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Goal of this talk

This talk will try to answer the following questions:

o What does the global fit on b — s¢/ tell us about Wilson coefficients?

o Which Wilson coefficient receive a dominant NP contribution?
o Which other scenarios in terms of Wilson coefficients are favoured?

o Are the theory predictions for the fit and for the observables robust?

o What does other approaches using different observables and methodology obtain?
o Are factorizable power corrections under control? How shall we treat them?
e Can a huge charm contribution be responsible of all deviations in the different observables?

o What can we expect in the near future?
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For a long time ago...

= flavour transitions have been used as a probe to explore the fundamental theory beyond SM.

Goal: Decode the short distance physics to find a smoking gun of BSM

BUT, like in the film there is always the good, the bad and the ugly.

The good: Wilson coefficients of electromagnetic, semileptonic, scalars and chirally flipped operators.

2 2

= "y € = 7.
mp(50,, Prb)F",  Og9 = =— (37,PLrb)((7"€),  O1010 = 1622

Or1 = 167

e
16:2 (57u PLrD) (L7 5L).

The bad: Matrix elements: Form Factors, ...

The ugly: Hadronic uncertainties: factorizable & non-factorizable power corrections,
duality violations at low-recoil...

Our main tool: A global analysis of b — s// and b — s+ will allow to test Wilson coefficients
with an unprecedented precision.
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THE OBSERVABLES
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Rare b — s processes

@ Inclusive

0 B = Xy (BR) oo c
o B — Xolt0= (dBR/dG?) e e, ety

@ Exclusive leptonic

0 By = 007 (BR) .o )

e Exclusive radiative/semileptonic

0 B = K*y (BR, S, A1) oo cl)

o B— KUTL™ (dBR/dG?) oo e e\ cl)
o B — K*(*(~ (dBR/dq?, Optimized Angular Obs.) .. ¢, c{, c{)
o By — ¢¢T¢~ (dBR/dq?, Angular Observables) .............. Cgl), CE(,/), C&))
o Ap — AT¢~ (None so far)

e etc.
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The optimized observables P,-(') come from the angular distribution Bq — K*0(— K~7+)I*1~ with the K*° on the
mass shell. It is described by s = q2 and three angles ¢/, 6k and &

d*T(By) 9 ., ,
= 39 H/H ) f i 30 79 )
dqg? d cos 8, d cos Oy d¢ 327rJ(q ’ i, 0) = £(J4i(q7), 00,0k, 0}

0. Angle of emission between K*0
and p~ in di-lepton rest frame.

fx: Angle of emission between K*0
and K~ in di-meson rest frame.

¢: Angle between the two planes.

q2: dilepton invariant mass square.

o large recoil for K* /low-q*: Ex- > Aqcp or 4m? < ¢* < 9 GeV?
. . 2.
Three regions in g*: @ resonance region (q* = mﬁ/wv ...) betwen 9 < g% < 14 GeV2.

@ low-recoil for K* /large-q°: Ex- ~ Agcp or 14 < ¢* < (mpg — mk-=)?.

Notice LHCb uses 051t = 7 — gus.
Ongoing discussion on ¢HCP versus ¢t irrelevant for the fit (checked explicitly) (sign of S7g or Pss)-
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The modified distribution including the S-wave and normalization I} ,:

1 d*r 9 [3
4

™ e — 7F H 29 F 20
[y dg? dcos bk dcos€,d¢ 327 Tsin“ Ok + FLcos” O

1 1
+(ZFT sin? Oy — Fp cos? k) cos 26, + §P1FT sin® O sin” 6 cos 2¢

1
++/FtFL (QP‘/‘ sin 20k sin 26, cos ¢ + P sin 20 sin 6, cos d))

1
— FTFL (P% sin 20;{ sin 9/ sin gb — Epé sin 20;{ sin 29/ sin (25>

1

/
r full

+2P,F sin Ok cos B — P3Frsin? O sin® 6, sin 24 (1—Fs)+ =—Ws

in the massless case and where the polluting terms are (see discussion [HM'15])

w 3
= S Ton [Fs sin 0y + As sin? 0, cos Ok + A& sin O sin 20, cos ¢
full

+A3% sin f sin 0 cos ¢ + AL sin O sin 6 sin ¢ + A sin O sin 26, sin 9|

In Blue the set of relevant observables P », PQL5.
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Theoretical description of B — K*(T¢~: low-q

There are basically three paths:

1. Improved-QCDF approach: QCDF+exploit the symmetry relations at large-recoil among FF:
e V(q*) = P23 Al@?) = Ta(q®) = FE Ta(0%) = €L(E)

mpg—+my=

TEAo(q7) = PEEAL(GP) — R Ay(q) = FE Ta(qP) — Ta(q®) = &(E)

E mpg
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There are basically three paths:

1. Improved-QCDF approach: QCDF+-exploit the symmetry relations at large-recoil among FF:
e V(q*) = P23 Al@?) = Ta(q®) = FE Ta(0%) = €L(E)
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= Transparent, valid for ANY FF parametrization (BZ, KMPW,...) and easy to reproduce.
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There are basically three paths:

1. Improved-QCDF approach: QCDF+-exploit the symmetry relations at large-recoil among FF:
e V(q*) = P23 Al@?) = Ta(q®) = FE Ta(0%) = €L(E)

mpg—+my=

e Ao(q7) = TEEEE A7) — TR Ay (q?) = FETo(qP) — Ts(q7) = &(E)

E mpg

= Transparent, valid for ANY FF parametrization (BZ, KMPW,...) and easy to reproduce.
= Dominant correlations automatically implemented in a transparent way via SYMMETRIES.
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Theoretical description of B — K*(T¢~: low-q

There are basically three paths:

1. Improved-QCDF approach: QCDF+-exploit the symmetry relations at large-recoil among FF:

=

=
=

Joaquim Matias

T2 V(e?) = P Ad(q?) = Tu(q?) = 3£ Ta(q?) = €1 (E)

mpg—+my=

T Ao(q7) = PRSP A (q7) — PR Ao(q7) = FE Ta(q”) — T3(q%) = € (E)

mp

Transparent, valid for ANY FF parametrization (BZ, KMPW,...) and easy to reproduce.
Dominant correlations automatically implemented in a transparent way via SYMMETRIES.
This allows you to construct clean observables from the observation that at LO in 1/mp, as
and large-recoil limit (Ej; large):

