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Different measurements of the same thing

Bin it Parametrise it Model it
No theory model “Weak” theory model Theory model
Allow for CP violation LHCb-PAPER-2026-023 Fit QCD
PRL 137, 021802 (2026), Allow for CP violation
arXiv:2512.18053 JHEP 09 (2024) 026,
arXiv:2405.17347
and arXiv:2605.07582
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https://arxiv.org/abs/2405.17347
https://arxiv.org/abs/2605.07582
https://arxiv.org/abs/2512.18053

Data
e Full run 1 and run 2 data from LHCb used

« Efficiency corrections and fit are performed in the variable (g2, 6«, 6,,0)

— The mk, dependence Is integrated out in region
796 < Mk, <996 MeV

— Almost full g% region, 0.1 < g* < 18.0 GeV-?
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Fit local, non-local and WCs simultaneously
 Usual expression for amplitudes
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mpg + Mg+
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mp — Mg+

me eff), ’
Tz (eF—c)) Tz(ff)},
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Local form factors
« Form factors use the combined LCSR+LQCD fit

Fi(q°) = Z ak[z(q°) — 2(0)]"

z/mRt —
F; € {V, Ao, A1, A12, 11,15, Th3}

« Implemented in fit as Gaussian constraint on a parameters, including
correlations
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Fit anomalies and QCD simultaneously

Dispersion Local Non-local contributions

1 ffAr 2\ — (0),4 1P A; 2 1P Ag 2 2P ¢ 2 2
Relation Coiq) = G+ Y. " + Y g7 + Y17 + Y (g7 + Yielq)

Cgﬂ‘,ﬁ.(QZ) — CL;{ + €&eiw0

C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Serra [Eur.Phys.J.C 80 (2020) 12, 1095]




Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion

Relation ™) = G + 124 Y PHg) + gD Y HaD) + YlaD)
0

1-particle
contributions

Includes:

w(782),  w(2S),

p(770), w(3770),

$(1020),  w(4040), C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Jhy, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]




Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion
X effdr 2y o (0),4 1P A;, 2 1PAs, 2
Relation Co(g) =CE+ Y " Y (g + ¥ ()

1-particle 2-particle
contributions contributions
Includes: ke
w(782),  wi(29), bb.
p(770),  w(3770), D* f)-
$(1020),  y(4040), D*I_):'* C. Cornella, G. Isidori, M. Kénig, S. Liechti, P. Owen, N.
Jly, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]
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Fit anomalies and QCD simultaneously

Non-local contributions

Dispersion —
Relation  C;™(¢?) = ¢} + YO ¥.P(g) + ¥ E gD

K"[J
l_
l+

1-p'f1;thle 2-p§|rtlcfle Tau loop
contributions contributions contribution

Includes: ke

w(782),  w(29), D"%” 08 Sensitive to Cj

p(770), w(3770), D*f')'

$(1020), y(4040), DD C. Cornella, G. Isidori, M. Kénig, S. Liechti, P. Owen, N.
Jly, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]

University



Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion
1 eff de -2y o (0),4 1P A 2 1P A; 2 2P Af 2 2
Relation Co (g = Co+ Y H Y g7 + Y (@O Yoz (g

)

ftAr 2y — M A iw°
C(g°) = C A e'e’™

This is determined 0
theoretically at 14

negative q2 values

K"[J
g_
l+

I+

Subtraction term 1-p'f1;thle 2-particle Tau loop
' | contributions contributions contribution
Asatrian, Greub, Virto Includes:
[JHEP 04 (2020) 012] w(782), w(2S), Includes: Sensitive to C;
770 y(3770) sl
Negligible impact from light p(770),  w(3770), D*D,
quarks $(1020),  w(4040), DD C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Jhy, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]
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Fit anomalies and QCD simultaneously

Non-local contributions

Dispersion i
Relation  Ci™(g% = ¢t + Y4 f YIPAg?) + ¥iP A H vl

0
Co

C.?ff”l(qz) — C',;J €&eiw

" This is determined B ‘ 2
; theoretically at 4 5
ACS negative ¢~ values
+

e

K*[J
I
l+

Polarisati Subtraction term 1-particle 2-particle Tau loop
olarisation contributions contributions contribution
dependent shift Asatrian, Greub, Virto Includes:
[JHEP 04 (2020) 012] Includes: Sensitive to C
to C’? w(782), w(25), DD 9
Negligible impact from light p(770),  y(3770), D*D,
quarks $(1020),  y(4040), DAD* C. Cornella, G. Isidori, M. Kénig, S. Liechti, P. Owen, N.
Jhy, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]
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Fit anomalies and QCD simultaneously

Dispersion Local Non-local contributions

Relation &™) = G+ YQ* + Y\(g%) + Y 14(a) + Y2I(6) + Yoalg?)

