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1. GLOBAL FITS
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- Anomalies in b — s Transitions

Most prominent deviations (out of ~ 170 observables):

Observable Experiment  Standard Model  Pull (o)

(Pas) ~0.3040.16 —0.8240.08 2.9
(P ~0.5140.12 ~0.9440.08 2.9
R}l 0.74575,%7 1.00 + 0.01 +2.6
RIo.045:1.1] 0.661 911 0.92 +0.02 +2.3
RILLeI 0.685"%122 1.00 + 0.01 +2.6

o e 0.77+0.14 1.55 + 0.33 +2.2

o s 0.96+0.15 1.88+£039 422

Questions:

1. Are these anomalies just “statistics”?
2. If not: Do these anomalies make sense?

3. If yes: What do we learn from them?
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- We need Global Fits

Q On 175 observables one expects several 2-sigma deviations.
Is this what is happening here?

A Not very likely, since p-value(SM) ~ 15%

Q Is a bad SM fit an indication of New Physics?

A Not necessarily.
It could be an indication that measurements and/or predictions are “wrong”.
We need an alternative hypothesis that fits well.

Q | will only be convinced if one observable deviates 50,
not by adding 2-sigma tensions.

A On the contrary! (It would probably not make sense anyway).

Shopping list:
» A poor SM fit
» At least one "BSM" scenario with a good fit
» A large SM pull in the comparison of BSM to SM.
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.. Effective Theory for b — s Transitions

For Agw, Axp > Mg : General model-independent parametrization of NP :

4G X
Lw = Lqcp + LqeD + Vi Vi ZC,'(M) Oi()
va et 2
O1 = (v, PLb) (57" P.c) Or = (EyuP.T?b)(57y" P. T c)
e _ v e — v
07 = 71671'2 mb(sawPRb)F“ (97/ - 4167'('2 mb(SUuVPLb)F#
Oy = (57, Pub)(I"0) Oy = (57, Prb)(Iy"()
T Ag M 4
O = %(§’mPLb)(Z’Y”’YS€) Orwe = %(g’YuPRb)(E’YM’YSZ)y

SM contributions to Ci(us) known to NNLL

CM =03, CM =41, M =—-43, M =11, M =-0.4, Cc3M <1072
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.. Effective Theory for b — s Transitions

For Agw, Anp > Mg : General model-independent parametrization of NP :

4G, .
Lw = Lqcp + LqED + 7; Vi Vi Z Ci(p) Oi(p)

(01 = (e3uPub)(57" Prc) (02 = (P T)(54" P T C) |
e — v e - v

07 = 16:2 mp(50 ., PrB)F" Oy = 1672 my (30, PLb)F"

Qs = (57, PLb)(Ty"() Ogp = (57, Pab)((4"0)
4\ " 4p

- %z T - % PP

O100 = —(5vuPLb) (44" 750) Owre = = (37uPrb) (I 75L) |,

47 Ar
* Important operators in Part 1 * Important operators in Part 2

CM =03, CM =41, CiM =—-43, M =11, CSM = —0.4, c3M <1072
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.. Constraining Effective coefficients

e Inclusive
b B = Xey (BR) oo e, ¢,
> B — Xelt 0~ (dBR/dG?) oo e e, e e,

e Exclusive leptonic

b Bs— £F0 (BR) o el

e Exclusive radiative/semileptonic

b B = K*y (BR, S, A1) oo e, e,

b B — KOO~ (dBR/AG?) oo e e e e,
» B — K*¢+¢— (dBR/dq?, Angular Observables) ........... e e e e,
> B, — ¢¢T4~ (dBR/dq?, Angular Observables) ............. e, e, e e,

Exclusive decay modes have huge weight in fits.
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.. GlObal Flt 2015 Descotes-Genon, Hofer, Matias, Virto 2015

All include B — X5y, B — K*v, Bs — uu~, B — Xspu™ ™ by default.