. . 2/ .
ALR = V2Nmg(1 - ) [(CST 4 c§™) F (Cio + Clo) + §"(c7 +C ff’)] €1 (Ex+), Aﬁ’R o &1 (Ex-)
Nm
Aé’R — _M [(C cff/) ¥ (C10 _ Clo) + 2mb(C cf’fl):| 5II(EK*)-
2mK* \/>
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Theoretical description of B — K*(T¢~: low-q

There are basically three paths:

1. Improved-QCDF approach: QCDF+-exploit the symmetry relations at large-recoil among FF:
m V() = 2R A (0?) = Ta(e?) = B TaleP) = €.(E)

mpg—+my=

e Ao(q7) = TEEEE A7) — TR Ay (q?) = FETo(qP) — Ts(q7) = &(E)

E mpg

Transparent, valid for ANY FF parametrization (BZ, KMPW,...) and easy to reproduce.
Dominant correlations automatically implemented in a transparent way via SYMMETRIES.
This allows you to construct clean observables from the observation that at LO in 1/mp, as
and large-recoil limit (Ej; large):

Ly

a € efr/ 2ﬁ\7 € €
ALR = V2Nmg(1 - ) [(CST 4 c§™) F (Cio + Clo) + §b(c7ff+c7ff’)]§l(EK*), AT o €1 (Ex-)
Nmg(1 — 8)? . e o
A = MUl e 65 % (e Clo) + 2mu(C5 - 65 (B
2me\/§

= Symmetry Breaking corrections («s and P.C.) are added in our computation:

o known «s factorizable and non-factorizable corrections from QCDF.
o factorizable power corrections (using a systematic procedure for each FFp, see later)
o non-factorizable power corrections including charm-quark loops.

Naturally applied to clean (optimized) observables P;, largely independent on details.
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Theoretical description of B — K*(T¢~: low-q

2. Full FF approach: Compute correlations from a specific LCSR computation.

= Parametric correlations easy, but Borel parameters choice delicate. Use of EOM.
= Factorizable O(as) and factorizable p.c. included in a particular LCSR parametrization.
= Less general, attached to a single form factor parametrization with all inner choices included.

= Extra pieces to be included:

o known as non-factorizable corrections from QCDF.
o non-factorizable power corrections and charm-quark loop effects
o Usually applied to FFD observables S; = (J; + J;)/dr.

Summary: We know the predictions for the observables S; will depend on many details of the
computation, but does the fit depends?
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2. Full FF approach: Compute correlations from a specific LCSR computation.

= Parametric correlations easy, but Borel parameters choice delicate. Use of EOM.

= Factorizable O(as) and factorizable p.c. included in a particular LCSR parametrization.

= Less general, attached to a single form factor parametrization with all inner choices included.
= Extra pieces to be included:

o known as non-factorizable corrections from QCDF.
o non-factorizable power corrections and charm-quark loop effects
o Usually applied to FFD observables S; = (J; + J;)/dr.

Summary: We know the predictions for the observables S; will depend on many details of the
computation, but does the fit depends?

3. "Imperial” approach. This is not a FF treatment but a different approach to data based on
exploiting the symmetries of the distribution.

o They fit for the amplitudes after fixing 3 of them to zero by means of the symmetries.
o The outcome is a set of parameters «, (3, -y that contain the information on WC and FF.
o They naturally produce unbinned results.
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A few properties of the relevant observables P; 5

The idea of exact cancellation of the poorly known soft form factors at LO at the zero of Arg was
incorporated in the construction of the transverse asymmetry (this is the meaning of the word “clean”)

P;1 and P, observables function of A; and A” amplitudes

: 2 2 20 :

@ P;: Proportional to [AL[* — [A] " ,

o Test the LH structure of SM and/or 18 ' :

existence of RH currents that breaks 10 : :

AL~ —A) T o5 T B ]

e Py: Proportional to Re(A;A)) : :

e Zero of P, at the same position as the zero O'O$ OOI i

of Ars 05 = |

° ng is the clean \./ersi'on of AFB.. Their 10 | | | ;
different normalizations offer different 0 5 m s 0 : 0 =

sensitivities. ¢ (GeVA) ¢ (GeV?)

@ P3 and Ptls,s are proportional to ImA;A; and small if there are no large phases. All are < 0.1.

° P,-C'D are all negligibly small if there is no New Physics in weak phases.
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Brief Discussion on: P{ and P,

of I

-0.5¢

-1.0t

I
-

Joaquim Matias

5

10
7 (GeV?)

15

Pt was proposed for the first time in JHEP 1301 (2013) 048

P /3 Re(AGAL - ARARY) /5 Re[ngn! ]
- - .
VIARIALE AR\ floP(nsf? + my2)

with ng = (Ag, A§*), ni = (AL, ~AT*) and nj = (Af, AF*)

@ If no-RHC |n | ~ |ny| (Hs1 ~ 0) = P} o cos b, 1 (q?)
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Brief Discussion on: P{ and P,

E ~ P. was proposed for the first time in JHEP 1301 (2013) 048
0.5F J

i Re(ALAL*— AR AR+ Re[ngn'

ool Pl =72 (AgAT OJ_):\/§ [non] ]

-0 E 5 .
) + | VIARIALE AR\ floP(nsf? + my2)
1 |

-0.5+ 1
=== with no = (AL, AR*), nL = (AL, —AF*) and n) = (AL, AR¥)

0 5 10 15 7 @ If no-RHC |n | ~ |ny| (Hs1 ~ 0) = P} o cos b, 1 (q?)
¢ (GeV?) '

In the large-recoil limit with no RHC

2mb 2mb

ALy o (1,-1) [Cg ﬂ €1(Eks) AR ec(1,-1) [cg ﬂ €1 (Ex+)
AL — [cgff —C10 + 2nﬁbc$ﬂ §(Exr) Af o — {cgff +C10 + 2mbc$ff] &(Ex-)

o In SM C5" +Cip! ~ 0 — AR | < AL |
o In PL: If CJ'P < 0 then A(')?|| 1, |AR| 1 and |A} ||| }, AL | and due to —, | P}| gets strongly reduced.
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Brief Discussion on:

Pi and P,

2.5F
2.0
1.5F

o 1.0F

0.5¢
0.0}

sk

-

0 5 10

q (GeV?)
In the large-recoil limit with no RHC

2m
A o — [cgff —Cio + 2mbc$ﬂ §)(Ex+)  Af o

e In SM CgM Cféw ~

15

A

C;ﬁ}gL(EK*) AR 1< (1, )[Cg +C10+

P} was proposed for the first time in JHEP 1301 (2013) 048

Re(AGAT +AFAR)

VIASR(ALP + 14 2)

Re[nonﬁ]
V/Ino2(InL + [my?)

