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+ Short-distance physics enters through Co and C1o (and C7 near g2=0).
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b — s anomaly?
B(B = KWputu~)

— 0,,+, — 2 _
P/(BY - K*u "y dB(BY — K*°u* ™) /dg Ryt =
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+ P;' and dB/dg? show tensions with the SM,
while Rk# are compatible with the SM.

LHCb, 2212.09153; 2512.18053



B, — pT "t pinning down Cy

%10~

~ 07 ' [ ' [ ' [ ' | ' |

~g L contours correspond to 68%, 95%, 99% CL regions

+§ 0.6 LHCb |

0.5 —9fp

4.4 fb?

Czaja & Misiak, 2407.03810

thVts
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B(Bs = ptp”) < fg

1x107°

+ Largest uncertainty is [Vcb|2 — inclusive determination is used.

+ Measurement is consistent with SM, and C1g is SM-like.



Anomaly or charm loop?

. Capdevila et al., 2309.01311 Ciuchini et al., 2607.03531
s TT5 —— LQCD DM
1.50—E T gﬁﬂ\ﬂ\f > LQCD+LCSR DM
1,254 6‘5 :
S charm loop
2 07 &) rather than NP?
0.50
0.25-
R R < r . xRN [ S ST .. . N
ABCDMN, 2304.07330 . 5
AS/GSSS, 2212.10497 | N.5 wwwwwwwwwwwwwwww Ny st 23 F0 - 00 N

CFFPSV, 2212.10516 ~ -ls

1
HMMN, 2104.10058 Re(h') = —Coy

+ Rk agree with SM — Re(Co) deficit is LFU.

+ Significance depends on the treatment of the non-local charm loop.



Hadronic inputs

o T?
A(B — K(*)€+€_) LV(A) = w " (75) ve
LM
;2

=N |(Cy Ly, + C19 L)) ff_)K(*) (¢°) (2@mb C- FB%K( )(q2) + 1677 HE%K(*) (qz))}

+ Two hadronic inputs

» Local form factors (FFs):

(*) )| —
FE2E T ()= (K™ 57, P b|B)

() )| = %
FRIE ()= (K™|50,,¢"Prb|B)

» Non-local charm loop:

HEZET (?) = z/d% T (KO T{j (), (CLO; + C20,)(0)} | BY



Outline

+ Hadronic uncertainties
» local form factors

» non-local charm loop

+ Disentangling NP and hadronic effects
» g2 and channel dependences of Co

» absorptive parts / CPV
» inclusive B — X /70~

+ Summary



Hadronic uncertainties

» |local form factors
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. A CDF'11 _O 5
; 5: - ;O((q?) B Belle '19 '
07 - ]+ e LHCh'12B
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Parrott et al. [HPQCD], 2207.12468 Parrott et al. [HPQCD], 2207.13371

+ Lattice covers full g2 with uncertainties <4% for fo, f+ and <7% for fr.
+ B—=Kuu: tensions with LHCb up to 4.20 at low g2 and 2.7c¢ at high g2.

+ No independent lattice result of comparable precision yet.



AP~ (¢7)

0.7 I

This work N =3

_ LQCD only

067 + LCSR (GKvD 2018)

' LQCD (HLMW 2015)

0.5-

0.3

0.2-

o1 - '

Gubernari et al., 2305.06301

B — K™

+ No lattice at low g2 — FFs rely on LCSR.

|

gl b

+ Low-0g? results are limited by LCSK
systematics.

+ Lattice treats K*(—Km) as stable (narrow
width), while finite-width effects are
estimated at ~10% in the form factors
(~20% in rates) in LCSR.

Descotes-Genon et al., 1908.02267
+ First finite-width lattice calculations have

just started. Leskovec et al., 2501.00903
Erben et al., 2603.77900
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Extrapolation

+ B~ K™ FFs must be extrapolated in g-.

» simple z-expansion (BSZ) — no control of truncation error.
Bharucha et al., 1503.05534

» z-expansion + dispersive bound (BGL, GRvDV, GG) — unitarity
limits the sum of coefficients: ) |a.|* <1 Boyd et al., hep-ph/9705252

Gubernari et al., 2305.06301
Gopal & Gubernari, 2412.04388

» dispersive matrix (DM) — unitarity bound, without truncation.

Di Carlo et al., 2105.02497
Ciuchini et al., 2607.03531



12

Simple z-expansion (BSZ)

+ Branch cut in g2 plane is mapped onto |z|=1 circle.

