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Introduction - Current Landscape

» More than a decade of LHC data
» Both clearer and more puzzling picture of fundamental interactions
» The Standard Model has passed an extraordinary number of tests

» No clear evidence of new particles at the TeV scale
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Introduction - Current Landscape

» More than a decade of LHC data
» Both clearer and more puzzling picture of fundamental interactions
» The Standard Model has passed an extraordinary number of tests

» No clear evidence of new particles at the TeV scale

The key facts characterising the present situation:
- The SM has been confirmed

Higgs discovery, and measurement of its properties (mass,...)

- No new particles have been seen so far
“Probably” a mass gap above the SM spectrum
with no clear signal of new states below roughly the TeV scale
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Open Questions in the Standard Model

Despite its success, the SM leaves many questions unanswered, in particular:

@ Dark matter and cosmological problems

@ Theoretical questions regarding the inner structure of the SM
— Flavour problems

- Why do fermion masses span five orders of magnitud ~

- Why are quark mixings hierarchical?

- Why is the top Yukawa of order unity while others are tiny?

The SM describes flavour extremely well, but does not explain it
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Open Questions in the Standard Model

Despite its success, the SM leaves many questions unanswered, in particular:

@ Dark matter and cosmological problems

@ Theoretical questions regarding the inner structure of the SM
— Flavour problems

- Why do fermion masses span five orders of magnitud ~

- Why are quark mixings hierarchical?

- Why is the top Yukawa of order unity while others are tiny?

The SM describes flavour extremely well, but does not explain it

— flavour physics has become a central component
of the broader program of indirect searches for new physics.
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Indirect Searches for New Physics

The absence of direct discoveries does not imply the absence of new physics
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Indirect Searches for New Physics

The absence of direct discoveries does not imply the absence of new physics

Instead it motivates a complementary strategy:

precision measurements and indirect probes
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Flavour physics as a precision frontier

Key point: flavour observables probe virtual effects of heavy particles.

If new states exist at some scale A, they modify low-energy amplitudes through
higher-dimension operators:

G
Lo =Lsu+) 150

Even when A is well above the energy reachable at colliders, the corresponding
operators can generate measurable deviations in:

> rare decays
» CP-violating observables

» flavour-changing neutral currents
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What makes flavour powerful

1. Suppression in the SM

Many flavour transitions occur only through:

- loop processes
- CKM suppression

- helicity suppression

This makes them extremely sensitive to small BSM contributions.
2. Theoretical control

For a number of observables (for example certain leptonic or semileptonic decays),
theoretical uncertainties are sufficiently small to allow percent-level tests of the SM.

3. Experimental perspective

Several experiments and many measurements.
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Experimental situation
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Theoretical framework

Effective field theory

Har == EVVe (3 (GO0 + C00l()

Separation between short distance (Wilson coefficients) and long distance (local operators) effects
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Theoretical framework

Effective field theory

Har == EVVe (3 (GO0 + C00l()

Separation between short distance (Wilson coefficients) and long distance (local operators) effects

Operator set for b — s transitions:

4-quark chromomagnetic electromagnetic semileptonic
operators dipole operator dipole operator operators
b s
O1..6 09,10
Og O7 b s
b —FI%;— s b —»—T s
Vas
q q g Y =
O1,2 o (5T ,c)(EMHb) Og o (301 T?PR)Gj,  O7 o< (50VPR)F, Of o< (37" by ) (L)
O34 o (3T 4b)Y (@) Ol o (597 b1) (Frus?)

+ the chirality flipped counter-parts of the above operators, O!
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Wilson coefficients

The Wilson coefficients are calculated perturbatively and are process independent

Two main steps:

o matching between the effective and full theories — extraction of the CF (1) at
scale u ~ My

G (1) = CO () + # GV () + -+

s

o Evolving the Cf (1) to the scale relevant for B decays,  ~ my using the RGE
runnings.

SM contributions known to NNLL (Bobeth, Misiak, Urban '09; Misiak, Steinhauser '04, Gorbahn, Haisch '04;

Gorbahn, Haisch, Misiak '05; Czakon, Haisch, Misiak '06,...)

G = —0.294 Co =4.20 Cio = —4.16
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Hadronic quantities

To compute the amplitudes:
A(A = B) = (B|Her|A) = <& 37 \i Ci(1)(B|Oi| A) (1)

(B|Oj|A): hadronic matrix element

How to compute matrix elements?

— Model building, Lattice simulations, Light flavour symmetries,
Heavy flavour symmetries, ...

— Describe hadronic matrix elements in terms of hadronic quantities

Two types of hadronic quantities:

o Decay constants: Probability amplitude of hadronising quark pair into a
given hadron

@ Form factors: Transition from a meson to another through flavour change

Once the Wilson coefficients and hadronic quantities calculated, the
physical observables (branching fractions,...) can be calculated.
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b — s¢t¢~ transitions: B — K*putpu~

Angular distributions K-
The full angular distribution of the decay N N B \*&\

B° — K*%¢t0~ (K™ — K~ ") is completely \
described by four independent kinematic variables: " +

q* (dilepton invariant mass squared), 6;, O+, ¢
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b — s¢t¢~ transitions: B — K*putpu~

Angular distributions K-
The full angular distribution of the decay - B \},ﬁ

B° — K*%¢t0~ (K™ — K~ ") is completely \
described by four independent kinematic variables: " +

q* (dilepton invariant mass squared), 6;, O+, ¢

Differential decay distribution:

d*r _ij( 2 00,0 )
dg? dcosf, dcosbx-dp 32w q Ve, 0k~

J(q27 927 eK* ; d)) = Zi J’(qz) f}(efa gK* 5 ¢)
™ angular coefficients J1_o

™ functions of the spin amplitudes Ao, Aj, AL, A, and As
Spin amplitudes: functions of Wilson coefficients and form factors

Main operators:

e2 2

Os = oy (37" bu)(Pyul), Or0 = gz (37 bu)(Dyust)
Os = 153 (57b3)(I0),  Op = 155 (57bR)(Dysl)
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B — K*pu" = observables