= (A AT

o If no-RHC |n.| =~ || (H1 ~0) = P} o cosfp (?)

P, =2

with ng = (Ag, AF*), nL = (AL, —AR*) and |

/\

2ot |ew ()

— |:CSH + ClO + 2ﬁ\7bC$H:| fH(EK*)

0—>|AR”|<<|AL 1

o In P, :If CMP < 0 then AR|| 1, |AR| 1 and \A H‘ }, AL | due to + what L loses R gains (little

change).

Joaquim Matias
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Theoretical description of B — K*(T(~: large-q°

e It corresponds to large \/q? ~ O(mjp,) above W' mass, i.e., Ex is around GeV or below.

OPE in Ex/+/q? or Agcp/+/q? (Buchalla et al)
NLO QCD corrections to the OPE coeffs (Greub et al)

Existence of ¢ resonances in this region (clearly seen 1)(4160) in B~ — K~ putu™),

Joaquim Matias

Lattice QCD form factors with correlations (Horgan et al proceeding update)

+10% on angular observables to account for possible Duality Violations.
= Estimates on BR from GP (5%) and BBF (2%) using Shifman’s model.

T T T

50

Candidates/ (25 MeV/c?)
)
(@]

\
K o
o Tt .,

« data

total -

---------- nonresonant
interference

---. resonances -

background
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Theory and experimental updates in 2015 fit

e BR(B — Xs7)
o New theory update: 52 = (3.36 +0.23) - 10 *  (Misiak et al 2015)
° shift in central value w.r.t 2006 — excellent agreement with WA

@ BR(Bs — ptu™)

o New theory update (Bobeth et al 2013), New LHCb+CMS average (2014)
@ BR(B — Xsputpu™)

o New theory update (Huber et al 2015)
@ BR(B— Kutu™):

o LHCb 2014 + Lattice form factors at large > (Bouchard et al 2013, 2015)

B(sy = (K*,)ut ™ : BRs & Angular Observables
o LHCb 2015 + Lattice form factors at large > (Horgan et al 2013)

® BR(B — KeTe )16 (or Rk) and B — K*eTe™ at very low ¢°
e LHCb 2014, 2015
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Global Fits to Wilson coefficients: History and Results 2013 with 1fb!

Situation in 2013: Descotes-Genon, Matias, Virto 1307.5683 ol T T
T T T T T ] 0.2 - ‘g
4ar Wl 683%CL - < °'°¥ g
[ 955% C.L | -0.2 _*_ £
[ 99.7% C.L ] —04 — .. ]
Qi

2F 77 Includes Low Recoil data -] 5 10 15 20

[] only [1.6] bins 1 o q2 (GeV?)

2., 0 ’F+ E
= 0.0 =
= -+ k=

—0.5] Y

—2}k | ol —— l. 5

0 5 10 15 20

N 1S - s

-4} AN S - )]V
N\ - ’ RETe o

. . o . . A - 3
—0.15 -0.10 —-0.05 0.00 0.05 0.10 0.15 Tre—i 1
2 .5 ——t g —

cF o

N

v 2

Our statement in July 2013 DMV'13:
“We found that the Standard Model hypothesis CF = 0, C)'F = 0 has a pull of 4.50".

Other groups later on confirmed the relevance of Cq using FFD-observables (Altmannshofer, Straub 1308.1501),
low-recoil (Horgan et al. 1310.3887), Bayesian approach (Beaujean, Bobethm Van Dyk 1310.2478).
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Fit 2015: Statistical Approach

Frequentist approach:

X*(G) = [Oexp — Otn(Gi)]j [Cov ™ ji [Oexp — Orn(Ci)li

e Cov = Cov®® 4 Cov'"
@ We have Cov®® for the first time
o Calculate Covt: correlated multigaussian scan over all nuisance parameters

e Covt" depends on Cj: Must check this dependence

For the Fit:
o Minimise x? = x2. = x?(C?) (Best Fit Point = C?)
o Confidence level regions: x*(C;) — X2, < AXo.n
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SM predictions and Pulls 2015: B — Kpupu: What's new in 20157

-o-LHCb -m-BaBar -a—Belle

0.090
= 0.7451074+0.036

D:x 2 ]
: LHCb
3 1 + + 4,
15- L ] RK:Br(B — KTptu™)
- Br (Bt — Ktete™)
1: M e |t deviates 2.60 from SM.
g e Data on BY — KTt~ is below SM
0.5:— - in all bins at large and low-recoil.
C:......,,,.,,,,.,,,,.,, Also neutral mode:
0 5 10 15 20
o [GeVacd
10" x BR(B® — K°u*p~) Standard Model Experiment  Pull
[0.1,2] 0.63+0.18 0.23+0.11 +1.9
[2,4] 0.65+021 0374011 +12
[4, 6] 0.64 +0.22 0.35+0.10 +1.2
[6, 8] 0.64 +0.24 0.54+0.12 +0.4
[15,19] 0.90 +0.13 0.67+0.12 +1.4
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SM predictions and Pulls 2015: BR(B — V upu)

Joaquim Matias

10" x BR(B® — K*%u* ;=)  Standard Model Experiment  Pull
[0.1,2] 1.26 +£1.03 1.14+0.18 +40.1