Im ¢

A

BK* branch cut

(mB—mK 2 :
Re ¢ q
/S_|_— mB+mK 2

+ FFs are expanded as

S+

Im z

physical region

—1

> Re 2

Bharucha et al., 1503.05534

e.g., mr; =mpx for F; =V
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z-expansion + dispersive bound (BGL)

+ Expand G;(z), which is analytic in |z|<1. Boyd et al., hep-ph/9705252
Gi(2) = G BERE) = S RE) = pops > m

+ Blaschke factor B;(z) removes the poles, leaving the modulus on
the circle unchanged.

Bi(z) = Z— Zp

- 9
1—zzp

=2y, |Bie®)] =1

+ Outer function ¢;(z) is a known function, analytic and free of zeros
in |z|<1.

|2 - 27mw(s) |ds

16
€
{gb( ) Xore |db
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z-expansion + dispersive bound (BGL)

4+ VVacuum correlator of two b—s currents:

0 (q) = [ o et QT () 1 ))10) = (L8 - 9 () + L8 ()

+ Compute x in two ways — OPE at g2=0 (far below the sb threshold)
and optical theorem:

1 / O \F 1 [ ImlIl(s
X:k'(a 2> (") :_/ ds k+(1)
'\ Jdq 2=0 T Js, S
N———— N———
OPE optical theorem

+ ImII(s) Is a positive sum over all intermediate states. Keeping only
BK™ and using crossing symmetry:

©.@)
2
< XOPE — Z\%P <1

n=0

ImII(s) > w(s) |Fi(s)|* = /Oods w(s) |F;(s)



Subthreshold cut

sp = (mp, + TrL7To)2

\ BK branch cut S+

(mp —m)? :
Re ¢? q
/N
s+ % (mp +mx)?

[ ]
2 2
mpg mBsO

Im ¢?

Rez

2(¢% s4) 2(¢% sr)

+ Lightest two-particle state is not BK but Bsr? (isospin-suppressed).

+ Convergence and >, lax|” <1 are invalidated by the position of the
cut — no matter how weak it Is.

+ Remap with z(¢*; sr) and re-derive the bound:

1 2 ~
2—]{‘9’! d9=/ —I-/ < XopEe + Ax, Ax < 1% of xopE -
T N image of [s+,oo)J N image of [SF,S_|_l

N N

< XOPE positive; < Ay Gopal & Gubernari, 2412.04388

15
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z-expansion + dispersive bound (GG)

] BGL N =4 :_ 09_5 BGL N =4
1 1 LQCD HPQCD 2013 i 71 1 LQCD HPQCD 2013
] 1 LQCD FNAL/MILC 2015 [ 084 1 LQCD FNAL/MILC 2015

| Gopal & Gubernari, 2412.04388
- Gubernari, 2605.26213

+ Lattice-only fits without HPQCD 2022, so that the difference is visible.

+ Difference between BGL and GG (incl. subthreshold cut) is moderate
for f, but substantially larger for fo, where the interval [sr, s+]| contains
a subthreshold scalar resonance, associated with a predicted Bso™.



Dispersive matrix (DM)

+ DM combines the unitarity bound with the known FF values directly
into two-sided bounds on the FF at any g-.

+ The band is spanned by all functions
passing through the inputs and 20
satisfying unitarity — no truncation. 15

N—
*

=
+ With LQCD+LCSR inputs, the DMband ¢ 1o
(green) agrees well with the BGL one
(orange).

2

0.5%

Di Carlo et al., 2105.02497 0 5 10 15
Ciuchini et al., 2607.03531 ¢* [GeV?]
cf. Simula et al., 2509.00412



Hadronic uncertainties

» non-local charm loop

18
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Non-local charm loop

A(B — KM pte)

. | (%) (%)
= | (€0 Lt + Cuo L) FE T (q2) = T (2ima Cr 7 () 4 1072 1K ()

HEET () = / d'z €7 (KX T{j%™ (z), (C105 + C20,)(0)} | B)

+ Narrow charmonia from tree-level B—¢,K() dominate the spectrum
and interfere with the Co term.

+ No first-principles calculation over the physical region: the perturbative
loop misses the charmonium structure, and there is no lattice result
yet.

+ g2-flat part of charm loop is indistinguishable from an NP shift of Co.