Optimised observables: form factor uncertainties cancel at leading order

1 Join 99°[J3 + J3] 1 fyn 4% [Jos + Jos]
(Prjbin = 5 o — 57 (P2)pin = £ 20— o ————
2 fbin dq [J25 + J2s] 8 fbin dq [J2s + J25]
1 T 1 .
Pi)bin = dq?[Ja + J PlYpin = da?[Js + J
(Pa)n N o @ [Ja + Ja] (Ps)n N o 2 [Js + J5]

—1 _ _
P ir.:i/ dq?[J7 + F Py bin = / dq?[Js + J;
(Pé)b N Join q°[J7 + 7] (Pg)b N o q°[Js + Js]

with
M = \/ = Join @92 [J2s + J2s] [, dG2[Jac + Jac]

+ CP violating clean observables and other combinations
U. Egede et al., JHEP 0811 (2008) 032, JHEP 1010 (2010) 056
J. Matias et al., JHEP 1204 (2012) 104
S. Descotes-Genon et al., JHEP 1305 (2013) 137

Or alternatively: _
Jigs,c) + Jigs,c) , . Sas.8

Sf:i‘y P4,5,8_7
L+ V(A= F)
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New LHCb Results

LHCb with 8.4 fb™* (configuration 2), Nov. 2025

S
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LHCb, arXiv:2512.18053
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Issue of hadronic contributions in a nutshell

Effective Hamiltonian for b — s#* ¢~ transitions: He = 'Hgfafd + H;%:f
Matrix elements of B —» K*£* £~ decay:

1GE
V2

Mol = -

vavi[ 3 ol ()
i=7,9,10

i

(K*0+ 0~ |HSk|B):

=> B - K" form factors V,Ag, , , Ty 23 or alternatively V3, T3, S (1 = helicity of K)

Helicity amplitudes: 5
- 2124
Hy(\) ~ —i N’{((".. —COWA(?) + m—“[ﬂ

F e =]}

mp

Ha(\) = =i N'(Cro — Clo)Vala?)

o (2mery ms\ =,
HP:I‘N,{#((— 1(1*('10)(1* <)5<‘12)}
q my
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Issue of hadronic contributions in a nutshell

Effective Hamiltonian for b — s€* ¢~ transitions: Her = Hiad + HoL

Matrix elements of B » K*£* £~ decay:

] 1Gp .. ., i i -
bl == ZEVVa[ 3 Cimoin) + Cs(n)0s(n)

Hep = -
V2 i=1..6

(K=e+e~|HE9|B):

Hé’fé}d contributes to b — s#£ through virtual photon exchange = affect only the Hy, (1)

Ih(,\usﬂ‘\"{‘;’ — ,Lw'-’””g o H

(/-) mp
Ha(\) = —i N'( -

. 2 memy Mg
Hp =i N'{ =5 )(1+22) 5044}
q- my
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Issue of hadronic contributions in a nutshell

Effective Hamiltonian for b — s £~ transitions: Heg = HL‘E‘I + Heﬂ

Matrix elements of B > K*£* £~ decay:

e:
Hlad = \/gvu,vg { 3 CilmOi) + Cs(1)Os(p)

i=1...6
(K-e+e~|HB%|By: A=Y

2 . " . _ —
— Z;_’_) /d41‘8—1q-1'<€+£—‘jﬁm.lcpt(l,)‘o> X /d-ly81(]-;}([{;‘T{jcm.lmd.;z<y)rHi\§d(0)HB>

In general “naive” factorization not applicable

- m2, 21y
Hy(\) = —i N { — ) 5 ( ) J}

¢ Lmp
HV\(/\\*f/ \.,( w
o [ 2y Mg\
Hp =i N'{ =M 0 = ) (14 22 5(07) )
q= my
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Issue of hadronic contributions in a nutshell

Effective Hamiltonian for b — s€* ¢~ transitions: Her = Hiad + HoL

Matrix elements of B > K*£* £~ decay:

had 4GF
Hep =— 7

Vi

Ci(1)Oi(p) + Cs(41)Os (1)
i=1...6

2 i ) _ —
_ Z:]_Q /d4x€—zq-1:<[+€f U:lm,lopt (CL) ‘0> X /d-ly 81(]-5/([{;‘T{jvm.had,u(y)/Hggd(O)}‘B>

7 - had|py. had
(K e* ¢~ |HE3|BY: Al =
e, . ) A A 9
— —QFNL‘\,[ Y(¢")Vy +LOin O(F" o )+ ha(q®) }
Lh K
power Corrections. llﬂk!]()\’v’]l

fact., perturbative

Hy (\) = —i \'/{( -

Ha(\) = —i N'(
2///‘4//7,‘

Hp = /,\’{ p

RPP,
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Issue of hadronic contributions in a nutshell

Effective Hamiltonian for b —» s#*#~ transitions: Hegr = H‘;;d + L

Matrix elements of B — K*£* £~ decay:

4G
phad — \/EFV,g,V,I[ Y~ Cim)Oilm) + Cs(p)Os(1)
i=1...6

(R e+ 07 [HEE|BY: AL = =i [ataemim e mien ()0 [ty et iy to o w00} 5)

qs .
2
. . A A )
*)—.zq,Lﬁf[ Y(@)Vy +LOinO(—, —)+ ha(g?) ]
q my Eg
N———
fact., perturbative _non—fact., QUDf power corrections, unknown
1] . _’,’
.
(C5"=Cy+Y(¢))

Helicity amplitudes:

7
1
’
7
7
7
7
4

off

‘!l
v
(€57 = T — 167 Na ()| }

_ 2 9,
Hy(\) = —,‘A\'/{((—,;] — (@) + mf [ my

¢* Lmp
Ha(\) = =i N'(C19 = Clo)Va(d?)

[ 2memy, y Ms\ &,
Hp = ,A\‘/{#((, o —C ;‘,)(1 + ﬁ)swz)}
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Recap: Hadronic contributions

Local contributions

Local contributions arise from local operators in the weak effective Hamiltonian

The dominant ones for b — s¢* ¢~ are the semileptonic operators Og, O10, and the
dipole operator O

The hadronic matrix elements can be written in terms of form factors

The hadronic uncertainty is entirely in the form factors, which can be computed on the
lattice or evaluated with QCD sum rules.
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Recap: Hadronic contributions

Local contributions

Local contributions arise from local operators in the weak effective Hamiltonian

The dominant ones for b — s¢T ¢~ are the semileptonic operators Og, O10, and the
dipole operator O

The hadronic matrix elements can be written in terms of form factors

The hadronic uncertainty is entirely in the form factors, which can be computed on the
lattice or evaluated with QCD sum rules.

