[ Cracke in the Standard Model? A fresh look at the B anomalies:]
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E ffective Field Theorieg & Flavour

Lagrangian: Cutoff scale Local operator

Param eter - a monomial in fields and derivatives

. LS
ZL(x) = Z Cps A%_dlm@ O(x)

Physical effects ~ (A




Flavour & BSM Phygice

.%3 1 Generic Flavor Structure [ NMFV
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Generic source of Flavour / CP violation —> high NP scale
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'WHAT IS AN

“ANOMALY?

ChatGPT

An anomaly refers to something that deviates from what is standard, normal, or expected. It can

be a deviation from a pattern, behavior, or occurrence that stands out from the typical or

anticipated norm. Anomalies can occur in various contexts, such as in data analysis, scientific

observations, natural phenomena, or even in human behavior.



ARE THESE (INTERESTING)
ANOMALIES ? ..
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Semileptonic Rare B decayg

® [lavor Changing Neutral Currente (FCNCe)

i for
NP!

— only @ loop level in the SM
— GIM guppresged




Semileptonic Rare B decayg

Rk low-g* =0.994700%
Ry central-g> = 0.949709%%
Rge  low-g? = 0.927700%

Ry~ central-¢?
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W) Check for updates

Test of lepton universality in beauty-quark decays

LHCb collaboration*

The standard model of particle physics currently provides our best description of fundamental particles and their interactions.

The theory predicts that the different charged leptons, the electron, muon and tau, have identical electroweak interaction 9

strengths. Previous measurements have shown that a wide range of particle decays are consistent with this principle of lepton X = 1-6, P = 0-812, =02
universality. This article presents evidence for the breaking of lepton universality in beauty-quark decays, with a significance

of 3.1 standard deviations, based on proton-proton collision data collected with the LHCb detector at CERN's Large Hadron

Collider. The measurements are of processes in which a beauty meson transforms into a strange meson with the emission of

either an electron and a positron, or a muon and an antimuon. If confirmed by future measurements, this violation of lepton uni- .

versality would imply physics beyond the standard model, such as a new fundamental interaction between quarks and leptons. Ry Iow—q2 Ry Centra,]_(f Ry 10W_q2 Ry central—q2




... [HERE WERE EXCITING ANOMALIES ...
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SHOULD WE (STILL) GET EXCITED?
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NITERLUDE! ANATOMY OF B —>

(%) £+{-

had ‘4(;l7 Pl = (5pvTpr)(Pry"Tbr)
He]?f = —— E )\p Clpf -+ Cgpg -+ E C,P; + ngQgg Py = (S.vupr)(Pry"br)
V2
p=u,c i=3,...,6 SLYubL) Y o(@")

(5
(
PgZ(
(
(5
(3

P =
sty _AGE 100 L D0 L Do L o0 L ahan | S
Heff \[ —=At| Oy Q77 + Cy ng + Oy Q10A +Cs QS +Cp Qp P, —
[ 7y
Y,Z l_ %]l_ QSQ
W E—
> Q9V
b S b = S

Process energy scale is O(m,;,) < O(vgy) —> EFT a la Fermi

SM matching & renormalization group effects known @ NNLO. @p

5.y, Tbr) Zq (y*1Tq)
LYu1Vu2Yusbr) Y o(@r* 27 g)
LY Vu2YusTbL) Y o(@y* y*24*3T )

e
1672

1(%mbgaw,PRG%

1650 1 PRF b

Ckem = n
T (5, PLB) ()

Ckem = n
T (53 Pob) (E79°0)

Cem mb

o (5PRE) ()

Cem, mb

— (5Pgb)(£7°0)

4T mw



NTESRLUDE: ANATOMY OF B —> K(%) £+
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NITERLUDE! ANATOMY OF B —>

(%) £+{-

AG b=
had F p
Heff — W Z )‘p [01Pf+02pg—|— Z CiPi+C8gQ8g] P2 _
p=u,c 7/:3,,6 P3
Py
ety 4GF)\ C() LoV L a0nl) cDoY L oot b5
eff ok Q74+ Cg Qo + C1gQi0a +Cs Qg +Cp Qp "

Low-energy physics from two sets of contributions:
v [ AtV (PTUILS ™ @A O) B

0 Matrix elements of four-quark & QCD dipole
‘# operators —> non-local hadronic correlators, h/l

YT pr) (P T br)
LYuPL)(PrY"bL)
%bL)Z (@"q)
5.y, Tbr) Zq (y*1Tq)
LYt Vu2Vu3br) Y o (@ 72 4#3q)
LY Yu2VusT0r) Y | o(@y* y*2y*3T )

S
&

(5
(
(
(
(5
(3

€

Q77 = 167T2mb§UHVPRFW/b
Doy = %mbgawPRGM"b
Ofem — n
Qoy = 1 (57, PLb)({y"1)
T
Ofem — n
Quoa = (57, PLb) (ey"4°¢)
Aem mb
_ Pob)(0f
Qs p— ——(5Pgb)(40)
Qo T
Op = = mvbv (5Pgb)(£~1°0)



NTESRLUDE: ANATOMY OF B —> K(%) £+

Building blocks are helicity amplitudes, which generally read as:

Short-distance order-of-magnitude: Csy 7 ~ -1/3, Csuwg ~ 4, Csm10 ~ -4

The main sources of uncertainties stem from form factors &
long-distance effects encoded in such hadronic correlators.