Cgff,ﬁ.(QZ) — CL;{ + eﬂeiwo

Rescattering terms
not implemented

Ciuchini et al,
Phys.Rev.D 107 (2023) 5, 055036

Isidori, Polonsky, Tinari
Phys.Rev.D 111 (2025) 9, 093007

C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Serra [Eur.Phys.J.C 80 (2020) 12, 1095]




Dispersion relation
The non-local terms are expressed through dispersion relation - szt

AYq{}PA ZH" QO)BW )= \H*\e“‘s 2 (¢ %)BW (q%)
— a5 F m} — g5

AY(q7) =AY shs(mp.p.a®) + > Aphp(ma,q°),
n=DD, D*D*

,5l _ .
E|A3*5|63 D*DhS(mD*ﬁng) + z \Ak\ew}‘hp{mm 2)
n=DD,D* D*

. a 1
YVorla?) = =52 Cor |s(mr, ) = ghi(me, o)
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Phases and amplitudes of resonances
 The full fit is normalised to the branching fraction of B® — J/(PpK*

|A3)7 = f7B(B’ = VK™)B(V = pp7)
— This BF Is taken from Belle paper only (arXiv:1408.6457) to ensure
consistent treatment of S-wave and T, contamination.

 Phases for J/y and W(2S) are defined such that d° is relative to local
phase, while dand &+ are relative to &°

« For all other resonances the phases are all relative to local phase




Shift in C;

 The signal model also include a helicity dependent complex valued shift in
C; for the amplitudes

« For the real parts, this is AF ) = No{ [(67(@) - €) 7 (G0 Cio) | Al
degenerate with constant b (60 ) D)}
term in form factor e 2
parametrisation AL =M [(e8™ (0 - &) (€0 — Clo) mjl_@m)m
— Fitimplements this by 4 2 (em_r) 2)}

leaving those fixed v -

Side effect is that A%% have =~ @~ (™)) = (ew+ei)] oo
no sensitivity to Co (e - )T,

At(q°) =Ny {2 {Clo - Cm] AD(QQ)} :




S-wave component

A separate set of Wilson coefficients are added as nuisance parameters
for the S-wave

— This avoids that uncertainties in the form factors pollute the P-wave
measurement.

Non-local form factors treated in same way for S-wave as for P-wave, but
Includes only J/{ and Y(2S) resonances

No AC; components
ALR _ 2 [F r(q )(C(EH}S ot i CS)]
" V2 P mp + M g =0(700) ’




Resolution function

o Asfitis unbinned and include the
extremely narrow charmonium
resonances, understanding the
smearing in g° is extremely important
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Candidates / (0.13GeV3¢*)  Candidates / (0.04GeV2c—)  Candidates / (0.04GeV2c)

Fit provides a very good description of data
e An unbmned anaIyS|s In the dlmuon mass In total 150 parameters
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https://doi.org/10.1007/JHEP09(2024)026

Observables

 Observables can be calculated from fit, and separated in local and non-
local effects

JHEP 09 (2024) 026

Ay LHCH 8.4 fb-1 = Total e LHCD 8.4 f,—! S Total
Local only 10 Total, SM WCs
SM from GRvDV

051 W

0.0

0.5
N LA N0 I A
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Observables

 Observables can be calculated from fit, and separated in local and non-
local effects

JHEP 09 (2024) 026
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Observables

 Observables can be calculated from fit, and separated in local and non-
local effects

JHEP 09 (2024) 026
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Wilson coefficients

o Shiftin Cy as in all other S T
analyses

« Some of difference absorbed
Into non-local component

LHCb 8.4fh !