Non-local contributions

Non-local contributions come from insertions of four-quark operators into the amplitude,
with a photon emitted and then converting into the £7 ¢~ pair

This generates long-distance effects, especially in the regions of dilepton invariant mass
squared near the charmonium resonances (J/V, J/W(25), ...)

They are very hard to calculate from first principles; one often models them (using
dispersion relations, quark-hadron duality approximations, or experimental input)

They are a key source of theoretical uncertainty in angular observables like P§
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B “Anomalies”: B — K¢~
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B “Anomalies”: B — K¢~
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B “Anomalies”: B — K¢~
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@ GKvD18: The combined LCSR (based on B-meson distribution amplitudes) and lattice QCD result from Gubernari et al.
2018, using lattice input from Bouchard et al. 2013.

@ GRvDV23: The combined fit of Gubernari et al. 2023, based on LCSR calculations from Gubernari et al. 2018wyi and
lattice QCD results from Bouchard et al. 2013, Bailey et al. 2015 and Parrott et al. 2022.

@ HPQCD22: The lattice QCD result from Parrott et al. 2022, valid across the entire physical g2 range.

@ KR17: The results of Khodjamirian et al. 2017 calculated via LCSR with kaon distributi litud licable only for
the low-¢2 region.

@ AS14: The combination of LCSR results of Ball et al. 2004, Bartsch et al. 2009 and lattice input of Bouchard et al. 2013
used in Altmannshofer et al. 2014.
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B “Anomalies™: B; — ¢fT 4~
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B “Anomalies™: B; — ¢fT 4~
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@ GRvDV23: The combined fit to lattice QCD data of Horgan et al. 2013, Horgan et al. 2015 and light-cone sum rule
(LCSR) calculations of Gubernari et al. 2018 and Gubernari et al. 2020 with B-meson distribution amplitudes

@ BSZ15: Based on a combined fit to the same lattice results and LCSR calculation with K*-meson distribution amplitudes
from Bharucha et al. 2015
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Ry [11,6.0] —
Ry [0.1,1.1] o ——e—
Ry [11,60] o ——e—o
Ry [0.045,6.0] | —
Rigar [1.1,7.0] —
Ry [0.1,6.0] —
Ry [11,6.0] o ——e——
Muon g — 2 (WP) -
Muon g — 2 (BMW) | ——
R(D) —
R(D') A —
R(J/¥) ——
R(A}) —
B(B* — 1) ——
T T T T T T
0 1 2 3 4 5 6
s Joppe an Pull in o
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B “Anomalies™ B — K*u™ ™

B(B* — Ktptpr) [1.1,6.0] -
B(B* — K*tete™) [1.1,6.0 4 e
B(B? — ¢t p~) [1.0,6.0] —— 1.00F + cms
B(BY = dete) [1.1,6.0] o —_—— £ 4 LHCb
B(BY = ptp)-|  ———— 0.75 - SM (pci10%)
BB ) —_— —— SM (pc:10%)
BB = Ktyp) [ — E
[ PYBY — Kty [2.5,4.0] e J 0.50F
Pi(B" = K*u* ) [4.0,6.0] —— _ E
Ry 0L L1 f——— 3 025
Ry [1.1,6.0] | ——— . E
Ry [1.1,6.0] ——— ¥ o.00f
Ry [0.1,1.1] o ——e— @ E
Ry 11,60 ——e—o an-0.25F
Ry [0.045,6.0] | — £
Rigar [1.1,7.0] — osob
Ry [0.1,6.0] — -S0F +
Ry [11,6.0] o ——e—— E
Muon g — 2 (WP) - -0.75F —+—
Muon g — 2 (BMW) | —— E
R(D) — ~1.00F
R(D) P S e
H,ﬁ'((ii ] | — 97 (Gev?)
B(B* = 771) —
- T T T T T T
0 1 2 3 4 5 6
Jekoppe o Pull in o
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B “Anomalies™ B — K*u™ ™

B(B* — K+t ™) [1.1,6.0) -
B(B* — K*tete™) [1.1,6.0 4 ——
B(B" = gyt ) [1.0,6.0] —
B(B! — gete) [1.1,6.0] | —
B(B" = jiiyp) o ——e——
BB ) —_—
BB = Ktyp) ——
P (B = KOt p) [2.5,4.0] —
PUB® = K ) [4.0,6.0] —
P:\ 0.1, L1 ——
Ry [1.1,6.0] | ——— 3
Ry [1.1,6.0] — =2
Ryen 0.1, 1.1] | ——o—— X
Ry [11,6.0] o  ——e— LL
Ry [0.045,6.0] | — =
Rigan [11,7.0] 4 — &
Ry [0.1,6.0] —
R, [1.1,6.0] ——e———
Muon g — 2 (WP) -
Muon g — 2 (B\M) ——
R(D) ——
R(D*)H —_——
R(J/v) T — )
R(A}) —— 2 2
B3 -4 —— q* (Gev?)
T T T T T T
0 1 2 3 4 5 6
Pull in o

@ GRvDV23: The combined fit to lattice QCD data of Horgan et al. 2013, Horgan et al. 2015 and light-cone sum rule
(LCSR) calculations of Gubernari et al. 2018 and Gubernari et al. 2020 with B-meson distribution amplitudes

@ BSZ15: Based on a combined fit to the same lattice results and LCSR calculation with K*-meson distribution amplitudes
from Bharucha et al. 2015
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B “Anomalies”: Lepton flavour universality ratios

