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Introduction

e Previously in Flavour@TH 2023:

— Local and non-local form factors are the main source of

uncertainties in b = s€€ decays ;

— Both follow the same analytic structure:
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Introduction and Outline

e | will cover three types of global b = s£€¢ fits:

— The fit of the local form factors using dispersive bounds
— The fit of the non local contributions charm loops

— The fit of WET coefficients based on experimental data

e Given the discussion we had so far [esp. during Jonathan'’s, Paoclo’s
and Martin’s talk], | will start with discussing the parametrization in
practice with A, > A*€¢€
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l. The method in practice
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Example with Ay = A(1520)84

e |nputs:
— LQCD estimates at g?> = 16.3 and 16.5 GeV?[Meinel, Rendon ‘21]

— no LCSR available
— use (loose) SCET relations [Descotes-Genon, M. Novoa-Brunet ‘19]

f(0)=0+0.2, g1(0) = 0+0.2, hi(0)= 0402,

hi(0)=0£02, F(0)/fi(0)=1%£02, £ (0)/g(0)=1%£02, (a7, Aqeo/ms)
91(0)/g1(0) = 1£0.2, hy(0)/h(0)= 1402, f(0)/hy(0)=1£0.2, ’

R

o 14 form factors: 17 parameters (N = 1), 31 parameters (N = 2)
21 LQCD inputs + 9 SCET relations: 30 constraints

o
\ _ 2*14 — 7 endpoint relations at g%max
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Example with Ay = A(1520)84

« N =1 does not give a good fit (p value ~ 0)

L
ABR 2022 N=1
ABR 2022 N=2

e Use an under-constrained fit (N>1) and N
allows for saturation of the dispersive bound
— The uncertainties are truncation order =
independent: increasing the order does not 1

change their size

e Same conclusions were found for A, > A
form factors [Blake, Meinel, Rahimi, van Dyk ‘22]
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[Ahmis, MR, Bordone ‘22]
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Phenomenology

Uncertainties are large but under control and systematically improvable

LHCb analysis confirmed the usual b = s€€ tension at low g2
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Il. Improved dispersive bounds
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Correlator and Helicities

« Main idea: Compute the inclusive eTe™ — bs cross-section and relate it to the
form factors [Bharucha, Feldmann, Wick ‘10]
Insertion of a scalar,

vector or tensor
current

+ other diagrams: loops,
quark and gluon
condensates...

e Usually, the correlator 111" (q) = i/d% el (0|T{J{f‘(:c),];’”(0)} 0)

is decomposed as:

v "q" =0 1 q"q" v\ =1
1% (q) = 1‘[( ) 4 D 1( - _g#)H1£ )
q — q
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Correlator and Helicities

Main idea: Compute the inclusive ete™ — bs cross-section and relate it to the
form factors [Bharucha, Feldmann, Wick ‘10]

Insertion of a scalar,

vector or tensor \:
current

+ other diagrams: loops,
quark and gluon
condensates...

e We suggest the more generic decomposition:

Hﬁl/(q) — Z EM(A)EV*(A!) H%A’X) (q2)

AN , “
g/ Polarization vectors
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Correlator and Helicities

e Main advantage:

— The OPE calculation is independent of the helicities:

(J= _ 170 _ b _ )
HF o HF |OPE o HF _ HF |0PE

Y |OPE OPE

— The calculation of Ref. [Bharucha, Feldmann, Wick ‘10] still applies!

— Remove spurious correlations between form factors:
e e.g. A; and A, now fulfill different bounds
o decorrelate completely B = K from (B = K*, Bs = o)
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Correlator and Helicities

e In equations:

— This is the bound used in the literature:
B—K*

00 1/2
(J=1) _ n ds /\km [ M M orre Q[AB—>K* 2]+32 MQM [AB—}K ]‘
XA |BK* V472 ~/(MB+MK 82(8 . Q2)3 ( Bt MKk ) | 1 | B K* |

— And this is what we propose:

o0

. 1/2
)| B — nB%K / dS Ak{n 4M2 MQ* |AB—>K* ]

A |BK* 2 SZ(S_QQ)S BT K

(Mp+M e )2
B K* - 1/2
(H) _n Ain ol AB—K*
D) = T / ds 5 s (M + Mic. )24 1

(Mp+Mp)?
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Local form factors fit

e With this framework we perform a combined fit of B— K, B— K* and B; = ¢
LCSR and lattice QCD inputs:

- B—>K:

e [HPQCD '13 and '22; FNAL/MILC '17]

e ([Khodjamiriam, Rusov '17]) = large uncertainties, not used in the fit
- B—>K*:

e [Horgan, Liu, Meinel, Wingate '15]

o [Gubernari, Kokulu, van Dyk '18] (B-meson LCSRs)
- B.—o:

e [Horgan, Liu, Meinel, Wingate '15]

e [Gubernari, van Dyk, Virto '20] (B-meson LCSRs)

e Baryonic decays should be added, but there are currently only few constraints
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e Bayesian analysis using EOS

e Implementation of the dispersive bound:

0 ifr <1
— 2log P(r) = {(T_1)2 o ’

5 otherwise,
(o)

/\\ 10% uncertainty on the OPE calculation
[Bharucha, Feldmann, Wick ‘10]

e To many constraint to perform an under-constrained fit
— Stability criterion: truncate the series expansion to N = 2, 3, 4 and compare
the form factor uncertainties
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o All the samples are considered to be correlated only via the dispersive bounds
e Since B— Kand (B— K*, B = o) are decoupled, we perform 3 separated fits
e B—K*and B; = ¢ samples are combined with a weighting procedure:

[W(TFB ?K)} / [d’-'" Pr ;\_w(?“)J [ (dispersive bound for I', A | rlpt + TFBK’K s :r)]

A T T

Integration over the Dispersive bound of the previous slide
B; = ¢ saturations PDF

Current-specific weight w7 H w 7"? ?K*
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Main conclusions:
« Fits are very good already at N = 2 (p-values > 77%)
e« LCSR and LQCD combine nicely and still dominate the uncertainties
e Progresses in LQCD will eventually make LCSR irrelevant (?)
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— N=2
B—K B—>K
0.0 0.5 1.0 0.0 0.5 1.0 00 0.5 1.0 0.0 0.5 1.0 00 0.5 1.0
ryv Tt A Tov riv To.A
B—>K
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 00 0.5 1.0 0.0 0.5 1.0
T|.A To.r riLT ro,AT T|.AT

e Saturations are small for N = 2, in agreement with [Bharucha, Feldmann, Wick ‘10]
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0.0 0.5 1.0 00 0.5 1.0 00 05 1.0 0.0 0.5 1.0 00 05 1.0

TtV Tt A To,v rLv Tp,A
0.0 05 10 0.0 0.5 10 00 05 10 0.0 0.5 10 00 0.5 1.0
T),A ro,r rLT T0,AT T\, AT

e The low saturations in r:yv and roy are probably due to large contributions in
the baryonic decays, as discussed in the first part of this talk
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Comparison plots

e For comparison purposes | normalize the 1.20
o o This work N =3
form factors to our N = 3 best-fit point ¥ LQCD (HPQCD 2013)
L L1517 F LQCD (FNAL+MILC 2016)
e Uncertainties for B = K are now well T LQCD (HPQCD 2022)
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Comparison plots

» For comparison purposes | normalize the N .
. . ! This work N =2
form factors to our N = 3 best-fit point | This work AV — 3
1.15 1 This work N =4
e Uncertainties for B — K are now well | £ wLQCD (HPQCD 2013) B
o/ ; : : < {1 F LQCD (FNAL+MILC 2016) -
below 5% in the physical region T 1] T Lqon aroen mm)
. = T
« We compare the different values of the = 1ol
truncation order N S + 14
< I F
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e
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Comparison plots

e For comparison purposes | normalize the 1,20 it _
o . | === BSZN=2 I
form factors to our N = 3 best-fit point ] This work N — 9
1.15-_ This work N = 3
e Uncertainties for B — K are now well | 3 This work N = 4 B
o/ : . . e ] LQCD (HPQCD 2013) —
below 5% in the physical region T 10 T raen e g
. ~< | T LQCD (HPQCD 2022 T
« We compare the different values of the < Lo ( )
truncation order N S T 1
fav] | F-1
* | also add the result of a usual Simplified % o S |
Series Expansion a la [Bharucha, g 1
Feldmann, Wick ‘10; Bharucha, Straub, ]
Zwicky ‘15 ] 0.90 -
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Generic result

1‘20||I...|I||||I....I||||I...|I||||
] —-- BSzN=2
1 This work N = 2
1.15-_ This work N = 3
This is the generic result, namely: ~— This work N =4 _
% 10 ] + LQCD (HPQCD 2013) —
— . . 71 F  LQCD (FNAL+MILC 2016)
e N =2 shows a peculiar behaviour So | T oo (HPQoD 209 _
o no =

e For N > 2 the uncertainties are stable g 1

= -

e BSZ is a good approximation in the = 100 LI
physical range, but underestimates the = ~ 1
uncertainties at negative g° 0.95 -

