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Review Theoretical Framework

Review of the theoretical framework
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Review Theoretical Framework

Effective Hamiltonian Approach

b — sy(*) Effective Hamiltonian
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CM(up) = 43 (up = mp)

A ~ Cj (short dist.)
x Hadronic Matrix Elements (long dist.)

= In this picture, New Physics (NP) effects can enter through two mechanisms:

B Extra contributions to the WCs.
B Additional effective operators: (’),’., Os, Op, O7,...
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Review Theoretical Framework

Effective Hamiltonian Approach
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Review Theoretical Framework

Form Factors B — K*¢t¢~

The matrix elements of the effective operators are written in terms of (seven)
form factors (FF),
(K*|0;|B) ~ F(q") (i=7,9,10)

Two parametrizations available in the market,

Khodjamirian et al (KMPW) Bharucha et al (BSZ)

= LCSRs with B distribution = LCSRs with K* distribution
amplitudes. amplitudes.
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Review Theoretical Framework

Clean Observables

B HQET/LEET (mg — oo and Ex+ — oo = large-recoil):

mpg 2 mg + my 2 2 mpg 2
—V =— A = T; = —T- = E
mp + my (%) °F 1(q%) 1(q%) °F 2(q°) = €1(E)
my > mg + my > mp — my > mp > >
—A = A - A = —T; —T- = E
£ Ao(d) s Aia) o 2(a7) = g Ta(a7)—Ta(q") = §(E)

= In this limit, we can build ratios where the FF cancel (at LO),

1 q” (K*| 30, Prb|B)
img (K*|5¢*P.b|B)

=14 O(as,\/mp)

B Following this idea one can build a basis of observables with this property
[Matias, Mescia, Ramon 2012 & Descotes-Genon, Matias, Ramon, Virto 2013]

Optimized Observables

1 = J3 P2 = J6S Pl = —J4
2Jrs 825 ¢ V—Jas )¢

Pl — Js Pl — —J Pl — —Js
5= 5 /1 I 6 — 5 —1 T 8 — T —7 1
2y _J25J2c 2y _J25J2c Vv _J2s-/2c
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Review Theoretical Framework

Hadronic corrections: factorisable and non-factorisable

Theory predictions receive different types of QCD corrections.

B Factorisable Corrections: corrections that can be absorved into the definition of
the (full) form factors.

B Non-factorisable Corrections: corrections that cannot be absorved into the

definition of the (full) form factors. o
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Review Theoretical Framework

Improved QCDF

Improved QCDF (iQCDF) Approach: General decomposition of a full form
factor (FF)
F™ (%) = F¥(61(a%), €1(a%) + AF**(a°) + AF(q?)

where F stands for any form factor, either from the helicity or transversity basis.

B Large recoil symmetries: low-g* and at LO in o, and N/ mg
= Dominant correlations automatically taken into account (important
for a maximal cancellation of errors).

B O(as) corrections = QCDF
B O(A/mg) corrections = cannot be explicitly computed within QCDF

Parametrization of AF" [Jager & Camalich 2012]

A2y q q'
AF (q)—aF+bF—2+cF—4+...
myg mg
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Review Theoretical Framework

Improved QCDF (vs full FF approach)

B How to estimate AFN?
= Central values for ar, bg, cg from fit to full LCSR FF.
= Error estimate: assign uncorrelated ~ 100% errors to
ar, bF, CF = O(/\/mB) X F=10% x F
B [s our estimation of errors conservative?

FF ratio A;/V (that controls P{): BSZ (including correlations) vs iQCDF for
different size of power corrections.
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Already a 5% power corrections (right) reproduces the BSZ full FF approach

errors (left).
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Review Theoretical Framework

Non-factorisable hadronic corrections

There are two different types of non-factorisable hadronic corrections

B «.-corrections from hard gluon exchange (O1-6, Os topologies) = QCDF.

B O(A/mg) corrections involving ¢t loops,
= LCSR + dispersion relations (only th. calculation) [KMPW 2010]
= Non-factorisable O(A/mg) power corrections (charm loops) yield g*-
and helicity-dependent contributions to C; and Co.
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Review Theoretical Framework

Estimating the cc-loop contribution at large-recoil

B Introduce a shift in the Cy coefficient at the amplitude level:

Csﬂ(qz) — Cgeff(qz)Jrs;JCgLD’i(qz) (i =1, ]],0no summation)
B The "charm-loop functions” are parametrized in the following way,
at + bt (et — @)
Pt =)

5COP0(g?) = 2% + b°(q? + s0)(c® — ¢°)
(% +50)(c® — ¢?)

all + bll?(cll — ¢?)