B(B* — K*+ypty~) [1.1,6.0] | -
B(B* — K¥eter) [1.1,6.0] - —.—
B(B? = gyt ) [1.0,6.0] ——
B(BY — ¢e*e) [1.1,6.0] —
BB = ptp) - ——e——
BB~ ) B
B(B* — K*vi) - ——
PYB" = KOt ) [2.5,4.0] —
PUBY — K0yty) [4.0.6.0] ——
Ry 0.1, L1 ————
Ry [1.1,6.0] ——
Ry [1.1.6.0] e
Ry 0.1, 1.1] o ——o——
Ry [1.1,6.0] o ——e——
R+ 0.045,6.0] e
= [1.1,7.0] e
Ry [0.1,6.0] —
Ry [1.1,6.0]H ——e———
Mion g — Z (WP) o
Muon g — 2 (BMW) ——
R(D)H ————
R(D*) | ——
If( //() A G
) —_——
B(B* — r u) —

kkoppe ch 2025-10-27 Pull in o
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B “Anomalies’:

Lepton flavour universality ratios

B(B* - K+yutp) [11,6.0] .
B(B* — K*+e*e™) [1.1,6.0 4 —— N
B(BY = gyt ) [1.0,6.0] —— BR(B — X -
Mo ) o] —= Ry = R )
B(BY = )| —a—— ¥ -
PGEN T BR(B — Xete™)
B(B* — K*vp) —
PUB® - KOty ) 2.5,4.0/4 —
PUBY — K*Outy~) [4.0.6.01 —
Ry 0.1, L1 ———— Lal
Ric [1.1,6.0]1 N —
Ry [11,6.0] —
Ry [0.1,1.1] o ——o— 12f
Rgwo [L1,6.0] o ——e—
Ry [0.045,6.0] ——— L
[1.1,7.0] . £ 1or
Ry [0.1,6.0] —
R, 11,60/ ——e——— 0sk
Mion g — 2 (WP ‘
Muon g — 2 (BMW) | L 1 SD\“I‘“ = 16,p=0812,0 =02
R(D) [P 0.6F 5
D
If( (,/(; o Ry low-® Ry centrabq® Ry low-¢ Ry central-g®
ADH ——
B(B* = T v) T LHCb, PRL 131 (2023) 5, 051803
T T T T T
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B “Anomalies”: Lepton flavour universality ratios

B(B*AI\*,: i ) [1.1,6.0] -
B(B* = K*ete™) [1.1,6.0] —— 4
B(Bum, ,,)[mo(w —— BR(B — X -
B(BY — ¢e*e) [1.1,6.0] — Ry = M
B(BY = ptp)o  —e—— +a—
A AU i BR(B — Xete™)
B(B* = K*vi)— —
PYB" = Kt i) [2.5,4.0) 4 —
PUBY — K*Outy~) [4.0.6.01 —
Ry [0.1, L1 J——— Lab
Ry [1.1,6.0] —
Ry [1.1,6.0] ——
Ry 0.1, 1.1] o ——e—— 12f
Ry [1L1,6.0] o ——e—
Ryce+ [0.045,6.0] 4 — s of
(LT T <
Ry [0.1,6.0] ——
Ry [1.1,6.0] ——e——— 08k
Mion g — 2 (WP) =S ‘
Muon g — 2 (BMW) | —— i SD\“I‘" X' =16,p=0812,0 =02
R(D) ——— 0.6[ -
4 JR SR §
1{( (//( gA ——— Ry low-q® Ry centrabq® R low-¢* R central-g®
AS) —_—
B(B* — r u)A — LHCb, PRL 131 (2023) 5, 051803
T T T T T T
0 1 2 3 4 5 6
boppe 205107 Pull in o
e, ' & waw)| ¥
oxes : s 149 20 —— 1 oo
i onsts : sl b L
— 1< <cocevie osionzz : PR, n I
ruant omgs L e v
- Vg ceooevie ) ) N — - . _
] o5 g 75 3 L T R S
eaa s Ry R(K) ¢ [GeV?/ct
Rep. Prog. Phys. 87 (2024) 077802 JHEP 2020, 40 (2020) arXiv:2410.13748
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How to make sense of all these data?

Possible approaches:

@ Work out a model-independent analysis of all b — s observables

o Using a guesstimate of 10%, 50% or 100% for the uncertainty due to the
non-factorisable power corrections

o This serves as a placeholder for a robust estimate of these contributions

@ Use data-driven approaches to get indications about the nature of the tensions

— Make a fit to the data for these power corrections

o Comparison between NP fits and general hadronic fits to the low-g* region
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Model-independent analysis

Global fits of the observables obtained by minimisation of
X2 _ (51:}1 _ O‘exp) . (zth + Zexp)71 . (O‘th _ éexp)
(Zen + Zexp)_l is the inverse covariance matrix.

263 observables relevant for radiative, leptonic and semileptonic decays:

BR(B — Xs7) @ B— Ktutu=: BR, Fy

BR(B — K*7) o B+ K*ete™: BR, Fi, P123, P} 5. in [1.1, 6] bin (LHCb)
Do(B — K*v) and Fi, A, ARe in [0.0008, 0.257] bin (LHCb)

BRIW(B — Xsptp™) and A%?) in [0.008, 1.12] bin (Belle)

BRMEN (B — X,ut ) ® B K*u*u~: BR, Fi, P12, Pjseg S5 S5, S¢
BRW(B = Xsete™) in low g2 and high g2 bins

BRME" (B 5 X,ete~) e Bt — K**u*tu~: BR, Fi, Arg, S3, Sa, Ss, S7. Ss. So

BR(Bs — ptp~) in low g2 and high g2 bins

BR(B: — ete—) ® B, — ¢utp~: BR, Fi, S3, Sa, S7, A?)