Wilson Coefficient results
Co 3.56 + 0.28 +0.18 Sl
Cio —4.02+0.18+0.16 i
Co 0.28 + 0.41 + 0.12
Cio —0.09 4 0.21 + 0.06
Cor (—1.0+£2.6=+1.0) x 10?
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Cross checks

 The unbinned fit can be extended to allow for an unphysical change of
Wilson coefficient as function of g°

« For vector current (Co), uncertainty Is 2
quite large due to resonances JHEP 09 (2024) 026

S. Descotes-Genon & P. Stangl (IlJCLab & LAPTh)

5 10 15 20



https://doi.org/10.1007/JHEP09(2024)026

Cross checks

 The unbinned fit can be extended to allow for an unphysical change of
Wilson coefficient as function of g°

« For vector current (Co), uncertainty Is : P 08 (034 026
quite large due to resonances

 For axial-vector, we see agreement with 1?
no slope at 2.20 level ~

— Similar type of disagreement in
B — Kuy unbinned analysis



https://doi.org/10.1007/JHEP09(2024)026

CP-violating fit

. Crl]3 violation is allowed for in fit by allowing Cs and Cy to have a weak
phase

« Not allowed in Co"and Cyo" as CP conserving fit showed they were
Insignificant

 T-odd symmetries require both strong and weak phase differences
— We get this between the penguin amplitude and the vector resonances

« T-even symmetries are sensitive across all g
— This also has interference terms between Cy and Cy
— Would cancel out if only fitting in g?
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CP-violating fit
AL = Na(gh)A {[(csﬁ(qg)icm(Cmicinﬂfa(qz)

Hi()[ (€ + A 2] Tia?) |

2 2 00 e
YLL(Q’{]} + (f QI}) f .\Oca,}.(q) : )dS]
T 4

. Ao
Cs\ (%) = Co + =

A\ m2 (8 — ) (s — q> —ie
4 }\'u, (q o Q{Z]) /DG Pqq, )\( ) d
v T 4m? (5‘ QD)(Q_Q _EF)

« Aweak phase of arg(VeV e/ VinV'is) between penguin and cC resonances
expected in SM
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CPV fit results

< 0.04 106
N — Total B
. — Signal
0.02
& 200 | — Background
- Local
@ 1-particle nonlocal
0.00 U 100 2-particle nonlocal
— Interference
O L el Hblyy .' H et .r“"l|“|':""'l'.:""“IN‘ LELES
—0.02 LHCb 8.4fh~! - O . e
0 2 4 6 8 10 120 14 16 18 b BO
¢ (GeV2/ch) =
i 200
) 0.005 .9
= o
0.000 e
o 100
O
—0.005 Aaa TN ,nl‘i'.'.“.a"u‘l &
O b :
B a, 0.05
0.010 «:EJ 0.00|—== = band//\\/’//\/_'/v
i -0.05 —— Median
—0.015 LHCh 8.4fh-1 0.00 2.50 5.00 7.50 10.00 12.50 ) 15.00 ) 17450
o q” [GeV~©/c*]

0 2 4 6 8 10 12 14 16 18
¢* (GeV2/cY)

 University



CPV fit result

o Direct CP violation

0.05
% 0.00— — .\ e QR
<t ' 1o band R~ A 4
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CPV fit result

2.0
Co Wilson coefficient results
151 Cho . LHCb8.4fb™!
1w sm ; ICs | 3.50+£0.30 +0.15
| 1Cio] 4.04+0.18 £0.15
= e —0.067 £ 0.032 & 0.011
= Sper 0.043 + 0.035 & 0.010
e Re(Co) 3.50+£0.30 £0.15
051 N a Im(Cy)  —0.2340.11 =+0.04
“1.0 Re(C)  —4.04+£0.18 +£0.15
Im(Cyp) —0.1740.14 =+ 0.04
-1.5) a Re(C) 0.39+0.46 +0.21

Re(Cly)  —0.12+0.21 =+ 0.06




Weak phase comparison

No
cpv SM

N LHCb
B? oscillation o
(HFLAV 2026)

BY = K*%u'p™ 4 H o 4
(Co)

B°— K*u u | b ® 4
(Cio)

B®— Ky T H o H
(average)

~0.100 -0.075 -0.050 -0.025 0000 0025 0050 0.075
Shift from indirect determination of V. Vs
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Correlations

« Using correlation matrix we Re(Co)
can investigate influence of et
AC; parameters

— oos [N ;| Woso

« Setting all to zero Is Retacy [oas

disfavoured by 2.60 retech) B
Im(Co)A - -0.07 T
IM(Cy)1-0.03 001 0.04 0.03 -0.04 -0. =025
Im(ACP){-0.01 0.02 -0.11 0.09 -0.10 - -0.50

2 University



Correlations

« Using correlation matrix we
can investigate influence of
AC; parameters

 Setting all to zero is
disfavoured by 2.60

o Shift in WCs Is very small for
real part

e Insignificant for imaginary part

Im(C,-)

2.0

1.54

1.0

—0.5 1

-1.01

—-1.5 1

0.0 {5 A
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