e Fit 1 (Canonical): B — (K™, ¢)u =, BR’s and P;'s, All g* (91 obs)
e Fit 2: Branching Ratios only (27 obs)

e Fit 3: P; Angular Observables only (64 obs)

e Fit 4: S; Angular Observables only (64 obs)

e Fit 5: B— Ku"pu~ only (14 obs)

e Fit6: B— K*u" ™ only (57 obs)

o Fit 7: B; — ¢u ™ only (20 obs)

e Fit 8: Large Recoil only (74 obs)

e Fit 9: Low Recoil only (17 obs)

e Fit 10: Only bins within [1,6] GeV? (39 obs)

e Fits 11: Bin-by-bin analysis.

e Fit 12: Full form factor approach [a la ABSZ] (91 obs)
e Fit 13: Enhanced Power Corrections (91 obs)

e Fit 14: Enhanced Charm loop effect (91 obs)
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.. ConSiStency Of diﬂ:erent fItS Descotes-Genon, Hofer, Matias, Virto 2015

> 30 constraints, always including b — sy and inclusive.

3f T T T T T 3f T

! Branching Ratios

T 3P T T T T ™

] Onlylarge recoil

12211 Oy bins within [1.6] region
i OnlyTowrecol 1

Al

1 Angular Observables (P)

2 Han " 2

o o Q
ZQE 0 209 Oi 209 0
-1 - Sppe P
-2 -2 - of
=30 L L L L i -3n L L L L C -3L L L L L i
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
cy oy o

> Good consistency between BRs and Angular observables (F;'s dominate).
> Good consistency between different modes (B — K™ dominates).
> Good consistency between different g? regions (Large-R dominates, [1,6] bulk).

> Remember: Quite different theory issues in each case!
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.. Update 2017

» LHCb : Update for dB(B° — K*°u*1i™) (reduction of about 20% in magnitude).
» Belle : Isospin-averaged but lepton-flavour dependent PLSS’“(B — K*00).
» ATLAS : P1, Pises in B® - K*®ut 1~ as well as Fy in the large recoil region.

» CMS: P; and P.in B® — K*O,Lﬁpf, at large recoil and [16,19] GeV?. F; and Ars
from the 2015 analysis and also the measurements at 7 TeV in 2013.

» LHCb : Rk« in the two bins.

We perform 2 types of fits:

» All data (175 measurements)
» LFUV fit: Rk, Rk+, Qa5 and b — sy (17 measurements)
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. 6D hypothesis

> All 6 WCs free (but real).

Coefficient Best Fit lo 20

cr 40.02 [—0.01, +0.05] [-0.03, +0.07]
'’ -1.12 [~1.34,-0.85] [~1.51, -0.61]
Cry +0.33 [+0.09, +0.59] [—0.10, +0.80]
cor +0.03 [—0.00, +0.06] [—0.02, +0.08]
Co" +0.59 [+0.01, +1.12] [—0.50, +1.56]
Ny +0.07 [—0.23, +0.37] [~0.50, +0.64]

> Co consistent with SM only above 3¢

> All others consistent with the SM at 10, except for C5,C1o at 2.

> Pullsy for the 6D fit is 5.

Javier Virto (Uni Bern)

Oc

b — s Transitions : NP Fits and Hadronic effects
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1D hypotheses

All Best fit 20 Pullsn  p-value
Coyr -1.10  [-1.43,-0.74 57 72
cgl, =-Cp,  -061 [-0.87,-0.36] 5.2 61
Chf = —Cé, -1.01  [-1.33,-0.65] 5.4 66
Co, = —3Ch"  -1.06 [-1.39,-0.71] 5.8 74

LFUV Best fit 20 Pullsn  p-value
Co, -1.76  [-3.04,-0.76] 3.9 69
cor = —Ci, -0.66  [—1.04,—0.32] 4.1 78
chy = —Cé, -1.64  [-252,-0.49] 32 31
chy = -3¢hY 135 [-2.38,-0.59) 4.0 71