Form FacTtors ForR B —> V/(P) £+¢-

This work N =3 This work N =3 This work N = 3
0.7 without HPQCD 2022 i LQCD only [ 061 LQCD only
{ LQCD (HPQCD 2013) 061 I LCSR (GKvD 2018) [ ' 1 LCSR (GvDV 2020)
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QCD Light-Cone Sum Rules (LCSR) —> feasible @ low g2, not first-principle

Lattice QCD —> feasible @ high g2, difficulties with unstable mesons (e.g., K¥)

Region of Interest B,” pole BM branch cut
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KNowN UNKNOWNS IN B —> K(*) £+¢-

\ (Scyuer)(eny"br)

i) Light-cone sum rules (LCSR)

i) Single soft gluon approximation

i) Extrapolation to cC resonances

Large Recoil (low q2) Low Recoil (highq?) |



Anomaues N B —> K™ yuu 2
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B ANOMALIES : "EVIDENCE”™ FOR NEW PHYSICS

C'=1[-1.89, -0.62]

2025 update of Eur.Phys.J.C 83 (2023)

Assuming small long-distance effects,
in a 2025 global analysis of b — s£¢

Cou=1-131, ~0.81 New Physics is at more than 5o level
. ~NP . ~NP -
in Cg,ﬂ and 30 in Cy,, compatibly
S with Lepton Flavor Universality.

ONP = [—0.55,0.34] y

KAl
LR

Ciy= [-0.12,0.36]




IN 2022, this Clas§ 1) LCSR at qz <0
of charming penguins |
has been re-estimated 2) 2 - expansion w/
—> tiny contribution! B — M J/y data

[ JHEP 09 (2022) 133 | 3) dispersive bounds
based on cuts in g2

BSM best fit

QCD factorization

c'\ll_' This work 0.75 - \\ BSM benchmark [
19 - B Experimental J /v veto i e SM prediction
LHCb 2020

ATLAS 2018




LHCDb recently extracted non-local effects from data [PRL132 (2024) 13]
using an ansatz based on the analytic structure in [JHEP 09 (2022) 133]

- Non-local function follows [JHEP 09 (2022) 133]
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LHCb recently extracted non-local effects from data [PRL132 (2024) 13]
using an ansatz based on the analytic structure in [JHEP 09 (2022) 133]

- Non-local function follows [JHEP 09 (2022) 133]

1—2zz,, 1—2z, N n
Hy(z) = — 2 M) A(), @) =632 ayp
R

2= 4pp £ Lap(25)

| see discussion in ]

Rescattering from intermediate on-shell hadronic states.
These effects are NOT captured by analytic cuts solely in 2.

[ i.e., anomalous thresholds, see JHEP 07 (2024) 276 ]



TRIANGLES & ANOMALOUS THRESHOLDS

PRD 111 (2025) 9

from

HHChIPT
D} - K
B D*
/Ny

from data \

from HHChiPT
+ QED

Pheno estimate extrapolating Heavy Hadron ChiPT to region of low 032
points to O(1%) effect at the amplitude level ... but it could be way larger!

Anomalous thresholds easily yield O(10%) effects (maybe even O(1)?)
— distortion of the analytic structure implies “new” dispersion relations
— DD, DD*, D*D*, D,D;, etc. challenging for pheno analyses
see JHEP 07 (2024) 276



B ANOMALIES : A DATA DRIVEN APPROACH

Just Taylor-expand correlators h/1 and fit coeffs to data!
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B ANOMALIES : ~ 2 YEARS AGO

QCD ONLY

HEP{T

QCD ~ LEPTON UNIVERSAL NP



B ANOMALIES : WHERE WE ARE !

QCD ONLY

1 2025 update of
HEPT
2
N I N ——
5
—2 0 2 4
D\~ NP
Re(hl’) ~ —CyY

QCD ~ LEPTON UNIVERSAL NP



B ANOMALIES : "EVIDENCE™ FOR NEW PHYSICS

Cyl. = [—7.46,6.37]

2025 update of

Allowing for sizable hadronic effects,
in a 2025 global analysis of b — s£¢

Cope= [-0.28, 1.12] there is no evidence for New Physics.