[2,4.3] 0.844+059  0.69+012 +0.2

[4.3,8.68] 2524200 2154031 +0.2

[16, 19] 1.66 +£0.15 1.23+0.20 +1.7

10" x BR(BT — K**putu~) Standard Model Experiment  Pull
[0.1,2] 1.31+1.08 1.12+0.27 +0.2

[2,4] 0.79 £0.55 1.12+0.32 -05

[4,6] 0.94+£071  050£020 +0.6

6, 8] 1.15+0.95 0.66 £0.22 +40.5

[15,19] 250+£024 160+£032 +2.5

10" x BR(Bs — ¢utpn~)  Standard Model Experiment  Pull
[0.1,2] 1.81+036 111+0.16 +18

[2.,5] 1884031  0.774+0.14 +33

[5.,8.] 2254041  0.96+0.15 +3.0

[15,18.8] 2.20£0.16 1.62+0.20 +2.3

Universitat Autonoma de Barcelona

The Path Towards New Physics



SM predictions and Pulls 2015: P;(B — K*uu) and Pi(Bs — ®puu)

Joaquim Matias

New 3fb~! dataset confirms the anomaly in P} in bins [4,6] and [6,8]

Pi(B — K*up~) Standard Model Experiment  Pull
[15, 19] ~0.64+£005 —050+011 1.2
Py(B — K*u"p~) Standard Model ~ Experiment  Pull
[0.1,0.98] 0.12 +0.02 0.00+0.05 +2.0
[6,8] 0384008 -024+007 1.2

P{(B — K*u"p~) Standard Model ~ Experiment  Pull
[0.1,0.98] 0.67£0.14 039+£0.14 114
[2.5, 4] 0494013 —007+034 1.2

[4, 6] —-0.82+0.08 —-0.30+0.16 -2.9

[6, 8] ~0.94+0.08 —0.50+0.13 2.9
[15,19] 0574005 —0.68+008 1.2
P1(Bs — ¢utp~) Standard Model Experiment  Pull
[15,18.8] ~0.69+0.03 —025+034 1.3
Py(Bs — ¢utp~) Standard Model ~ Experiment  Pull
[15,18.8] 1.30£0.01 0.62+049 +14

Universitat Autonoma de Barcelona

The Path Towards New Physics



Result of the fit with 1D Wilson coefficient 2015

This is the first analysis: - using the basis of optimized observables (B — K*uu and Bs — ¢upu)
- using the full dataset of 3fb—1:

Coefficient Best fit lo 30 Pullgy
P —0.02 [-0.04,-0.00] [-0.07,0.04] 1.1
N —1.11 [-1.32,-0.89] [-1.71,-0.40] 4.5 =
Y 0.58  [0.34,0.84] [-0.11,1.41] 2.5
ChP 0.02 [-0.01,0.04]  [-0.05,0.09] 0.7
cyr 0.49  [0.21,0.77] [-0.33,1.35] 1.8
chy —0.27 [-0.46,—-0.08] [—0.84,0.28] 1.4

cyF =iy —0.21 [-0.40,0.00]  [-0.74,0.55] 1.0

et = —Cf —0.69 [-0.88,-0.51] [-1.27,-0.18] 4.1 =
CyP = —CyP —1.09 [-1.28,-0.88] [-1.62,—0.42] 4.8 < (no Ryk)
Cs PN§ _C%PNP —~0.68 [-0.49,-0.49] [-1.36,—0.15] 3.9

=—Cy =—Cip

Joaquim Matias Universitat Autonoma de Barcelona The Path Towards New Physics



Bin by Bin analysis of Cy in three scenarios

0.5 |- 3
% O°F J_ iiiiiiiiiiiii s |’ Result of bin-by-bin analysis of Cg in 3
ot - e R "1 scenarios.
—2.0 3
o 5 io 15 20 : @ Notice the excellent agreement
g’ (GeVh) ; of bins [2,5], [4,6], [5.,8].
1.0 e

Strong argument in favour of including

o5F E . .
% ool ’_‘ the [5,8] region-bin.
2y O L L RS B o First bin is afflicted by lepton-mass
SR T e ) S E effects. (see Back-up slides)
—-1.5 4
° s 10 15 20 @ We do not see any clear/significant
g? (GeV?) . 2 . .
1.0F ‘ ‘ ‘ ‘ 3 signal of g°-dependence neither in the
o5t E plots nor in a 6D fit adding 2’ + b's
e 0.0 to G for i = K*, K, ¢.
.,, 0.5 k= [ Fremmmme e ] — disfavours again charm explanation.
[ L T T _GewaEs ___ _————--—-———-—-——-————2 '3
—1.0 - - I
asb E @ 2nd and 3rd plot test if you allow for NP
S = o s = in other WC the agreement of Cg bin by

o (GeV?) bin improves as compared to 1st plot.
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Result of the fit with 2D Wilson coefficient constrained and unconstrained

Coefficient Best Fit Point Pullgm p-value (%)

P P —-0.00,—1.11 4.1 60.0

7
cy®F, ey —1.16,0.35 4.3 67.0

9
CNP chP —1.16,0.02 4.2 63.0

9
(XU (—1.15,0.77) 4.5 71.0
cy cﬂ}?) (—1.23,-0.38) 4.5 72.0
(CF = —cyr,cf _cﬁ}?) (—1.17,0.26) 4.6 73.0
(T = =cfP, ey = —ciy) (—1.14,0.04) 4.5 69.0
(P =y, ciXf =cif) (—0.68, —0.26) 3.8 54.0
(CF = -, cF = i) (—0.74,0.26) 3.7 52.0

° Cé\’P always play a dominant role
@ All 2D scenarios above 40 are quite indistinguishible.
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QUESTION 1: Branching Ratios versus Angular Observables P;?

= T T T T = 3F pe= 3
E Branching Ratios L B Branching Ratios
> ;‘ Angular Observables (P)) > r | Angular Observables (P))
r All [ o Al 7
i ] 10 ]
o ol 22 of '
< Oof < ©° \
fi |
L ] N ] ]
-1 < '
[ L /
< 7
—2r — - ~
— 3t e |
-3 —2 -1 o 1 2 3 —2 -1 o 1 2 3
NP NP
Cg Cs
aF T T T T = T T o T =
F Branching Ratios Branching Ratios
S Angular Observables (P)) 7] Angular Observables (P)
[ All 0 A
10 ] o ]
[ r 3 r R —
= [ < [ 7 =5
o o " ol \\_.// o
=S [ oo [ \
—1F ] —1F T 1
—2r 1 _2f 1
-3k B -3k B
-3 —2 -1 o 1 2 3 -3 —2 -1 o 1 2 3
NP NP NP NP
P = —cy P = —cy

Figure: Angular observables (FFI at LO P;) dominates clearly over Branching ratios
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QUESTION 2: B — K*upu, B — Kup and Bs — ¢pupu?