§COD L (o?) =
@) q?(cll — ¢?)

5C9->l(q%) =

= We vary s; in the range [—1, 1].
= a, b, c parameters are fixed so that our parametrization covers the results from KMPW.

s(GeV?) s(GeV’)

Bernat Capdevila Institut de Fisica d'Altes Energies (IFAE)

Patterns of New Ph; ons in the light of recent data



Global Fits

New global fit results
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Global Fits

The P anomaly

b — sl driven processes have provided some interesting anomalies during the
recent years.

15 r T T
Belle preliminary HH This Analysis
Lol LHCh 2013
LHCh 2015
R m S from DHMV W 2013: 1fb~! dataset LHCb found
I | 3.70.
" S 1
S 00F T 1 B 2015: 3fb™" dataset LHCb found
sl I = I ] 30 in 2 bins.
f gun g B Belle confirmed it in a bin [4,8]
- |
Lok 1 few months ago.
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Global Fits

Other tensions beyond P
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Global Fits

Summary of anomalies

Currently available b — s¢¢ data comprises up to ~ 170 observables. The main
anomalies observed are:

Observable Experiment ~ SM Prediction Pull

AL —0.304+0.16 —0.824+0.08 —2.9¢
(P8 —0.514+0.12 —0944+008 —29¢
RILl 0.745+9.0%7 1.004+0.01 4260
RI9.04%1.1] 0.660791L3 0.02+0.02 +423c
RI.1el 06851912 1004001 +260

E{;’W” 0.77+£0.14 1554033 +2.20

o i 0.96+0.15 1.884+0.39 4220

= To assess all theses deviations consistently, we need global fits.
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Global Fits

List of observables in the fit

We perform a fit to all available data (except CPV obs.) = 175 observables.
B Inclusive decays
= B — Xsv (BR).
= B — XspuTu~ (BR).
B Exclusive leptonic decays
= Bs — pu u” (BR).
B Exclusive radiative/semileptonic decays
= B — K"y (BR, Sk=~, Al).
= B — K{T¢~ (BRu, Rk).
= B — K*(*¢~ (BR,, Pff)zﬁ’s@s, F}, available electronic angular obs).

= B. — ot~ (BR, PUyo). Fu).
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Global Fits

List of observables in the fit (2017 update)

B Updates
= B(B® = K*u"u™) (LHCb).
= Isospin-averaged P, (B — K*(() (Belle).
= P{fi,s,e,sv Fi(B® — K™ °u" 1) in the large-recoil region (ATLAS).
= PUJ(B® — K °u* ™) at large-recoil plus [16,19] GeV2 bin (CMS).
= Fi, Arg from 2015 and F;, Arg, BR from 2013 at 7 TeV (CMS).
= Ry~ in the bins [0.045,1.1], [1.1, 6] GeV? (LHCb).
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Global Fits

Statistical framework

We parametrize the Wilson coefficients as
G=Cc"+c™ (i=7,9,10, C"¥ € R = no CPV)

Standard frequentist fit to the NP contributions to the Wilson coefficients,

X2(CI'NP) — (Oth(CiNP) . Oexp)i COVI-II (Oth(C;NP) o Oexp)j

B Both theory and experiment contribute to the covariance matrix,
= Cov = Cov'" + Cov®®
B Experimental covariance,
= Experimental correlations between observables (if not provided,
assumed uncorrelated). Assume guassian errors (symmetrize if needed).
B Theoretical covariance,
= Compute the theoretical correlations by performing a multivariate
gaussian scan over all nuisance parameters.
B In principle Cov = Cov(G),
= Very mild dependency = Cov = Covsm = Cov(C; = 0).
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Global Fits

Statistical framework

B Fit procedure:
= Best fit points (bfp): x*(CM") = xZin = X2(CNP).
= Confidence intervals (gaussian approximation): x*(CM'") — xZi, < @?
(lo - @ =120 — Q=4 ..).
= Compute pulls (o) by inversion of the above formula.

= Calculate p-values as usual p = f;; dX*F(X%; Ndos).

B Two types of fits

= Canonical fit: fit to all data (175 data points).

= LFUV fit: Rk, Rk=, P,g"(B — K*£f) plus b — sy (17 data points)
B Testing different hypothesis

= Hypothesis with NP only in one Wilson coefficient (1D fits).

= Hypothesis with NP in two Wilson coefficients (2D fits).