0.90
—I5 a (I) B é B I1I0l B I1I5' a IQIOI B '25
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— The dispersive bounds stabilizes regions of the phase space with few theory
constraints
— This is particularly useful at negative g% to estimate the non-local form factors
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Gaussian and non-Gaussian behaviours

« For N = 2, the bounds are not - | ™ |
saturated and the parameters ) L Ty | L ™
follow Gaussian distributions to a

good approximation (perplexities > e e e e rer e SR e e e

FT.B—KBFW2010
it

95%) "

o Already at N = 3, distortions of the /
distribution are clearly visible S
'00-1,0 jiE,BHIO{V‘?BFWZO(;Em 10 _Lm-m 05 00 05 Lo
B — K tensor =
parameters

0.2

N=3

1.0 —C;,E\ O,‘O O,‘E 1.0
fT.B—K BFW2010
3

Méril Reboud - 11/05/2023 24




Where to find our results

e All the plots are available here: https://doi.org/10.5281/zenodo.7919635

e We also added

— the updated posterior distributions for N = 2 in our parametrization
and using a SSE as YAML files

— All the tools/documentation to reproduce our results
e These results are also available in EOS v1.0.7:
— /eos/constraints/B-to-P-P-form-factors.yaml

— /eos/constraints/B-to-P-P-form-factors.yaml
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lll. Parametrization of non-local form factors

— | will stick to the conclusions of our paper and defer all discussion to
this afternoon’s session
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Non-local form factors

meMB

ALR(B 5 Mytt) = N {(cg T Co)FA(P) +

[cm () = 1657230,/ )]}

Hulk,a) =i [ e T (IR T (), GO Bl + )

e Problematic because they can mimic a BSM signal!

— H ) can be interpreted as a shift to C, and C;

— This shift is lepton-flavour universal (as now seen in the data)
 Notably harder to estimate, no lattice computation so far

« Different parametrizations are suggested
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Theory inputs

‘H » can still be calculated in two kinematics regions:

2 2
* Local OPE |g| = m, [Grinstein, Piryol ‘04; Beylich, Buchalla, Feldmann ‘11]

* Light Cone OPE qz < 4mc2 [Khodjamirian, Mannel, Pivovarov, Wang ‘10]

C .
LO and as corrections \ / Non-perturbative soft\
b s c gluon corrections
[Gubernari, van
@ c .
[Asatarian, B M
b s b s Greub, Virto ‘19]
N g )

Dyk, Virto ‘20]
2N

_ e, | -
s !

0 (Me-mum)? (Mg + my)? g?
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Analyticity properties

Hukoa) =i [ d'z e (1 BIT{T™ (2).C.0) Bla + )

J/Y and
Physical region P(2S) poles DD branch cut
——&W
g 4mp’ (Me-mu)?  (ms+mu)? g2
Analyticity properties of the Q. dependent part: c

e Poles due to charmonium state Palr
« Branch cut in the physical range due to on-shell D

meson production: B— MDD B M
e The branch cut in k? makes the coefficients of the z- <

expansion complex-valued
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Parametrization of the charm loop

« Still focusingon B— K, B— K* and Bi = ¢ [Gubernari, MR, van Dyk, Virto ‘22]
Inputs: e
0.000121 £ B(B— KJ/p)
— 4 theory point at negative g* from the £ Goova
light cone OPE — B K
— Experimental results at the J/y (we keep %
P(2S) for future work) = '
g0.00006-
N

« Use again an under-constrained fit (N = 5) and
allows for saturation of the dispersive bound

— The uncertainties are truncation order —__.__-—>
independent, increasing the expansion order

.S gE——
does not change their size R e
¢* [GeV?]