3j’ S e O s s | B s e ]
,] LB - Kuu
[l B - K'pu
2r) By i B ]
,1 All
[l
1 1 1
Ll
S [ =2
< op S
[
[ -
_1 8
i
_o[ ] ]
_ali L ] ]
-3 —2 -1 o 1 2 3 —2 —1 o 1 2 3
CNP cNP
S 2
3j‘ """""""""""""" K| R o ] N Tttt 7]
F | g B — Kuu B — Kup
:‘ B — K uu B — K" uu
27 By i ] =R ]
o el Al . Al
[ ( Tl i
|- A SN — -
oo ! [l \ N R R
SN ) & G~
CL|| ot 1 n \\9/
=2 Ll y =2 = _l
< [ : L S S~ l--
—1F 1 1
_2:— - -
_al ] _al ]
-3 —2 -1 o 1 2 3 -3 —2 -1 o 1 2 3
CNP _ _CNP cNP _ _CNP
s = o s = o

Figure: The hierarchy of importance for the fit: B — K*uu, Bs — ¢up and B — Kup
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QUESTION 3: Which information and constraints provide each region?

3F 5 3
L Only large recoil L Only large recoil
[ Only bins within [1,6] region Only bins within [1,6] region
2 r 1~ Only low recoil ol 20 PSS =70 Only iow recoil B
3 All - - // R e i I
1 5 1k S .
F F ¢
[ 22 [ |
% C 0 QI? (o] [ A |
o A 7
[&) L
L % e L /,/'
[ [&) [
—1r - —1r - :
[ ‘ % [
N o
_2oF S T | _of 1
—-3L i i i i = -3 i i i i |
-3 -2 -1 (0] 1 2 3 -3 -2 -1 0] 1 2 3
NP NP NP
CS chP = —cl

Figure: We show the 3 o regions allowed by large-recoil only (dashed green), by bins in the [1-6] range
(long-dashed blue), by low recoil (dot-dashed purple) and by considering all data (red, with 1,2,3 o contours).

@ Low-recoil is strongly constraining! Important implications for power corrections and charm.

@ Bins [1,6] are perfectly coherent with the full large-recoil.
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Impact of B — KeTe™

under hypothesis of maximal LFUV
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1D-Coefficient Best fit lo 30 Pullgy
P —1.14 [-1.34,-0.93] [-1.71,-0.47] 4.5 — 4.9
Cé\IP = —C%P —-0.66 [-0.81,—-0.50] [-1.15,-0.21] 4.1 — 4.6
CF = —cff —1.09 [-1.28,-0.88] [-1.62,-0.43] 4.9
P = -Cff = -cdf = -Cff  —0.65 [-0.83,-0.49] [-0.19,—0.19] 4.4
2D-Coefficient Best Fit Point Pullgn
NP _
(G C ") (0.00, -1.13) 4.1 4.6 @ The strong correlations among
(G", GyY) (-1.11,0.32) 43 — 4.8  form factors of B — Kppu and
(CNP CNP) (—1.20,0.03) 4.2 5 4.7 B — Kee assuming no NP in
NP ~NP ’ B — Kee enhances the NP
(GY, CY) (—-1.23,0.61) 45 - 4.9 evidence in muons.
CNP NP
(G Gor) (—1.32,-0.34) 4.5 — 4.9 @ Notice that we use all bins in
(CNP fCé\,IP, CNP Cll\g),P) (—1.23,0.39) 4.6 — 5.0 B — Kpup while Ry is only [1,6].
(A =-JF, R = -C{F) (—0.99,0.03) 4.5 @ Only scenarios explaining Rx get an
(CgN Cé\/IP7 C Cll\g)?) (—0.70,-0.22) 3.8 - 4.3 extra enhancement of +0.4-0.5 o
(P =¥, AF = iiF) (—0.69,0.27) 3.7 — 4.2
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Fits considering Lepton Flavour (non-) Universality

3F T ‘ 7 3F 2
7% BR(B-Kup) + BR(B-Kee) within [1,6] - . ; 7 BR(B-Kpp) + BR(B~Kee) within [1,6]
[] Allb>spp and bssee L - e [] Allb->sppand bssee
2f = . S — 2t Q) .
& &
1h 11t 1
Qo I
% of )
zs
; S i
-1h N ]
_ol 1 ol ]
-gpt e . . . 4 -shfa ‘ ‘ ‘ ‘ ]
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Cou Coyy = ~Cloy

o If NP-LFUV is assumed, NP may enter both b — see and b — suu decays with different values.

= For each scenario, we see that there is no clear indication of a NP contribution in the electron sector,
whereas one has clearly a non-vanishing contribution for the muon sector, with a deviation from the
Lepton Flavour Universality line.
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Prediction for LFU tests observables

| RelL6] Ric-[1.1,6] Rs[1.1,6]

SM \ 1.00 £ 0.01 1.00 + 0.01 [1.00 + 0.01] 1.00 + 0.01

CF =111 \ 0.79 4 0.01 0.87 4 0.08 [0.84 & 0.02] 0.84 £ 0.02

" = —Cy¥ = —1.09 \ 1.00 £ 0.01 0.79 4 0.14 [0.74 £ 0.04] 0.74 4+ 0.03

' = —cXF = -0.69 \ 0.67 £0.01 0.71 4 0.03 [0.69 & 0.01] 0.69 £ 0.01

CF = —1.15,C3F = 0.77 \ 0.9140.01 0.80 +0.12 [0.76 + 0.03] 0.76 +0.03

CF = —1.16,C)F =0.35 \ 0.71 +0.01 0.78 +0.07 [0.75 + 0.02] 0.76 +0.01

Cy'F = —1.23,Clyy = —0.38 \ 0.87 £ 0.01 0.79 4 0.11 [0.75 £ 0.02] 0.76 4+ 0.02

CF = —CyF = —1.17, CiiF =Clyy =0.26 \ 0.88 £ 0.01 0.76 4 0.12 [0.71 + 0.04] 0.7140.03