Co,. = —Cs,, implies Ry ~ 1

Copu = Coe has a pull of 3.3 &

Javier Virto (Uni Bern)
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2D hypotheses Capdevila, Crivellin, Descotes-Genon, Matias, Virto 2017

| All | LFUV
2D Hyp. | Best fit Pullsgyy  p-value | Best fit Pullgpt p-value
(R (-1.17,0.15) 5.5 74 (-1.13,0.40) 3.7 75
(cF.cy) (-1.05,0.02) 5.5 73 (-1.75,-0.04) 3.6 66
(F,Co) | (-1.09,0.45) 5.6 75 (-2.11,0.83) 3.7 73
(Co;”Crory) | (-1.10,-0.19) 5.6 76 (-2.43,-0.54) 3.9 85
(CoF,CciF) | (-0.97,0.50) 5.4 72| (-1.09,0.66) 3.5 65
Hyp. 1 (-1.08,0.33) 5.6 77 (-1.74,0.53) 3.8 77
Hyp. 2 (-1.00, 0.15) 4.9 61 (-1.89,0.27) 3.1 39
Hyp. 3 (-0.65,-0.13) 4.9 61 (0.58,2.53) 3.7 73
Hyp. 4 (-0.65,0.21) 4.3 59 (-0.68,0.28) 3.7 72
3| 3|
Hyp 1: (CEI)\LP = 7CQ/M’C%\(IJ1; = Clo/,u,) 27 wnnd 2
1 See
Hyp. 2: (CBF = ~CornCRY) = ~Cr00) g3 of @ ~ &= o -
Hyp. 3: (C5F = —CNP, Cor)y = Ca0ry)) . ‘ -1
2 -2
Hyp. 4: (Cé\LP = 70%\65709% = 7clw) . . ‘
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
cyy cyy
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SU(Z) X U(].) Gauge Invariance Celis, Fuentes, Vicente, Virto 2017

T 2

ol = aAg? F{ [Ceq }aaza + [Ceq ]aa23 + [C'JP]zaaa} ’

SMEFT operator Definition Matching Order
NP w_w 5(1) 5(3) 5 _
Cion — Taxg? ﬁ{ [ £q Jaaas [Ciq Jaazs — [606}23041} [Qg,)]aa% (avputa) (@27"as) @10 Tree
, T w2 [ . 3 @Paazs  (Favur’ta) (@7"77gs) Oon0  Tree
Coq = Y F{ [C‘M] aa23 T [Cﬁd} aa23} > B _
t [Qqe)23aa (F2vua3) (Eavea) Og10 Tree
L 5 Bartnba) (A d o Tr
Cloe = _mp{ [CEdJaaza — [CEdJQQZS} . (¢ [Qedlaazs (Zavpta) (d2v*ds) 9,10 ee
[Qed]aazs (Bavpuea) (day"ds) Og10  Tree
A=30 TV QD] au ( Ti‘B‘wp) (Zay"£a)  Oapo  1-loop
\Rx [1,6]GeV?
20N 1 o iDLp) uyrie) © 11
—= R [0.045, LGV, Qg1 (‘P ¢ *’)( 1rita)  Oouo P
e 11, 6]Gev? [Qeu]aass (Eayula) (B us) @910 1-loop
— ] = _
el e . a 41 =
2 Ry + Ry [Qeelaa (apTz Dpzp) (Bav"ea) Qg0 1-loop
a —= Global Fi
r—:v 0 i [Qeulaass (Bavuea) (Bzy"us) Og,10  1-loop
3
S)
_1 Loop effects:
2 sb
YA A
(9 Gl = €59 Wl — 225 tg (22) (12l — Con W)
-2
1 vz A
NP t
Cop =~ 2 AZ R “HCeu(M)]223s |log My + Io(2y)

a) — Cyy is a viable posibility
[ng J2223
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Hadronic uncertainties in LFNU observables

[0.045,1.1] GeV? [1.1,6.0] GeV?

- o

1.0-—IH - BT EEEE
» In the presence of LFUV (SM or NP),
1 hadronic uncertainties reappear.