= Hypothesis with NP in the six Wilson coefficients (6D fits).
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Global Fits

1D hypothesis

B Canonical fit

Coefficient Best Fit 1o Pullsm (o)  p-value (%)
Corr -1.10 [-1.27,-0.92] 5.7 72
Gy = —Cly, -0.61  [-0.73,-0.48] 5.2 61
Gy = -G, -1.01  [-1.18,-0.84] 5.4 66
Gy = -3Gy  -1.06  [-1.23,-0.89] 5.8 74

= SM goodness of fit (canonical fit): p-value = 14.6%.

= The inclusion of the new data (mainly Rk~) increases the significances
(comparing with 2015 analysis).

= Cg’)\LP = —Gg,, would predict Rk ~ 1 and Rk~ < 1.
= Scenarios with positive Cio,, (and/or Ciy) imply Rx < 1.
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Global Fits

1D hypothesis

B LFUV fit
Coefficient Best Fit lo Pullsm (o)  p-value (%)
Gy -1.76  [-2.36,—1.23] 3.9 69
Gy, =—Cy, -0.66  [-0.84,—0.48] 4.1 78
Gy =—Cg,  -1.64  [-2.12,—1.05] 3.2 31
Gy = —3Cy  -1.35  [-1.82,-0.95] 4.0 71

= SM goodness of fit (LFUV fit): p-value = 4.4%.

= High level of preference for NP over the SM considering the limited
subset of observables included in the fit.

= Remarkable compatibility with canonical fit results (b — sup
dominated).

= CQLP = —(g, loses relative weight since it predicts Rk ~ 1.
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Global Fits

2D hypothesis

Confidence regions plots
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= 30 regions experiment by experiment.

= Pullssm (p-values): 5.50 (74%), 5.60 (75%) & 5.40 (72%) (respectively).

= While Cgf ~ —1 is preferred over SM at the 50 level, C)\¥ is already
compatible at 1. Clear hint of LFUV.

= LHCb data drives most of the effect.
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Global Fits

2D hypothesis

Confidence regions plots
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= 30 regions experiment by experiment.
= Pullssm (p-values): 5.50 (74%), 5.60 (75%) & 5.40 (72%) (respectively).
= While CgNi ~ —1 is preferred over SM at the 50 level, C})\¥ is already

compatible at 1o.
= LHCb data drives most of the effect.
= LFUV fit results are poiting towards the same direction.
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Global Fits

6D hypothesis

B We fit the six Wilson coefficients (assumed real) to all data.

Coefficient  Best Fit lo 20
(@ +0.02  [-0.01,+0.05] [—0.03,+0.07]
Coy -1.12  [-1.34,-0.85] [-1.51,—0.61]
Clo, +0.33  [+0.09,+0.59] [—0.10,+0.80]
G 4+0.03  [-0.00,+0.06] [-0.02,+0.08]
G, +0.59  [+0.01,41.12] [-0.50,+1.56]
Clow 4+0.07  [-0.23,40.37] [-0.50, +0.64]

= Gy, only compatible with the SM above the 30 level.

= Cioy & Cg,, SM compatible at 20.

= All the other coefficients are already SM compatible at 1o.

= Pullsm of the 6D hypothesis is at the level of 50 (3.60 in 2015).
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Future opportunities for LFUV
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Future opportunities for LFUV

Motivation: Ry & Rk«

[0.045,1.1] GeV* [1.1,6.0] GeV* Low Recoil
10H =o. g - == S
1l
= Rk & Rk~ show tensions around
~ 2.50 with their (very precise) < lll 1
SM predictions. E | T I
= Rk & Ry~ tension is coherent S O'Bil I- Bl ﬂﬂ LR
with the pattern of tensions z il *n Is 0l
observed in the B — K™ angular Tt i I o
analysis. . . oot
— M = _1.1 alleviates both Rx & R S R O O I
Rk~ and angular anomalies. Bx B By Re B By Bx Rie Ry
= But, with current data, more Hyp. 0 Standard Model
information than Rk and Rk+ is Hyp. 1 CNP =-11
needed to distinguish between NP Hyp. 2 Cg“f = —Cy,, = —0.61
scenarios. CNP =-C, =-10

Hyp. 4 CNP = 7369’“5 = _1.06
Hyp. 5 6D fit bfp
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Future opportunities for LFUV

A new generation of observables

What do we want? To probe the different NP scenarios suggested by global
fits with the highest possible precision.

What do we need? New observables matching the following criteria:

B Sensitivity only to the short distance part of Co (high SM precision).

B Capacity to test for lepton flavour universality violation between the
electronic and muonic modes.

B Sensitivity to other Wilson coefficients than Gy.