Table: Predictions for Rk, Ri+, Ry at the best fit point of different scenarios of interest, assuming that NP enters
only in the muon sector, and using the inputs of our reference fit, in particular the KMPW form factors for

B — K and B — K*, and BSZ for B; — ¢. In the case of B — K*, we also indicate in brackets the predictions
using the form factors in BSZ.
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Updated plot of 2015

4} - 4} . . £ Only large recoil

W 683%CL L
[ 9s5%CL 710 Only bins within [1,6]
[] %e7%cCL 715 Only:low recoil

2k i3 Includes Low Recoil data ] oL . . - Al

["] only [1,6] bins

2, 0 -
2} ] Ll
—4} ]
_4}

-0.15-0.10 -0.05 0.00 0.05 0.0 0.15 015 2070 C005 000 005 040 015
ch® cyP

Figure: For the scenario where NP occurs in the two Wilson coefficients C7 and Cy, we compare the situation from

the analysis in Fig. 1 of Ref. DMV'13(on the left) and the current situation (on the right). On the right, we show

the 3 o regions allowed by large-recoil only (dashed green), by bins in the [1-6] range (long-dashed blue), by low
recoil (dot-dashed purple) and by considering all data (red, with 1,2,3 o contours).
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A CRUCIAL QUESTION:

How much the fit results
depend on the details?

Two first strong tests

The Path Towards New Physics



TEST 1: Does the result of the fit depend on using P; or S; observables? NO

3 T 5 af 5
Angular Observables (S;) { Angular Observables (S;)
of i Angular Observables (P) ] ol [} Angular Observables (P) ]
All (P) Al (P)
1r 8 1r 1
- o
%0 T o ¥
\\ A '\
-1r B 4 ] -1r K ,“ ]
~2f ] -2f - 1
-3L | | | | Iul -36L i i i i Iul
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
c\P c\P
9 9

@ The results of the fit using P; observables or S; observables are perfectly consistent.

@ The highest sensitivity to NP of the optimized observables due to the shielding on FF details
= induces a small albeit systematic improvement in significance for the P;.
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Does the result of the fit depend on method SFF-KMPW or full-FF-BSZ?

Two examples of Form Factor determinations (left KMPW, right BSZ):

form factor FI;K(*)(O) bj
fa 034700,  —2.119¢
fox 0347005 —4.3'0%
faw 0397053 —22755
VBK® 036107 —4.870%
ABK™0.257018  0.347080
ABKT 0237018 —0.857788
ABK 0291559  —18.2733
TEC 03Ul —as'gl
THC 03l 3213
TEK 0.227317  —10.3%33

B — K* Bs — ¢ Bs — K*
Ao(0)  0.391+0.035 0.433+0.035 0.336 + 0.032
A1(0)  0.289+0.027 0.31540.027 0.246 4 0.023
A15(0)  0.281+0.025 0.274-+0.022 0.246 - 0.023
V(0)  0.366+0.035 0.407 +0.033 0.311 4 0.030
T1(0) 0.308+0.031 0.33140.030 0.254 4 0.027
T»(0)  0.308+0.031 0.331£0.030 0.254 = 0.027
T»3(0) 0.793+0.064 0.76340.061 0.643 4 0.058

Table: The B — K™ form factors from
LCSR and their z-parameterization.
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Table: Values of the form factors at g2 = 0 and their uncertainties.



{2 Full-Form-Factor approach

[1 Soft-Form—Factor approach

| Full-Form-Factor approach

[ Soft-Form—Factor approach

Does the result of the fit depend on method SFF-KMPW or full-FF-BSZ? NO

[ Soft-Form—Factor approach

NP
Cq

Figure: We show the 3 o regions allowed using form factors in BSZ’15 in the full form factor approach
(long-dashed blue) compared to our reference fit with the soft form factor approach (red, with 1,2,3 o contours).

@ The results of the fit using (KMPW-FF and method improved-SFF) or (BSZ form factors and

| Full-Form-Factor approach

NP _ ~NP
C10 - CWO'

NP
Gy

method of full FF) are perfectly consistent.

@ The fact that our regions are slightly larger points that our estimate of uncertainties (power

corrections, etc.) is very conservative.
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Hadronic Uncertainties:
Power corrections and charm loop

(see talk at LHCb Workshop 3-5 Nov)
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Hadronic uncertainties: power corrections and charm

While in the past focusing in one single anomaly was logical...,

now it is not a good idea neither an acceptable approach
to focus all the attention on one single observable.
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Hadronic uncertainties: power corrections and charm

While in the past focusing in one single anomaly was logical...,

now it is not a good idea neither an acceptable approach
to focus all the attention on one single observable

BECAUSE now we have several showing deviations so a global view is necessary:
and by obsessing too much on one single observable you can screw up somewhere else.
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F(g®) = F(¢, 1(¢%) + AF™(q) + ar + bF g q

= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F(g®) = F(¢, 1(¢%) + AF™(q) + ar + bF g q

= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F( 2) = FSO&(EL ”( 2)) + AFQS( ) + ar + b/: +CF q
= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
@ There are different options (schemes) to define SFF. But not all are equally appropriate to P; (DHMV'14):

GOOD SCHEME for P; (new Beneke-Feldman):
mg

)2y — 2 1) mg + Mk- 2y
@) = e V@) g %) s Aila’) me

mp — Mg+

Az(a?),

BAD SCHEME (old Beneke-Feldman scheme) for P; (JC'14):

e(e?) = Tu(@), 7)) =

This one artificially inflates error size!!l
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F(g®) = F(¢, 1(¢%) + AF™(q) + ar + bF g q
= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
@ There are different options (schemes) to define SFF. But not all are equally appropriate to P; (DHMV'14):

