-fit model (Fig. 4), owing to the
small positive best-fit value of Re(C7)(recalling that the SM
value of C7 is negative). These are however sufficiently small
that the predictions remain consistent with the HFLAV value
[88].

5.2 Implications for future searches

With higher precision measurements of By — K*Ou® ™ in
the future, Wilson coefficient fits will of course increase in
precision. There are however also ongoing efforts to extract
the non-factorisable contributions directly from B; —
K*0t 1~ data [90]. The Belle IT experiment has recently
started taking data as well, with the aim of eventually reach-
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Fig. 4 Branching fractions for b— s transitions included in our fit. Yel-
low shading corresponds to Standard Model predictions and uncertain-
ties, and blue shading shows the prediction of our best-fit model. Data

ing 50 ab~! integrated luminosity. The unprecedented num-
ber of decays that will be contained in this dataset creates the
possibility to measure the branching fraction for inclusive
B — Xl‘f u~ decays. In Fig. 6, we show the predictions for
BR(B — X;fju™) in our best-fit model and in the SM, for
two example g2 ranges. We overlay an expected Belle IT mea-
surement, with the central value set to our best-fit prediction
and the uncertainty band based on the predicted sensitivity
of Ref. [91]. Belle II will clearly have sufficient sensitivity

points with error bars show measurements from LHCb [52,53,56]. The
b—sy and B — K*Oy measurements are taken from HFLAV [88]

in the low-¢ region to strongly distinguish the best-fit point
from the SM.

6 Conclusions
We have used the FlavBit module of the GAMBIT package

to perform a simultaneous fit of the real parts of the Wil-
son coefficients C7, C9 and Cjg, using combined data on

@ Springer



1076  Page 14 of 17

Eur. Phys. J. C (2021) 81:1076

<
~

x10”
—_ 0.7F ' — Atlas
=l E ‘‘‘‘‘‘ cms
E_ 0.6 — LHCb
T C [sm
@/’c 0.5 [ Best Fit Point
~ F
m C

o
[8)

o
)

e
=

%107

2 ‘ I 4 ’ I 6
BR(B, - p* t')

Fig. 5 Branching fractions for B;/B; — p* ™ decays included in
our fit. Contour lines correspond to the joint 1 and 2o confidence regions
obtained in the measurements by ATLAS [87], CMS [86] and LHCb
[85]. Yellow shading corresponds to Standard Model predictions and
uncertainties, and blue shading shows the prediction and uncertainty of
our best-fit model
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Fig. 6 Predicted exclusive branching fraction BR(B — Xputu™) in
the Standard model (yellow shading) and in our best-fit model (blue
shading). We also show the expected sensitivity of Belle II after it has
collected 50ab~! of data[91], assuming that the central measured values
are equal to our best-fit prediction

b— s " transitions. Our results show that measurements
of flavour anomalies in this sector have reached an intrigu-
ing historical juncture, as they are now sufficiently persis-
tent that their tension with the SM increases steadily as new
data are collected. With the inclusion of recently updated
results from the LHCDb collaboration, we find best-fit values
relative to the SM predictions of Re(C7)/ Re(C7SM) = 0.96,
Re(Co)/Re(CSM) = 0.74, and Re(C19)/Re(CTY) = 0.99.
Performing a hypothesis test of the SM by comparing the log-
likelihood of our best-fit point to that of the SM, we obtain
a 6.60 preference for our best-fit point over the SM. This
reduces slightly to 6.3c when C7 and Cj are profiled out.
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By explicitly recomputing the theoretical uncertainty covari-
ance matrix at every point in the Wilson coefficient parameter
space, we have shown that the best-fit value is not strongly
affected by departing from the usual assumption of an SM-
only calculation, but that the effect is important for correctly
determining confidence intervals, and therefore the overall
significance of the result. Our results still rely on our spe-
cific choice of parameterisation of the non-factorisable QCD
corrections to many key observables, but the more accurate
treatment that we employ of the theory uncertainties across
the Wilson coefficient parameter space is an important step
forward in improving the test of the SM hypothesis.

Inspection of the observables that entered our fit indi-
cate that our best-fit point better matches measurements of
the S5 and App observables than the SM, in addition to
the overall branching fractions for By — K *0,+~ and
By — ¢utu~ decays. Other observables are less strongly
affected. Localisation of the apparent new physics contri-
bution in a shift of the C9 Wilson coefficient means that the
physics should result from a vector coupling of b and s quarks
to muons.
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