Rk in the low g2 bin in low g2 and high g2 bins

Ry~ in 2 low g2 bins ® Ap = Aptp™: BR, ALy, A, A% F, in high ¢ bins
Ry in low and high g bins e B; — ¢eTe™: BR in low g2 and high g2 bin,

BR(B — K%u* ™) and Fi, A%?) in [0.0009, 0.2615] bin

Computations performed using Superlso public program
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Fit to angular B — K*u "~ observables

T. Hurth, FM, Y. Monceaux, S. Neshatpour, PRD 112 (2025) 11, 113003

Comparison of CMS and LHCb results

- Since the QCDf framework is only valid in the low-g> region below the charm threshold,
g% < 4m? ~ 7GeV?, we don't consider the largest low-g? bins (i.e., [6, 8] for LHCb and
[6,8.68] for CMS)
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Comparison of CMS and LHCb results

- Since the QCDf framework is only valid in the low-g> region below the charm threshold,
g% < 4m? ~ 7GeV?, we don't consider the largest low-g? bins (i.e., [6, 8] for LHCb and
[6,8.68] for CMS)

- including a 10% guesstimate on the non-factorisable power corrections
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Fit to angular B — K*u "~ observables

T. Hurth, FM, Y. Monceaux, S. Neshatpour, PRD 112 (2025) 11, 113003

Comparison of CMS and LHCb results

- Since the QCDf framework is only valid in the low-g> region below the charm threshold,

g% < 4m? ~ 7GeV?, we don't consider the largest low-g? bins (i.e., [6, 8] for LHCb and
[6,8.68] for CMS)

- including a 10% guesstimate on the non-factorisable power corrections

Angular observables P,-(/) by CMS
(X3 = 39.0)
‘ b.f. value ‘ XZin | Pullsum
0GCo —0.56 £0.20 | 32.7 2.50
0Cio —0.80+£0.50 | 36.6 1.60
6Co = —0.55+0.25
{6Co, 6Ci0} o 32.7 | 200
0Cio = 0.00 £ 0.50
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Fit to angular B — K*u "~ observables

T. Hurth, FM, Y. Monceaux, S. Neshatpour, PRD 112 (2025) 11, 113003

Comparison of CMS and LHCb results

- Since the QCDf framework is only valid in the low-g> region below the charm threshold,
g% < 4m? ~ 7GeV?, we don't consider the largest low-g? bins (i.e., [6, 8] for LHCb and
[6,8.68] for CMS)

- including a 10% guesstimate on the non-factorisable power corrections

Angular observables P,m by CMS Angular observables Pf/) by LHCb 2020
(x3\ = 39.0) (X3 = 64.3)
‘ b.f. value ‘ XZin ‘ Pullgm ‘ b.f. value ‘ XZin ‘ Pullsm
0Co —0.56 £0.20 | 32.7 250 0Co —0.66 £0.21 | 56.7 2.80
0Cio —0.80 £0.50 | 36.6 1.60 6Cio —0.70 £0.50 | 62.1 1.50
= —-0.55+0.2 = —-0.63+0.24
(0Go, 6Go} | 2= TO5E0 T oo n00 | | 66, 5G| 0T TOB3EO2 T oo | o3,
§C1o = 0.00 £ 0.50 0Cio = —0.10 £0.50
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Fit to angular B — K*u "~ observables

T. Hurth, FM, Y. Monceaux, S. Neshatpour, PRD 112 (2025) 11, 113003

Comparison of CMS and LHCb results

- Since the QCDf framework is only valid in the low-g> region below the charm threshold,
g% < 4m? ~ 7GeV?, we don't consider the largest low-g? bins (i.e., [6, 8] for LHCb and
[6,8.68] for CMS)

- including a 10% guesstimate on the non-factorisable power corrections

Angular observables P,m by CMS Angular observables P,(/J by LHCb 2025
(x3\ = 39.0) (x3y = 97.2)
‘ b.f. value ‘ Xoin ‘ Pullsm ‘ b.f. value ‘ Zin | Pullsy

0Co —0.56 £0.20 | 32.7 2.50 0Co —0.89£0.14 | 74.2 5.40
0Cio —0.80 £0.50 | 36.6 1.60 0Cio —1.02+0.30 | 915 340

0Co = —0.55+0.25 - - 0Co = —0.84 +0.17
{6Co, 5Ci0} o 32.7 | 200 {6Co, 6Cio} | °° 73.9 | 5.1c

§C1o = 0.00 £ 0.50 0Cio = —0.17 £0.30

Significant impact from the new LHCb results!
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Fit to angular B — K*u "~ observables

The 1 and 20 C.L. of the {Co, Cio}, without [6,8] and [6.,8.68] GeV? bins

Using the measurements from LHCb and CMS separately

B%-K™Ou*u~ ang. obs.
—— 20: CMS [2024], P{” w/0 [6,8.68] GeV? bins

5C10/CSY!

-0.4
-0.4 -0.3 -0.2 -0.1 0.0 0.1

8Co/CSM

N

Red: CMS (pullsm: 20)
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Fit to angular B — K*u "~ observables

The 1 and 20 C.L. of the {Co, Cio}, without [6,8] and [6.,8.68] GeV? bins

Using the measurements from LHCb and CMS separately

05
B°-K*u*pu~ ang. obs.
0.4 == 20:LHCb [2020], P! wio [6,8] GeV? bins
—— 20: CMS [2024], P{” w/o [6,8.68] GeV?2 bins
>~
03 3
1
1
!
0.2 ¥
7
u
‘
32 01 Y y
Q / 4
g ;
g oo 4
i ’
i ’
[ ,'
-0.1 ‘\ 1
1
\
-0.2 J‘:\ _
N,
~ao _-
-0.3
-0
-0.4 -03 -0.2 -0.1 0.0 0.1

8Co/CSM

Red: CMS (pullsm: 20)
Blue: LHCb 2020 (pullsm: 2.30)
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Fit to angular B — K*u "~ observables

The 1 and 20 C.L. of the {Co, Cio}, without [6,8] and [6.,8.68] GeV? bins

Using the measurements from LHCb and CMS separately

0.5

B%-K"u*u~ ang. obs.
—— 20: LHCb [2025], config 2 (P") w/o [6,8] GeV? bin
—— 20: CMS [2024], P{” /o [6,8.68] GeV? bins

0.4

0.3

0.2

0.1

6C10/C3Y!

0.0

8Co/CSM

Red: CMS (pullsm: 20)
Blue: LHCb 2025 (pullsm: 50)
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Fit to angular B — K*u "~ observables

The 1 and 20 C.L. of the {Co, Cio}, without [6,8] and [6.,8.68] GeV? bins
Combining LHCb and CMS results

0.5

B%-K*u*pu~ ang. obs.
—— 20: CMS [2024], P{” w/o [6,8.68] GeV? bins
-~ 20: LHCb, config 2 (P") w/o [6,8] GeV? bin

— = 20: "LHCb [2025] + CMS [2024]", (P{") w/o g2 €6, 8.68] GeV? bins >,
—

0.4

0.3

0.2

0.1

6C10/C3Y!