L
= . .
g -+ I » First bin of Rk~ not so bad once
) 1 . .. .
2 osl ! hadronic uncertainties are considered.
o v mo=
I I
3 I I T ! 1
E H * (| » "“Clean” observables in the presence of
—_ L lm
= orb || o | J: ] I LFUV have been proposed, too.
1
1
‘ -+ + Capdevila, Descotes-Genon, Matias, Virto 2016
]
L : : Serra, Coutinho, van Dyk 2016
0.6 1 —

Ry Ry~ R¢ Ry Ry~ Rqs
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:: Summary |

Scenarios with Cé\f ~ —1 give substantially improved fits for
> B— Kup, B— K*up and Bs — dup
> BRs and angular observables (including Ps)
> Low ¢° and large ¢?

> LFNU: Rk, Rk~ and Q5

Other scenarios also motivated but all with CQI\LP.
2017 updates increase the significance of the b — s anomalies.

e Global SM pulls of ~ 5¢ in many fits, including 6D fit.
e SM p-value is 14.6% (All) and 4.4% (LFUV)
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2. A Systematic Approach to CHARM

Bobeth, Chrzaszcz, van Dyk, Virto  (w.i.p.)
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Theory calculation for B — M{*¢~

.
‘.ﬁ@ O“’%
G FQ

My = 2 Va Vs [(A“ +HY) Geyuve + B um%w] + 0

Local: ALY = 2mbq”C7 (Mx|50"" Prb|B) 4 Co (Mx|5~7" PLb| B)
B'L; = ClO \’M/\‘gﬁ/‘,DLb‘B\"
Nomlocal: 7 = —20™ ¢ [ B M T (). 00} )
i=1..6,8

Two theory issues:
1. Form Factors (LCSRs, LQCD, symmetry relations . ..)
2. Hadronic contribution (SCET/QCDF, OPE, LCOPE ... THIS TALK)
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:: Hadronic correlator : Current approaches

> QCD-Factorization at 0 < ¢° < Mf/Ps,-
o Based on large-energy limit, bottleneck is power corrections.

o Used in the region where light quarks can go on-shell.

> LCOPE at g* < 0 + LCSR for matrix elements + Dispersion relation (— g > 0)

o Systematic. Allows to compute power corrections.
o LCOPE needs perturbative calculation at LCSR g2 < 0. Difficult for NLO.
o Assumes local duality for intermediate states in s-channel.

> Fit to data
o Not predictive !
o Ad-hoc parametrization, not motivated.

o Embedding New Physics can use “Wilks' test (but inconclusive).

> “Low-recoil” OPE at Mi(zs) < q¢* < M3
o Must integrate over large region to “smear” spectral density.
o Can calculate power corrections, but HMEs not known.

> Factorization Approximation + data
o “Vaccuum polarization” contribution completely included.

o Non-factorizable effects must be introduced separately.
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:: Hadronic correlator : Decomposition

H'(q. k) =i /d4X " (K (k,n)| T{&7"c(x), CLO1 + C202(0)}|B(p))

ME e, [T HL(a%) = S7* My (67) = S5 Ho(d)]

> Sy — basis of Lorentz structures (carefully chosen)
> Hx — Lorentz invariant correlation functions

> A — polarization states (L, ||, 0)

The idea :

> Understand analytic structure of HA(q2) to write a general parametrisation
consistent with QCD.

> Use suitable experimental information to constrain the correlator.