GOOD SCHEME for P; (new Beneke-Feldman):
mg

)2y — 2 1) mg + Mk- 2y
@) = e V@) g %) s Aila’) me

mp — Mg+

Az(a?),

BAD SCHEME (old Beneke-Feldman scheme) for P; (JC'14):

2 2
e(e?) = Tu(@), 7)) =
This one artificially inflates error size!!l

@ Fit to ar, br and cr from full-FF prove that are of order < 10% as expected from dim. arguments.
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F(0?) = F™(§0,(07)) + AF(a7) + ar + br o + cr
= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
@ There are different options (schemes) to define SFF. But not all are equally appropriate to P; (DHMV'14):

GOOD SCHEME for P; (new Beneke-Feldman):
mg

)2y — 2 1) mg + Mk- 2y
@) = e V@) g %) s Aila’) me

MAz(qz),

BAD SCHEME (old Beneke-Feldman scheme) for P; (JC'14):

2 2
e(e?) = Tu(@), 7)) =
This one artificially inflates error size!!l
@ Fit to ar, br and cr from full-FF prove that are of order < 10% as expected from dim. arguments.

@ Correct treatment requires to respect correlations coming from:

= exact kinematical correlations among FF
= renormalization scheme definition of SFF
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F(g®) = F(¢, 1(¢%) + AF™(q) + ar + bF g q
= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
@ There are different options (schemes) to define SFF. But not all are equally appropriate to P; (DHMV'14):
GOOD SCHEME for P; (new Beneke-Feldman):

1)/.2\ — mg 2 (1) mpg + mg- 2y mpg — Mg~ 2
@) = e V@) g ) = =g Aua) e Pel@);

BAD SCHEME (old Beneke-Feldman scheme) for P; (JC'14):

2 2
e(e?) = Tu(@), 7)) =
This one artificially inflates error size!!l
@ Fit to ar, br and cr from full-FF prove that are of order < 10% as expected from dim. arguments.

@ Correct treatment requires to respect correlations coming from:

= exact kinematical correlations among FF
= renormalization scheme definition of SFF

@ Error estimate 4 — Adr < ar < 4r + A4 comes from AFN ~ F x O(A/myp) ~ 0.1F = a 100% error.
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Factorizable Power Corrections: Shopping list

General idea: : Parametrize power corrections to form factors:
e 4

F(g®) = F(¢, 1(¢%) + AF™(q) + ar + bF st 7.
= ar, br, cr... represent the deviation to the SFF+ known «s in the full form factor F (taken e.g. from LCSR)
@ There are different options (schemes) to define SFF. But not all are equally appropriate to P; (DHMV'14):
GOOD SCHEME for P; (new Beneke-Feldman):

1)/.2\ — mg 2 (1) mpg + mg- 2y mpg — Mg~
@) = e V@) g ) = =g Aua) e

Az(a?),

BAD SCHEME (old Beneke-Feldman scheme) for P; (JC'14):

e(e?) = Tu(@), 7)) =

This one artificially inflates error size!!l

Fit to ar, br and cg from full-FF prove that are of order < 10% as expected from dim. arguments.

Correct treatment requires to respect correlations coming from:

= exact kinematical correlations among FF

= renormalization scheme definition of SFF
Error estimate 4 — Adr < af < 4 + AdF comes from AFN ~ F x O(A/mp) ~ 0.1F = a 100% error.
Also important the error of SFF ¢, = 0.3119%0

—0.10
(determinations based on spread of c.v. JC'14 questionable ¢, = 0.31 £ 0.04)
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B — K*(*¢~ : Impact of long-distance c¢ loops — DHMV

Three arguments against a large-charm contribution:
@ Ry cannot be explained with a charm contribution.
@ The behaviour of bin (6,8) versus (4,6) in observables like P{ and P;.
@ A 6-D fit or a bin-by-bin analysis does not find evidence for a new g> dependence.
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B — K*(*¢~ : Impact of long-distance c¢ loops — DHMV

Three arguments against a large-charm contribution:
@ Ry cannot be explained with a charm contribution.
@ The behaviour of bin (6,8) versus (4,6) in observables like P{ and P;.
@ A 6-D fit or a bin-by-bin analysis does not find evidence for a new g> dep%ndence.

A Isil <4
2f] T sl<2
O isi<1 -
O ) .
.,
5 o
_1H
_of
sk
-3 -2 -1 0 1 2 3

5
4L
= 3 F ]
3 s
= a
90: i‘)’) 2 ]
% N w
1k 1
ok 1
B 2 4 6 8 - 2 4 6 8
g’ (GeV?) q° (GeV?)
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B — K*(*¢~ : Impact of long-distance c¢ loops — DHMV

Three arguments against a large-charm contribution:
@ Ry cannot be explained with a charm contribution.
@ The behaviour of bin (6,8) versus (4,6) in observables like P{ and P;.
@ A 6-D fit or a bin-by-bin analysis does not find evidence for a new g> dep%ndence.

Factorizable contributions from cC loops are already included 2 - :S:T
Inspired by Khodjamirian et al (KMPW): o O hi @

Co — Co+ 5 5C;JD(i)(q2)

We vary s; independently in the range [—1,1] ; '
(only s; =1 in KMPW). 7

},_

5
4L
= 3 F ]
3 s
= a
90: i‘)’) 2 ]
% N w
1k 1
ok 1
B 2 4 6 8 - 2 4 6 8
g’ (GeV?) q° (GeV?)
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Z' particle a possible explanation

In [DMV'13] we proposed to explain the deviation in B — K*uu a Z' gauge boson contributing to
Og = €?/(167%) (57, PLb)(I1"0)

with specific couplings as a possible explanation of the anomaly in P.
P

o+

. ET
ONEENGC

a

L9 = <§fy,,PLbAib + 57, PRbAY + h.c.) 7" L = (i, PLuA P + firy, PRUARM + ...) Z
The Wilson coefficients of the semileptonic operators are:
11 APAY

s ggM M%, Ats

{v.A) 11 ARAU
) C{9/ 10y — T 2

2 2
Sw8&sm Mz Ats

C{g 10} — ,

with the vector and axial couplings to muons: A{/), = ARFAM.