0.0

8Co/CSM

Blue: LHCb 2025 (pullsm: 50)
Orange: LHCb+CMS (pullsm: 4.90)
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Impact of the choice of form factors

The 1 and 20 C.L. of the {Co, Cio}, without [6,8] and [6.,8.68] GeV? bins

Combined LHCb and CMS results, impact of the choice of the form factors

05

B%»K*u*pu~ ang. obs.

04 "~ 20: "LHCb [2025] + CMS [2024]", (P{") w/o g* E[6, 8.68] GeV? bins

0.3

0.2

0.1

6C10/CSY

0.0

-0.1

-0.4 -0.3 -0.2 -0.1 0.0 0.1
8Co/CSM

Orange: GRVDV23-FF (pullsm: 4.90)
The combined fit to lattice QCD data of Horgan et al. 2013, Horgan et al. 2015 and light-cone sum rule (LCSR) calculations of
Gubernari et al. 2018 and Gubernari et al. 2020 with B-meson distribution amplitudes
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Impact of the choice of form factors

The 1 and 20 C.L. of the {Co, Cio}, without [6,8] and [6.,8.68] GeV? bins

Combined LHCb and CMS results, impact of the choice of the form factors

05

"LHCb [2025] + CMS [2024]" B® »K*°u* 1~ ang. obs. w/o g2 €[6, 8.68]
— = 20: GRVDV23 form factors

04 —— 20: BSZ15 form factors

0.3

0.2

0.1

6C10/CSY

0.0

-0.3

-0.4
-0.4 -0.3 -0.2 -0.1 0.0 0.1

8Co/CSM

Purple contours : BSZ15-FF (pullsm: 60)
Based on a combined fit to the same lattice results and LCSR calculation with K*-meson distribution amplitudes from Bharucha
et al. 2015

Nazila Mahmoudi RPP, Montpellier - 13 March 2026 25 / 38



Global fit to all observables

Two-dimensional fit of {Co, Ci0} to all observables

Assuming a 10% uncertainty to the leading-order non-factorisable QCDf amplitude

Global fit (with 2025 LHCb results)
02 30: Including g2 € [6 — 8.68]GeV? bins (assuming 10% pc)
30: Excluding g2 €6 — 8.68]GeV? bins (assuming 10% pc)
0.1
=
U)a
L
S 00
=
Q
w
-0.1
-02
-035 -030 -025 -020 -015 -0.10 -0.05  0.00 0.05 0.10

5Co/CSM

Purple : Without ¢* € [6,8.68] GeV? bins
Green : With g° € [6,8.68] GeV? bins
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Can power corrections explain the anomalies?

How large the guesstimate of the non-local power corrections should be in order to
accommodate the tensions?

— NP fits to all b — s¢¢ observables excluding g* € [6,8.68] GeV? bins
— Using GRvDV23 form factors for B —+ K*, Bs — ¢ and GKvD18 for B — K
— Assuming 10%, 50% and 100% power corrections from left to right
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Can power corrections explain the anomalies?

How large the guesstimate of the non-local power corrections should be in order to
accommodate the tensions?

— NP fits to all b — s¢¢ observables excluding g* € [6,8.68] GeV? bins
— Using GRvDV23 form factors for B —+ K*, Bs — ¢ and GKvD18 for B — K
— Assuming 10%, 50% and 100% power corrections from left to right

All observables except ¢® € [6-8.68] GeV? bins
10% pe (x3u = 329.3)

b.f. value Xin | Pullsy
5Co 0.69 £+ 0.12 302.6 5.20
3Co —0.19 £ 0.12 326.9 1.50

o §Co = —0.69 +0.12
{6Go, 6Cio} | °° 3026 | 480

§Cyo = —0.01£0.13
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Can power corrections explain the anomalies?

How large the guesstimate of the non-local power corrections should be in order to
accommodate the tensions?

— NP fits to all b — s¢¢ observables excluding g* € [6,8.68] GeV? bins
— Using GRvDV23 form factors for B —+ K*, Bs — ¢ and GKvD18 for B — K
— Assuming 10%, 50% and 100% power corrections from left to right

All observables except ¢® € [6-8.68] GeV? bins All observables except g? € [6-8.68] GeV? bins
10% pe (xy = 3293) 50% pe (x3y = 304.0)
b.f. value X2in | Pullsy b.f. value 2in | Pullsu
5G 0.69 +0.12 3026 | 5.20 3G 0644017 | 2938 | 320
5Cio —0.19+0.12 3269 | 150 5Cio —0.03+0.14 | 3040 | 0.00
N §Co = —0.69 +0.12 o §Co = —0.65+0.17
{6Co, 5Ci0} ° 3026 | 4.80 {6Co, 5Ci0} ° 2038 | 270
§C10 = —0.01+0.13 §C10 = 0.01 £0.14
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Can power corrections explain the anomalies?

How large the guesstimate of the non-local power corrections should be in order to
accommodate the tensions?

— NP fits to all b — s¢¢ observables excluding g* € [6,8.68] GeV? bins
— Using GRvDV23 form factors for B —+ K*, Bs — ¢ and GKvD18 for B — K
— Assuming 10%, 50% and 100% power corrections from left to right

All observables except ¢® € [6-8.68] GeV? bins All observables except g? € [6-8.68] GeV? bins All observables except ¢® € [6-8.68] GeV? bins
10% pe (xEy = 3293) 50% pe (xdy = 304.0) 100% pe (x3y = 2914)
b.f. value Xin | Pullsy b.f. value 2 | Pullsu b.f. value i | Pullsy
5Co 0.69 £+ 0.12 302.6 5.20 3Co 0.64 +0.17 293.8 320 8Go 0.56 + 0.20 286.0 230
3Co —0.19 +0.12 326.9 1.50 8Cio —0.03 +0.14 304.0 0.00 6Cio 0.05+0.16 291.3 0.30
N 8Co = —0.69 +0.12 o §Co = —0.65+0.17 o 3Co = —0.57 £ 0.21
{6Co, 5Ci0} ° 3026 | 4.80 {6Co, 5Ci0} | °7° 2938 | 270 {6Co, 5Cio} | °7° 2860 | 1.80
§C10 = —0.01+0.13 8Cio = 0.01+0.14 8C0 = 0.03+£0.15

Even 100% correction would not be sufficient to explain the anomalies!
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Data-driven analyses

New physics or underestimated hadronic power corrections?