Exploiting the angular analyses of both B — K*uu and B — K*ee decays,
certain combinations of the angular observables fulfill the requirements

(@) = (Pr)=(P) (@)= PrI=(P) (B = ThL-1 (B = SLIk

i=1,...,9& k=5,6s

where ~ means correcting for lepton-mass effects in the first bin (backup slides).
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Future opportunities for LFUV

Discrimination tests: Q; & Bs 65

~ [0.045,1.1 03 H 1K
= <Q2>[ A very SM-like. ‘ IDI ”I ol
Potential as a control observable. 2 o2f || Iﬂ i
g ooaf -
A (11,6 - & :
= (Qr,)[ ] promising power of 2 wolberd | o q I ‘ |
discrimination. Especially capable 2 ) |I I 1
to distinguish the SM from hyp. 2 o I s Hl f
and the other NP hyp. -02f onfd ‘
= <B5>[0'045’1‘1] and <Bss>[o‘045,1.1] are o 70‘, A B i — v(j’ én—
very sensitive to hyp. 2. Capacity
to distinguish hyp. 2 from hyp. 1, lJyp- ?Sctﬁyd_ard {\Afdd
3 and 4 (if the experimental errors P o T
are small) Hyp. 2 G, = —Grop = —0-61
' aQr=-¢,=-10

Hyp. 4 Gy = —3Cpf = —1.06
Hyp. 5 6D fit bfp
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Future opportunities for LFUV

Conclusions
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Conclusions

Conclusions

B The SM is substantially disfavoured against other NP solutions.
= p-valuegy,(canonical) = 14,6% (p-valuegy, (LFUV) = 4,4%).
= 6D fit: Pullsys = 50.

B G, is still the most strong signal of NP, but now with increased
significance ~ 5.50.

B Several other NP hypothesis are also very favoured compared to the SM
(but all containing Gyy,).

B Our global fits also provide clear hints of LFUV.
= Framework for the definition of LFUV observables.
= Future measurements of these observables will help further increasing
the significances, plus clarifying the possible underlying type of NP.
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Conclusions

Thank you
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Conclusions

Backup Slides

ernat Capdevila Institut de Fisica d'Altes Energies (IFAE)

Patterns of New Ph transitions in the light of recent data



Conclusions

LHCb currently determines F; 1 using a simplified description of the angular
kinematics:

} — Jic (equivalent in the massless limit)

Then, to match this convention, the angular observables are redefined in the
following way:

—JQC N ch 4J25 7~ r
Fi= B = Fr= S Er=1-F
LT dr/de? LT dr/de? T~ dr/dg T L
J- A J- Je 2 J
P, = 8 — P = A3 P, = bs — P, = A65
2.5 2Js 8.5 825
Jo A Jo , Ja A Ja
P; = — — P3 = —— Ph=—— P = ——
4Jps 4 Y Ve ¢ \/ Jos e
P = 5 — Pl = S Ps = & — P = =
5= S 5= —— N ey LN T
2/ —JasJac 2/ Dosie 2V =Jasoc 21/ Jasic
Pl — Js P = s with Jos = (61s — Jrec — 2Jhs — Jac)
= = ————— hs = —(6J1s — J1c — 225 — Joc
\% _JZSJZC A /J25J1c 16
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Conclusions

Why is there a need to compute the predictions from IA-'L,T instead of F; 17
Let's consider the decay distribution

1 Sr+r 9
d(r +T)/d®? dQ 32«

[%FAT sin’ Ok + It_L cos? Ok

1
+ ZFT sin? Ok cos 20, — F; cos® Ox cos 20, + }

B With the current limited statistics, IA-_L7T and F; 7 cannot be distinguished
by LHCb.

B cos6% is the dominant term, so they extract F. and not F;.
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Conclusions

Scheme dependence

B Different possibilities for what to take as input for the two independent
soft FFs {§L,§H}
e.g. scheme 1 [DHMV] {V, a1A;1 + a2A>} or scheme 2 [JC] {T1, Ao} or...
= choice defines input scheme.

B Observables are scheme independent if and only if all the correlations
among FF are included.

= also correlations among Aar, Abr,...!

= Uncorrelated errors in AF" = scheme dependence at O(A/mg).
B Input FF do not receive power corrections

= Appropiate scheme choices reduce the impact of AF".