AP with same phase as A\rs = V4 Vi; (to avoid ¢s) like in MFV. Main constraint from AMg, (Aﬁ’R).
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A Z' model can belong to the following categories:

no-coupling non-zero couplings  Pullgy
GCo no-right-handed quark & no-muon-axial coupling AP £0, AV £0 490
(Co, Cr0) no-right-handed quark coupling ~ A$? £ 0, Al # 0, AL #£0 480
(Go, C3) no-muon-axial coupling AP #£0, A% #£0, AV #£0 490
(Cro0, Cp) no-muon-vector coupling A # 0, A% #£0, AL #£0 -
(GS, Clo) no-left-handed quark coupling A% #0, A #£0, AL #0 -

Example: G = —1.1, A}'/M%, = —0.6 TeV~! and APS/M, = 0.003 TeV 1

o If NP enters all four semileptonic coefficients, the following relationships:

Cé\IP CNP AA‘L/N Cgl)\IP CNP _ Aib
NP TOAMRD NP — T Asb
ClO ClO/ AA C9’ ClO’ AR

Many ongoing attempts to embed this kind of Z’ inside a model [U.Haisch, W.Altmannshofer, A.Buras,..]
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A glimpse into the future: Wilson coefficients versus Anomalies

Rk (P)uso8 BB.soun Beyuu best-fit-point of global fit

C NP

9 v v v X
P v v v X

10 \/
v X

Co v v

v v
Cio v v X

Table: A checkmark (v') indicates that a shift in the Wilson coefficient with this sign moves the prediction
in the right direction to solve the corresponding anomaly. Bg, .., is not an anomaly but a very mild tension.

o CNP < 0 is consistent with all anomalies. This is the reason why it gives a strong pull.
o CIY¥, Cg 10 fail in some anomaly. BUT

= CNP is the most promising coefficient after Cq.
= (g, ], seems quite inconsistent between the different anomalies and the global fit.
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Conclusions

o The global analysis of b — s¢T¢~ with 3 fb~! dataset shows that the solution we proposed in
2013 to solve the anomaly with a contribution CgNP ~ —1 is confirmed and reinforced.
— We take full dataset and optimized basis of observables.

@ Several 1D and 2D scenarios pop-up with significances between 4 and 5¢.
— Data soon will discriminate among them.
o Under maximal LFVU the scenario C'F < 0 increases from 4.5 to 4.90.

@ We have explicitly demonstrated the robustness of our results:

— Details of FF computation are not very significant.
— We found no conclusive evidence for g°>-dependence in Gy (charm explanation again disfavoured)

P < 0 is consistent with all the anomalies, a contribution of CJiF

P
while Cg 14 is still unclear.

> 0 comes in second place,

A heavy Z’ (1-2 TeV) with bs-coupling is a viable explanation for many (not all) scenarios.

= The use of P; or S; for the fit is not very relevant, BUT for the comparison theory-experiment it
makes a big difference given the robustness of P; versus S;.
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NOTICE that at the end of the day EXPERIMENTALISTS should see deviations of several sigmas in
different bins of different observables and here comes one important and fundamental aspect:

@ We have explicitly demonstrated that the RESULT OF THE FIT does not depend substantially
(£0.030) on the choice P; (FFI) or S; (FFD):

REASON: Correlations washes out the sensitivity to form factors.

BUT this is not true regarding predictions of INDIVIDUAL observables:

_ /5 Re(ABAT — AF-AF)

e pRelAAL AT AT) _atit
[Aol(JA) 12 + |ALI?)

P, =
AP+ 1AL+ Ao?  28F + cséf

=a+oos/éL Ss=

@ Ss in the anomaly [4,6] depend on the choice of FF:
= Error size 12% (BSZ) and 40% in KMPW

@ Pj in the anomaly [4,6] has a suppressed O(as, A/my) sensitivity:
= Error size 10% in BOTH (BSZ and KMPW).

This is a simple example of robustness of P; versus S; for a NP claim in the observable!!
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BACK-UP SLIDES
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A closer look to CJ'F scenario

Fit Co Bestiit lo Pullsny Nyos
All b — spp in SM - - - 96
All b — sup ~112 [-1.32,-0.89] 45 95
All b— stl, (= e, p ~1.14 [-134,-093] 49 101
All b — spp excluding [6,8] region  —0.98  [-1.23,—0.74] 3.7 77
Only b — suu BRs ~156 [-2.20,-1.04] 36 31
Only b — sup Pi's —-1.06  [-1.30,—1.30] 3.2 68
Only b — sup Si's —0.94 [-1.19,-1.19] 29 68
Only B — Kupu —0.74 [-156,-0.09] 11 18
Only B — K*up —-1.10 [-1.32,-0.85] 3.8 61
Only By — dpup ~1.93 [-2.79,-1.25] 34 24
Only b — suy at large recoil —1.38 [-1.65,—1.08] 4.0 78
Only b — spu at low recoil —0.92 [-1.23,—0.61] 2.8 21

Only b — supu within [1,6] ~136 [-1.72,-0.98] 3.4 43
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Bin [0.1,0.98] lepton-mass effect

LHCb naturally given the limited statistics takes the massless lepton limit. They measure:

1 d}(r+7) 9 3 LHCbY ;2 LHCb 2
= = A-F F 0
d(F +T)/dg>  dQ 327 | g (L= PRy sin® by FLTcos O
1
+ Z(l — F}FHP)sin? 0 cos 20, — FFHP cos? 0 cos 20, + ]
which is modified once lepton masses are considered

1 d3(r+f) 9 32 .o 2 2

_ = — -F 0 F 0
d(F+T)/dg?  dQ 327 | GFrsin® O+ Fueos” o

1
+ ZFT sin 0 cos 20, — F, cos? Ok cos 20, + ]

where I-ﬁpL and F 7 are [JM"12]. All our observables are thus written and computed in terms of the
longitudinal and transverse polarisation fractions F; 1
J2c J25 o J].C
Fr=—F—— Fr=4— = Ff=——-——
T d(M+N)/dee T Td(T+1)/dg? LT d(r+1)/dg?
SM prediction is shifted towards the data

<Pl/l>[o‘170.98] = —0.49 —» —-0.38, <PF,’>[0.1,0.98] = 0.68 — 0.53.
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