20
Light-cone OPE calculation

+ LCOPE, valid for 4m? — ¢* > mpAnaq (in practice g2<0):

HS(¢°) ~  ACy(¢®) Fa+ AC7(¢°) Frn  + H3OM (¢?) +...
N ——

leading power: NLO matchingxlocal FFs soft gluon (3-particle B-LCDA)

» Leading power: 2-loop ACz7o.
» Soft gluon by GvDV (2020): ~10-2 x KMPW (2010) 5} é
with the complete 3-particle B-LCDA basis. @ O 3

» Theory anchor at g2={-7,-5,-3,-1} GeV2 — the §
physical region requires analytic continuation. Omm

!

Asatrian et al., 1912.09099; Khodjamirian et al., 1006.4945;
Gubernari et al., 2011.09813




Three parametrizations

+ Three ways to describe #H,; 7" (*)(q2) in the physical region;

» zZ-expansion + dispersive bound
Bobeth et al., 1707.07305; Gubernari et al., 2011.09813; 2206.03797

» Subtracted dispersion relation + measured resonances

Cornella et al., 2001.04470; LHCb, 2405.17347; Bordone et al., 2607.09458

> Polynomial ansatz Ciuchinietal., 1512.07157: 2212.10516; 2607.03531

21
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Zz-expansion + dispersive bound

2\ __ 1 Al
’HA(C] ) = ¢>\(Z)P(Z) ;5A,npn(z)a P(Z)

Z—Zw

Y=J/1,9(25)

[l 5

ZZw

Sl P+ Y [AsE P+ 18R] <

n

A=_1,[|,0

+ The cut is mapped onto the unit circle, the poles into Blaschke factors.

+ The dispersive bound controls the truncation error of the expansion.

Im z

Im ¢

4

\

(mp — mg-)? \

N N/
/\

AN \ -

2 —_
Amp DD branch cut

/]

2 2
My Map2s)

Gubernatri et al.,

Rez

2011.09813; 2206.03797
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z-expansion + dispersive bound (GRvDV)

+ Inputs: LCOPE at g2={-7,-5,-3,-1} GeV2 + J/i residues from rates
and polarizations for B—=J/YK() Bs—=J/Yd.

2.5 : _|_ SM'
+ SM pull: 5.70 (B—Kuu + Bs—uu), 2.70 20- IR
(B—K*up), 2.60 (Bs—pup). T
+ (ACo, AC10) = (-1.0, +0.4) is compatible %’ 0:5_
with all channels at ~10. 2 o- -
+ Floating the non-local FFs within the 0’5:
bound is insufficient to restore SM

_15 I 1 1 1
—2 —1 0 1

agreement. Re CBSM
Gubernari et al., 2206.03797



Subtracted dispersion relation n

+ measured resonances

2 2 o0
eff A 2 2 2 (4” — %) pALS)
Cy " =Co+Ya(a*), Yalg®) =Ya(ag}) + —— [Lmz G-@)s5—@—ie)

= Ya(q5) + AY " (¢%) + AV (¢°)
+ Y, (¢t = —4.6 GeV?) from 2-loop OPE.

K+
+ 1P amplitude is described by BW distribution with s )
magnitude and phase fitted to data.
LP( Al 167 q° — q() m;l; K*
AY)\ Z‘H ‘6 m —C]O ( ?—QQ)_ZmJFg B+ - =
+ 2P amplitude is descrlbed by two-body phase-space :

function with magnitude and phase fitted to data.
Cornella et al., 2001.04470; LHCb, 2405.17347; Bordone et al., 2607.09458




Subtracted dispersion relation -

+ measured resonances (LHCDb)

+ Fit over the full g? range, including the J/¢ and ¢(2S) peaks: Wilson
coefficients and non-local amplitudes determined simultaneously.

+ Data prefer larger non-local contributions than theory predictions.