> Use theory to constrain the correlator in suitable kinematic points.
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:: Hadronic correlator : Analytic structure

Re ¢°

® narrow charmonia, assumed to be stable
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Hadronic correlator : Analytic structure

Re ¢°

® narrow charmonia, assumed to be stable
red branch cut from DD production
o broad charmonia, decaying to DD

X potential mirror poles

Javier Virto (Uni Bern)

x x X x
L ——————
o o o o
12 14 16 18 20
\\D ")"/
May 18, 2017

b — s Transitions : NP Fits and Hadronic effects

20 /33



:: Hadronic correlator : Analytic structure

2

Req
® narrow charmonia, assumed to be stable = —
- _ B a0\ K*
red branch cut from DD production > \OZ/L >
o broad charmonia, decaying to DD ‘ 7?\‘,/'
‘\Tr 14
X potential mirror poles NS
blue branch cut from light hadrons o
T
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:: Hadronic correlator : Analytic structure
Bobeth, Chrzaszcz, van Dyk, Virto

4 -2 0 2 4 6 8 10 12 14 16 18 20
Re ¢°
® narrow charmonia, assumed to be stable

red branch cut from DD production s

]
]
]
_ — <IN _
o broad charmonia, decaying to DD B b K*
|
X potential mirror poles i @
blue branch cut from light hadrons el

green g*-dep. imaginary due to branch cut in p?
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:: Understanding the p? cut

Trick : Add spurious momentum h to O;
Recover physical kinematics as h — 0

gl

Mandelstam plane

> s ~ p? independent of t ~ ¢°.
BT e > Cut in p? does not translate
into cut in >

> Two correlators:

Ha(q®) = HE(a°)+i HY™(d°)
> Both H'(¢?) and H"%(q¢?)
are analytic at g° < 0

> Both H5'(¢?) and H[™%(q?)
have branch cuts at g° > 0
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:: Parametrization A : J/1,4(2s) poles + DD cut

Motivated by famous “z-parametrization” of form factors.

1. extract the poles

H(q®) = (6" — M3,,)(q° — M3 os)) Ha(q?)

08 2. 71\[,\(q2) is analytic except for DD cut.
0a 3. Perform conformal mapping ¢* — z(q°).

4. H\(2) analytic within unit circle.

5. Taylor expand #{(z) around z = 0.

6. Good convergence expected since
|z| < 0.42 for —5GeV? < ¢* < 14GeV?

-1 -08 -06 -04 -02 0_ 02 04 06 08 1
Rez
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.. Experimental constraints on the correlator

The correlators H can be related to observables in the decays B — K*J/v, K*¢(25)

> Independent of short-distance contributions (Cz, Co, etc) in B — K*{v,u"u"}

> Important constraints at g ~ 9 GeV? and ¢® ~ 14 GeV?.

Details:

> residues of the correlator can be expressed in terms of B — K™ amplitudes.
> B and 4 angular observables measured in B — K*J/v¢ and B — K*(25)

> Allows to constrain all moduli and two relative phases of the amplitudes, and
therefore of the residues of the correlator.
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.2 Theory constraints on the correlator

The correlator can be calculated at g?> < 0 reliably by means of a light-cone OPE

Using H .1 (g°) as an example:

Hi(q%) = # x g(a’, m2) Fi(q") + # x Va(q") + NLOa,

> first term is usual form-factor-like contribution
> second term arises from soft-gluon effects only

> third term arises from NLO corrections (produces p? cut !1)

We use this to constrain the correlators at g2 = —1 GeV? and g% = —5 GeV2.
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24 /33



:: Results Parametrization A Preliminary

Bobeth, Chrzaszcz, van Dyk, Virto

Results for Re(H . /F1):

Scenario A3 Scenario A4
0.006 - L L 0.006 - L L
0.004 F 0.004
0.002 F 0.002
00004 @ o 0000 @
E ~0.002 F E ~0.002
N\? —0.004 r PLE —0.004 4
g g
é —0.006 H § —0.006 4
o0 J [F Param. A L o | [ Param. A
s B K'Y W B K[
~0.010 { | B — K*y(25) L ~0.010 { | M. B — K*(25)
@ @ Theory (KMPW2010) @ @ Theory (KMPW2010)
—0.012 1 - . L —0.012 1= - .
-5 0 5 10 =5 0 5 10
@ [GVY] o [GV]
Discrete ambiguity in phases of the residues : (only two shown)
Left : ¢J/w =7, ¢¢,(25) =0 Right : ¢J/w = (/511;(25) =7
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:: Results Parametrization A Preliminary
Bobeth, Chrzaszcz, van Dyk, Virto