— Derive a general ansatz for the non-factorisable power corrections

Hy(\) = —i N’{c V-V, + B [Qmm"(c Ty — GTy) - 167r2/\/')\}}
N 4Grmg < Vip V- Ny (¢?) = leading nonfact. +
=TT 5 1602 Vs ) A7) = g -+ hy

The general ansatz for the unknown h) terms respecting the analyticity of the amplitude
(up to higher-order terms in g?) is:

7 4
h(q?) = WY 4 T @
£(07) = H + et + Taaeht
o s (p® T o, 4 e
h -
o(a") qx(°+1GeV2°+1GeV4°)

— fit to the data for these power corrections
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Hadronic power correction fit to B — K* ~/£{ observables for low-g* bins, with complex

power corrections up to g* terms with 18 free parameters in total:

B — K* /¢l observables - g% < 6 GeV? bins B — K* 7/t observables - g2 < 8.68 GeV? bins
(X&cpt = 158.8 Xin = 94.9; Pullgept = 5.00) (x3cps = 269.8 X2, = 133.6; Pullgepr = 9.20)
Real Imaginary Real Imaginary
A (0.0£5.0) x 107° (1.1+£0.8) x 107* A [ (—2.0+4.0) x 1075 (6.0£7.0) x 107°
K| (—2.04+8.0) x 107° | (=7.0£12.0) x 1075 | | Al (40£7.0)x10°%| (1.0+8.0) x 10°°
A2 (1.7420)x10°°|  (0.04+2.6)x10°%| | AP ||(—6.04+13.0) x 107®| (~1.3+1.6) x 1073
KOl (—1.0+06) x10*| (—25+1.4)x10*| [A?] (=7.0+5.0)x 10| (~7.0£13.0) x 10~°
A (5.04£6.0)x1075| (3.7+1.4)x107%| |AY (1.0+£4.0) x 1075 | (9.0 +12.0) x 10~®
A2 || (7.04+12.0)x107°| (—8.5+3.2) x 10°° e (1.54+05) x 10°° | (—9.0£26.0) x 10°°
RO (6.0£120)x107°| (3.7+1.6)x107*| [AP| (9.0+£100)x107°| (3.8+£13)x10°*
APl (8.04£10.0) x 107° | (—1.1+1.5)x107*| |AS) (8.0+£6.0)x107% | (—1.6+0.9) x 10™*
A || (—4.0£17.0) x 107° | (-1.3+25)x 10| | AP | (-9.0+7.0)x107%| (1L.0+1.1)x10°°

- Half of the fitted parameters in such a fit are still consistent with zero

- This is a large change to our previous corresponding analysis (2020) where almost all
parameters were compatible with zero within the 1o range

- There are still rather large uncertainties, we therefore expect that such a hadronic fit
will improve further in the future

Nazila Mahmoudi
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Wilks' test

Improvement of the fits to B — K*v/£¢ observables for low-g® bins for the hadronic fit
and the scenarios with real and complex NP contributions to Wilson coefficients C7 and
Co compared to the plain QCDf hypothesis and compared to each other:

B — K* 5/t observables - g% < 6 GeV2 bins
1 2 2 4 3 6 6 9 12 18

nr. of free Real Real Comp. Comp. Real Comp. Real Real Comp. Comp.

parameters ( 5Co ) ( 6C7.8Co ) ( 6Co > (5&‘369 ) (Ac,* P ) ( acyre ) (h(f_i{o ) ( Ho2) ) ( KD ) ( Hor3) )
0 (plain QCDf) 5.6 5.4 5.7 5.9 5.0 5.8 5.2 5.0 5.4 5.0
1 (Real 6G) — 13 23 3.0 0.5 3.1 2.0 2.0 27 25
2 (Real 3C7,5Co) — — — 3.1 — — 1.9 19 2.7 25
2 (Comp. 3Co) — — — 2.6 — 2.6 — — 23 2.1
4 (Comp. 6G7,6Co) — — — — — — — — — 13
3 (Real ACy"TC) — — — — — 35 2.4 22 3.0 2.7
6 (Comp. ACy"F) — — — — — — — — 1.0 1.0
6 (Real h*V ) — — — — — — — 12 23 2.0
9 (Real H(*1%) — — — — - — — - — 2.0
12 (Comp. A%Y ) — — — — — — — — — 1.0

Adding hadronic parameters does not improve the fits significantly

The situation is still inconclusive!
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How to resolve the issue?

1) Calculate the missing hadronic contributions

@ Problem: they are not calculable in QCD factorisation

@ Alternative approaches exist, e.g. based on light cone sum rule techniques, analyticity or
empirical approaches
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@ Ry and R+ are now SM-like, but several other ratios can be measured to cross check the
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How to resolve the issue?

1) Calculate the missing hadronic contributions

@ Problem: they are not calculable in QCD factorisation

@ Alternative approaches exist, e.g. based on light cone sum rule techniques, analyticity or
empirical approaches

2) Cross-check with other R, /. ratios

@ R ratios are theoretically very clean

@ Ry and R+ are now SM-like, but several other ratios can be measured to cross check the
results

3) The measurement of the electron modes will be very important

@ R ratios impose lepton flavour universality
@ Still several measurements in muon modes with significant deviations

— the corresponding electron modes must show the same deviations!
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How to resolve the issue?

4) Belle Il measurements
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How to resolve the issue?

4) Belle Il measurements

o Measuring the branching rations and angular observables in B — K*)¢¢ decays will
allow direct verification of the LHCb result!

o Measurements of the tau modes (e.g. b — s77) will provide an additional and
valuable insight

@ Measurement of the inclusive modes

@ Measurement of decays with neutrino final states
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Cross-check with inclusive modes

Inclusive decays are theoretically cleaner!