Cgf_ , probes direction orthogonal to ng

and it is compatible with 0 well within 2o.

Cil = [-0.70,0.39]

Ciiy,= [-0.27,0.55)]

NP NP NP NP
09,u+e C, ClO,e Cl(),,u



B ANOMALIES : WHERE TO GO

—
'jl_ TAME HADRONIC EFFECTS FROM FIRST PRINCIPLES

» Charming penguins may be computed on the lattice at large g2 via the .
 HLT method — PRD 108 (2023) 7 — see C.Sachrajda @ BFA 2025. :

requires generalization of

current dispersive bounds.
— see PRD 111 (2025) 3 —

Extrapolation to low g2 region \ £ map



https://agenda.infn.it/event/44057

B ANOMALIES : WHERE TO GO

B
'jl_ TAME HADRONIC EFFECTS FROM FIRST PRINCIPLES

Charming penguins may be computed on the lattice at large g via the .
+ HLT method — PRD 108 (2023) 7 — see C.Sachrajda @ BFA 2025. :

Extrapolation to low g2 region N\ 2 map
requires generalization of |

current dispersive bounds.
— see PRD 111 (2025) 3 —

#2| COLLECT MORE DATA, MEASURE NEW OBSERVABLES

J Test AC, dependence on

. z}f _______ dr ks S |- ™ 1 Q£? binning, polarization of final
1| - state, for different channels.
4 — see EPJC 84 (2024) 5 —

[(l2 23 D4 U5 el U D
bin ¢* (GeV?)


https://agenda.infn.it/event/44057

B ANOMALIES: A « FUTURE

| SM from DHMV
® LHCbRun1
[J Phase-ll Upgrade

LHCb upgrade(s) will allow us to probe precisely
the g2 dependence in the angular analysis ...

—> pin down effects from hadronic physics

Upgrade |
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Belle Il is already delivering interesting results!
A POSSIBLE NEW INTERESTING ANOMALY ...

Belle II

v

: : | __o— Belle IT (362 fb!, combined)
. | 2.340.7 This analysis, preliminary
. 1
;__O_I_l Belle II (362 fb!, hadronic)
- 1 1.1+ 1.1 This analysis, preliminary
: N Belle II (362 fb!, inclusive)
. | 2.7+0.7 This analysis, preliminary
. 1
. . -5 Belle IT (63 fb!, inclusive)
: : 1.94+1.5 PRLI27, 181802
- Belle (711 fb™!, semileptonic)
E 1 1.040.6 PRDY6, 091101
: : ° Belle (711 fb!, hadronic)
: : 29416 PRDS7, 111103

—iel- BaBar (418 fb!, semileptonic)
: : 02408 PRDS2, 112002
s BaBar (429 fb!, hadronic)
: ] 15413 PRDS7, 112005
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10°x Br(BT"—K " vp)
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B ANOMALIES : D2

2110.10126

Belle

w == CMS
= ATLAS
s | HCb
data driven
~ based on [34]
based on [67]

¢* [GeV?

r34. M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco, ‘
A. Paul, L. Silvestrini et al., Hadronic uncertainties in
semileptonic B — K*uTu~ decays, PoS

L BEAUTY2018 (2018) 044, [arXiv:1809.03789)]. A

r67. A. K}iodjamirian, T. Mannel, A. Pivovarov and Y.-I\ﬂ
Wang, Charm-loop effect in B — K0T ¢— and
L B — K*~, JHEP 09 (2010) 089, [arXiv:1006.4945]‘




EXTRACTION OF HADRONIC EFFECTS

7
data driven based on [67] C(?CDF
6 - data driven (2015) based on [34] CSD
e
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—
NQ“
— 4 i
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2 3 i /
2 -
1 -94
| T

¢* [GeV?]

51' M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco, ‘ r67. A. KHodjamirian, T. Mannel, A. Pivovarov and Y.-l\ﬂ

A. Paul, L. Silvestrini et al., Hadronic uncertainties in Wang, Charm-loop effect in B — K)0+¢= and
semileptonic B — K*uTp~ decays, PoS o i o » o
k BEAUTY2018 (2018) 0dd, [acXiv: 1809, 03789]. A L B — K*~, JHEP 09 (2010) 089, [arX1v.1006.4945]‘




Phenomenological

Data Driven

PROJECTIONS (@ 50 fb-1

(Hurth et al." 17 + Albrecht et al.”17)

|ACNp| = 0.90f8j§8

DEGENERATE
WITH NP!

R x 10° = 1.5310.97

@\)LE Op
7HUM®

Scaling LHCD stat
errors roughly of 1/6

QCD

)| % 10°

(2

A

|ACxp| = 0.967022

PREVIOUS
DEGENERACY
BROKEN!

J1h®) x 10° = 1284972

[ arXiv:1809.03789 |