= Non-optimal schemes can artificially inflate the errors due to AF™.
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Conclusions

An illustrative example: BR(B — K*7)

B How a non-optimal scheme can artificially inflate the errors?
= Take BR(B — K™+) as an example:
BR(B — K™v) o T1(0)
= Natural choice: Choose an scheme where T; is used as input,
T1(0) = TEOR(0) £ ATICR(0) = ABR(B — K*v) < ATLER(0)

= "Wrong” choice: Use any other FF related to Ty as input (e.g. T2),
T1(0) = (T2°°%(0) + ar,) = (ATT®R(0) + Aar,)
= ABR(B = K*v) o« ATLR(0) + Aar,

B Unnatural scheme choices generate extra contributions in error
computations.
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Conclusions

Scheme dependence of P

Explicit analytic formulae for the power corrections to P; [CDHM]:

B Helicity basis,

2ay_ —2ar_  CM(Co, 1 Gy — C mym
P;P;|oc<1+ (G o = Co)  moms

&1 (Co,1 +Co )G L +Chy)
n 23\/0 — 237—0 C;ff(CQYJ_ Cg = Clzo) my 2ay, Cg«”
& (Cor + Co)CGg  +C)ms 61 G+ Gy

= We recovered the expression in JC12 + an additional term

B Transversity basis,

aa, +ay — 2a C(Co, 1 Gy — C2,
P‘;’::Péloc <1+ A1 v T (Go, 1 9, 10) mpmp

[ (C9L+C9||)(9L+C0) q?
Cay—av Gy an—an GGGy —Ch)  me
[ Go,1 + C9yH 5” (CQ,L + C9,||)(Cg I + Cm) My A
with Cg | = Ceff Qm:;mB Ceff and Cg’“ _ ;ff + 2m,7 Ceff
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Conclusions

Scheme dependence of P

B The FF ratio A;/V dominates P%,
= Convenient: scheme 1 [DHMV] {V, a1A; + a2Az}
= Inconvenient: scheme 2 [JC] {T1, Ao}

B Evaluating the expression for the power corrections to Pi at g°> = 6 GeV?
(around the anomaly),

aa, + ay — 2a ar, —a aa, — a
PL(6 GeV?) = P{|oo (6 GeV?) <1+o.1s ! EV L0142t 7 g73 A1£ V)
€1 I €

a,
= Scheme 1: P/(6 GeV?) ~ P}|o. (6 GeV?) (1 - 0.73:) = reduced errors.
L

a, — a .
= Scheme 2: P[(6 GeV?) ~ P{|o (6 GeV?) (1 - 0.73Al£v> = increased
€1

€errors.
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Conclusions

Correlations and scheme dependence of P

Assessing the impact of the correlations among power corrections (PC) +
scheme dependence,

PC Analysis PC Analysis PC Analysis

B AFM = FxO(N/mg) B AF" from fit to B AF" from fit to

~10% x F LCSR [BSZ]. LCSR [BSZ].

B correlations from B correlations from B correlations from
large-recoil sym. large-recoil sym. LCSR [BSZ]
=& AF™ uncorr. =& AF" uncorr. =& AF" corr.

P5[4.0,6.0] | scheme 1 [CDHM] | scheme 2 [JC]
(1] 0724005 | —0.72+0.12
—0.72+0.03 | —0.72+0.03
~0.72+£0.03 | —0.72+0.03

full BSZ —0.72+0.03

errors only from pc with BSZ form factors
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Disentangling cc loops from New Physics

NP and hadronic effects have different signatures on Cy:

B NP effects: universal and g-independent.

B Hadronic effects: transversity dependent and (most likely) g*-depedent.

Testing the g* dependence of the contributions to Cy by means of data,
B C}'" bin-by-bin fit to b — s£¢ data (assuming KMPW-like C5°(¢%)):

1'0:\“‘\“‘\““<“‘\‘,—

¢ (GeV?)
= Excellent agreement with a g-independent Cy ~ —1.

Conclusions
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Conclusions

Fitting a charm-loop parametrization to data

Following Ciuchini et al., we performed a fit of the charm loop contributions to
data using a polinomial paramatrization,

20— A0 (Y(q2))+ﬂ hO 4 q pD 4 q' RO q° 3
LR = LR @2 0 T 1Gev2' 0 T 1GeV4 0 T 1GeVs ' ©

B Non-zero h()\2)’(3) (A =+, —,0) introduce g*-dependent terms in Go.
= Disclaimer: C}'§ contribute to hl@’“)"“ = C"" x F(4?).

B Frequentist fit of h(;) to B — K™ puu data: using KMPW FF and without
including any charm-loop estimate to (7 9.

B Comparing hypothesis with increasing orders of the hy polinomials
(n=0,1,2,3), we conclude [CDHM]:
= Hypotheses with linear hy polinomials are the ones with better
improvement of the fit.
= Setting C)'" = —1.1 significantly improves the fit (already with hy = 0).
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