— Theoretical description of power corrections available
— they can be calculated or estimated within the theoretical approach

At Belle Il, for inclusive b — s¢¢:

Exclusive vs Inclusive

3 G8o Xjupe (current) + B, — . (current)
© B — Xoup (50 ab™) + B, — pup (300 fb™1)
2 ® B, - ppu (current) © B, — pupu (300 )
TT2C Exclusive (3) o SM
e !
© |
0 y

NP
CQ

T. Hurth, FPCP 2023

— Belle Il will check the NP interpretation with theoretically clean modes
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Cross-check with neutrino final states

Branching ratio of BT — KTvi

- Belle II (362 fb, hadronic)

-~ BABAR (129 th‘ hadronic)

—— Belle I (362 fb!, combined)

1, semileptonic)

15413 PRONT 112
L L I

»
w
: .zt . .
2.70 deviation with the SM
Theoretically very clean:
dB(Bt — KTvi) GFo2m}
=
dq? & 25675

— Can give access to the size of C§7!

Nazila Mahmoudi

0

.
2 4 6 8 10
10° x Br(B"—K " v)

Belle 1l, Phys.Rev.D 109 (2024) 11, 112006

3/2 2
(¢°) F2(a*) G
M. Bartsch, M. Beylich, G. Buchalla, D.-N. Gao, JHEP 11 (2009) 011

The ratio B(B — Ku™p~)/B(B — Kviv) at low ¢ is very clean
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Kaon sector

Flavour-Changing Neutral Current (FCNC): s — d¢*¢~

— Sensitive to: CKM parameters, CP violation, New Physics
— Complementary to B physics

Different channels provide complementary information:
o KT — ntvw and K. — w%vw are the golden channels, predicted in the SM with very
high precision
e Kt — 74" ¢~ Forward-backward asymmetry offers a clean handle on scalar
contributions; improved measurements will sharpen constraints

e K. — utp™: Already imposes very strong limits; further progress requires reducing
theoretical uncertainties

o Ks — putp~ and K. — %0~ : Future measurements can significantly tighten
bounds on scalar/pseudoscalar operators

Strong interplay between charged and neutral kaon modes (K°, K™) makes NA62, LHCb
and KOTO-II highly complementary in probing possible new physics
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Constraints from Kaon sector

Global fits

K ontup
B Koy (AL, > 0)
LFUV with K* m* 2t
- Kionee
mE Global fit to current data
20

sce

sct =’2ch
Lighter / darker purple region: 68% / 95% CL of global fit
Main constraining observables BR(Kt — wtvv) followed by BR(K; — )

G. D’'Ambrosio, A.M. lyer, FM, S. Neshatpour, JHEP 09 (2022) 148
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Constraints from Kaon sector - projection

Global fits - projections

Fit results (20 CL)
—— Current data
30F wm KOTO-I, Proj. A

(o)

-10 Ky v (KOTO-1l 25%)
= K - nee (KOTO-I 25%)

K~ (KOTOHI 25%)

Projection A:

Observables already measured are
kept, others assumed at their SM
values, all with target precision of
KOTO-II

Fit results (20 CL)
— Current data
30w KOTOI, Proj. B

LD:+ for K, mu»\

| \\
10 ofindividual obsarvabies |

K -t vd (NAG2-final 15%)
-10 K, 3 (KOTO-1l 25%)
= K e (KOTO-1I 25%)
Ky~ i (KOTOAI 25%)

s o = g d
&ct

Projection B

All measurements give current
best-fit point with target precision of
KOTO-II

G. D’Ambrosio, A.M. lyer, FM, S. Neshatpour, Phys.Rev.D 111 (2025) 1, L011701
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Conclusions

» Flavour physics remains a key probe of physics beyond the Standard Model
» Further progress requires improved theoretical control of hadronic quantities

» New and more precise experimental data will continue to sharpen these tests

Thank youl
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Backup

Backup
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g>-independence of NP fit

Determination of the Wilson coefficients in a bin-by-bin fit

~

LHCb 2020 LHCb 2025 config. 2

Co bin-by-bin fit to LHCb [2020] data (plain QCDf)
Co overall fit to all B- K" /it with g7 < 6 GeV? (plain QCDf)
Co overall fit to all B K" y/t! with q? < 8.68 GeV? (plain QCDf)

Cy bin-by-bin fit to LHCb [2025] data (plain QCDf)
Cy overall fit to all B - K" y/it with g% < 6 GeV? (plain QCDf)
1 Co overall fit to all B-+K" y/tt with q* < 8.68 GeV? (plain QCDf)

42 (Gev?) q? (Gev?)

CMS 2024 LHCb 2025 config. 6

Co bin-by-bin fit to CMS [2024] data (plain QCDf)
Co overall fit to all B+ K" y/tl with g* < 6 GeV? (plain QCDf)
t Cy overallfit to all B+ K" y/i¢ with q < 8.68 GeV? (plain QCDf)

Co bin-by-bin fit to LHCb [2025] data (plain QCDf)
Co overall fit to all B+ K" y/tl with g* < 6 GeV? (plain QCDf)
t Cy overall fit to all B~ K" y/i2 with g < 8.68 GeV? (plain QCDf)

& -4

q? (GeV?) q?% (GeV?)

Not conclusive yet!
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Experimental Status

- Charged kaon modes are measured precisely (BR at ~ 5%)
- Neutral kaon modes are much rarer: only upper limits (for K;) or low-statistics signals

(for Ks)

Results (NA48/2, NA62):
BR(K' - m*e*e”) ~ 3x107
BR(K* - mt*p*p") ~ 1x1077

Ks (NA48/1)
B(Ks - m%e*e7)=(5.8"2%_,3)x10°
B(Ks - U p)=(2.9"15-12)x10°

Upper limits for K. (KTeV)
BR(KL— m°e*e”) <2.8x107%° (90% CL)
BR(K, - T° p*p) < 3.8x10° (90% CL)

Nazila Mahmoudi

Branching Ratio

10710
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ot

Experimental Status of K-nf * £~
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