SM predictions for P}

Scenario Ad

Scenario A3

—  SM (Param. A)

-+ 03P = ~1 (Param. A)
W LHCD 2015 (LLH)
LHCb 2015 (MoM)

—  SM (Param. A)

-+ C)P = ~1 (Param. A)
e LHCb 2015 (LLH)
LHCb 2015 (MoM)

Pi(q")

6 8 6 8
¢ GV " GV

Left : ¢J/w =7, ¢¢(25) =0 Right : ¢J/¢ = (/511;(25) =7

> first-time use of inter-resonance bin : great potential!!
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.2 Confronting B — K* i data Preliminary
Bobeth, Chrzaszcz, van Dyk, Virto

Global fit to all B — K*{v,u"u~,J/1,%(2S)} data using Parametrization A

‘ | Scenario A3 ‘ ‘ | Scenario A4
- [0 68% credible interval (Param. A) - [0 68% credible interval (Param. A)
. sM . sM
20 25 30 a5 ) 45 20 25 30 35 40 45
CQ CQ
Left : ¢J/w =T, ¢¢(25) =0 nght H ¢J/¢ = ¢w(25) =T
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:: Summary |l

> Systematic framework to access nonlocal correlator

> First approach to use both theory inputs and experimental constraints in fit
> Can accommodate existing and future theory results (systematically improvable)
> Provides model-independent prior predictions for B — K&) it~

> Can be easily embedded in global fits

> Present data in tension with parametrization A

> favours NP interpretation with > 40

> Other results not disclosed here:

> Complex parametrization A : needs analytic NLO

> Parametrization B : includes light-hadron cut from ) decay
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Back-up
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:: Hadronic correlator: are we missing something?

Descotes-Genon, Hofer, Matias, Virto

167> i
- Ty = — 127r Z Ci /dx4e’q'X(M>\|T{j:m(x)(’),-(O)HB) is g°>-dependent
i=1..6,8

00 [

q* (GeV?)

= No evidence for g>-dependence — Good crosscheck of hadronic contribution!
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:: Overview of exp. constraints on Correlator

name observables degrees of freedom | source

B, FL, Fj, 61, 9 5 BaBar

B, Fi, Fj, 61, 9 5 Belle

B — K*J/ip B, Fi, Fo, 61, 3 5 CDF

B 1 CLEO

Fi, Fo, 61,9 4 LHCb

B, FL, Fj, 6.1, 9 5 BaBar

= S B 1 Belle

B — K*(2S) B 1 CDF

B 1 CLEO

B 1 CLEO

B— Ky B, Sk~ 1 Belle

B, Sk~ 1 BaBar

B— K'utu~ B, Fi, S3, Sa, Ss, Arg, S7, Ss, So 4x9 LHCb

B — K*u*p~ “inter-resonance” | B, Fi, Ss, Sa, Ss, Ars, S7, Ss, So 9 LHCb
Javier Virto (Uni Bern) b — s Transitions : NP Fits and Hadronic effects May 18, 2017

31/33



.- Anomaly patterns

Rk (P&)asle,8) BR(Bs — dup) lowrecoil BR  Best fit now

et

9 - v v v v X
NP + Vv v v X

10 _ v
cNe + v v X

¥ - v v

0 v v X

> Co < 0 consistent with all the anomalies

> No consistent and global alternative from long-distance dynamics.
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:» Outlook: Potential of inclusive measurements at Belle-2

If the (current) exclusive fit is accurate, inclusive b — s¢¢ Belle-2 measurements alone
have the potential for a NP discovery:

20F Ty

-7 | Belle=2 Projections: Inclusive b-sll

’ Huber, Ishikawa, Virto '2016

Contours: SM Pull with 50/ab: BR & AFB

Red: Exclusive Fit (arXiv:1510.04239 [hep-ph])
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