— All p-values are larger than 11%

Méril Reboud - 11/05/2023 30



SM predictions

» Good overall agreement with previous theoretical approaches [Beneke, Feldman, Seidel ‘01 & ‘04]
— Small deviation in the slope of B; = ¢uu

 Larger but controlled uncertainties especially near the J/{
— The approach is systematically improvable (new channels, {(2S) data...)

g X107 . . N x1077 . . — X
QCD factorization 1.4 4 QCD factorization QCD factorization
& 6] This work o This work This work
‘> BN Experimental J/1) veto |>_ 12 B Experimental J/vr veto B Experimental J/vr veto
5 —_
< | Bo K Bs — ¢
S S KL s Hp
~*] o8
= =
S 37 o 0.6
& .
1 B— Kuu 3
& : Q-
5 .| (Updated with HPQCD ‘22) —
1 2 02
=
0 T T T T M n-n T T T T
2 4 6 8 2 1 6 8
2 2
¢*[GeV?] ¢’ [GeV7]

Méril Reboud - 11/05/2023 31



Comparison with data

. . Experimental results:
« Conservatively accounting for the non-local form (5215 1204.3933: Belle: 1908.01848,

factors does not solve the b = sy anomalies 1904.02440; ATLAS: 1805.04000, CMS:
1308.3409, 1507.08126, 2010.13968,

e The largest source of theoretical uncertainty at LHCb: 1403.8044, 2012.13241,

low g?2still comes from local form factors 2003.04831, 1606.04731, 2107.13428]
7 XlO_S 1 1 L L }4.10_5 i }.410_4'
SM prediction / - BSM best fit 1.4 - ',' === BS5M hest fit
?.]—. === BSM best fit ET'_. ‘ === BSM benchmark e ] ==="BSM benchmarlk
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=z B — K M @ e 2o c i =2 LH(,?h 2016 % 2] : B L“‘r"ﬂ“?m
<] BH Babar 2012 225 \ B Belle 2019 <3 l{
g 5 T FH Belle 2019 ’g o l: B oMS 2013 T 1.0 - i
ﬁ% { i '\'{':".f‘:: \ FH  ©MS 2015 ?"j;:ns- i BS — ¢M/’L
9 . . - L i o 14 e — ] L o I\
~= i i e~ = 0.6 4
s s | EE = ':fi:i,—‘ : = | Y
=34 ___ - - = B¥ e Lo = N ———
<1 E?-;'_—""““ Erad 3 Rein - is |5 o4 o
k RS e~ T
S ,] o - il S B — K*uu & 02 ==
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Effect of HPQCD 2022

With Khodjamirian-Rusov 2017

[ _ 0
| This work N =3 .
0.7 1 without HPQCD 2022 === BSM best fit
| £ LQCD (HPQCD 2013) [ 574 ~—- BSM benchmark |
| — . y
F  LQCD (FNAL+MILC 2016) t . B KI,L/,L SM !}redlctmn
— 064 T LQCD (HPQCD 2022) Al é . B LHCb znm
> LCSR (KR 2017, not used in the fit) =, B8 Babar 2012
>y 5 FH Belle 2019
< p = .
T 4 s T
N+05 TS |
S ///f a= b l !
/ ead
__] .
Nb.‘ I % — T —— T
~—r ] - ————— )
QS 0.4 = .
] e 31 E
T === M _J[__ 1 T 1
| £ S B
0.3 o 2 |
-5 0 5 10 15 20 25 2 4 6 8
2
¢* [GeV?] q* [GeV?|

[Gubernari, MR, van Dyk, Virto ‘22]
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Effect of HPQCD 2022

With HPQCD 2022

S —— e I . Xlo—l5
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IV. BSM analysis: proof of concept
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BSM ‘proof-of-concept’ analysis

e A combined BSM analysis would be very 2 N e :
CPU expensive (130 correlated, non- 20 - Ky B ||
Gaussian, nuisance parameters!) ' W |

« FitC and C , separately for the three 1.05
channels: '

0.5 1

~ B K +B, = iy

BSM
Re Cpp

- B> K*pfu —0.5
— BS - (pl.,l+|.,l -1.0

-5 -+ !
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Accounting for:

Effect of HPQCD 2022

o« CMS’ B, = W' measurement [2212.10311] — SM-like, C1x*" — 0
« HPQCD ‘22 B — K form factors
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0.5

BSM

0.0

—-1.5

2.0 7

1.5 1

1.0 A

—1.5 4

—1.0 4
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BN B Kpp+ B, —pp |

Bl B K*pp
BN B, — oup

-2 -1 0 1
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Conclusion

Discussing BSM models requires a solid understanding of the hadronic physics:
e Local form factors uncertainties can be controlled and reduced by using improved
dispersive bound and a appropriate parametrization
— This is the first global analysis of b = s form factors
— ltis reassuring as it confirms channel-specific analyses...
— ...and promising as dispersive effects start to be visible
e Non-local form factors can also be constrained by theory calculation and
experimental measurements
— In both cases:
— Uncertainties are still large, but controlled by dispersive bounds
— Our approach is systematically improvable
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Back-up
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