+ Non-local contributions play a clear role in Ps’, but a 2.10 tension in

( :9 perSIStS 106 Fr—r 151
" LHCb 8.41b"! 0" 1 _
10* {\ 4 & | LHCh8AfH! === Total
e Data |
~250f —— Tol . 1 Local only
© E — Blzir;?ground ] 1N
N> 200 o Local amplitudes E 1 i

ACYP — 0714033 =™

> 100 H
3 4

y [
- | B
< . A
S S50F % : WP S R
‘U - ol .. 3 2 s

= i : :
U 0 :l A _"T,;" ST r— "_ ------ —0.5 —
LHCb, 2405.17347 S ST R ER KD —1.0-
0.0 2.5 5.0 7.5 10.0 125 15 0 175 0 9 4 6 S 10 12 14 16 18
q° [GeV?/c*]

¢ [GeV? /¢



Polynomial ansatz

m ~ V.
ho () = b Ty () 1) 4 2

) (1) 2 (2) 4
h* h* O
1672m%, T a" +0(g)

) ~
I:’ 7—[‘7 ~ mg |: mp (C'?M . h(_O))TL_ . 167T2h(_2)q4i| (CSM h(l))VL_

+ Low-0g2 expansion (also hs, ho, hk) with complex coefficients.

+ No bound, no singularities are built in.

+ Re(h-0) and Re(h-(M) act as LFU shifts of C7 and Co, respectively,
while the rest is genuinely hadronic.

Ciuchini et al., 15612.07157; 2212.10516, 2607.03531
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Polynomial ansatz (Rome)

+ No LCOPE inputs at negative g=2. Ciuchini et al., 2607.03531

+ No evidence for NP in Cg (all hal) floated):
Re (h'Y) = —~ACy € [-4.63, 1.82] at 95%

e(h-@), imaginary parts) deviate

i b

+ Genuinely hadronic coefficients (R
from zero at the 1-20 level.

. : 10
T 79 —— LQCD DM j
> LQCD+LCSR DM
D) : 5- -
Q ° : /
— = |

~N S ) R \ .......................
E
el f— LOCDDM

: LQCD+LCSR DM
; ; ; ; —10 . ; ;
—5.0 =25 0.0 2.5 —0.50 —0.25  0.00 0.25 0.50

Re(h) = —C}F Im (A"



Fit results

GRvDV
Gubernari et al., 2206.03797

LHCb
LHCb, 2405.17347

Rome
Ciuchini et al., 2607.03531

Parametrization z-expansion + dispersive Subtracted DR Polynomial ansatz
bound
Singularities DD cut + J/,1(2S5) poles Cut with explicit resonances None (low-¢* expansion)

(Blaschke)

(1P BW, 2P phase space)

Theory input LCOPE at Subtraction constant at None
¢ ={-7,-5,-3,—1} GeV*? 2 = —4.6 GeV?
External data J /v residues from Resonance masses and widths | None

B — J/WK™ By — J/y¢

(PDQ)

Charm loop from

Prediction (floated within
priors)

Data over full ¢?, anchored at
2
do

Data only (flat priors)

AC9 vs charm loop

Separated by prediction

Separated by anchor

Degenerate with Re p) by
construction

SM pull

5.70 (B — Kup + Bs — up),
2.70 (B — K*uu)

2.10 (ACHY = —0.71 £ 0.33,
BY — K*9)

None: ACYY at 95%,
-1.82,4.63] (LQCD FF),
(-1.82,0.74] (LQCD+LCSR FF)

28



29
Caveats

Ciuchini et al., 2212.10516; Mutke et al.,
2406.14608; Isidori et al., 2405.17551;

+ z-expansion + dispersive bound (GRvDYV) 2507.17824; Hoferichter et al., 2604.01284
» Charm-meson rescattering is not in the partonic LCOPE input.
= Model estimate: a few % (up to ~20% only if tuned, with strong g2 dependence).

» Anomalous branch cuts from charm-meson rescattering are ignored.

I:} Present in the OPE input; hadron-level estimate still absent, expected small.
» Higher-twist soft-gluon terms are not converged (Bs— ). Alam Khan et al., 2502.08427

+ Subtracted dispersion relation + measured resonances (LHCDb)
» Constant-width BW fails for broad charmonia.
» Subtraction constant Y(q,?) is a constant offset to Cy — degenerate with NP.

+ Polynomial ansatz (Rome)
» Low-g2 only.
~ Conservative, but it gives up in determining NP in Co.



Disentangling NP and hadronic effects

» g2 and channel dependences of Cg
» absorptive parts / CPV

» inclusive B — X (10~

30



NP vs hadronic effects

+ NP: a g2-independent shift in Co (can be complex).

+ Hadronic: generically g2/channel-dependent, with strong phases.

+ Three discriminators:

» 2 and channel dependences of Co
» Absorptive parts / CPV: strong phases — hadronic
new weak phases = NP

» Inclusive B — X ¢4~

31
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g2 and channel dependences of Co

Bordone et al., 2401.18007 Bordone et al., 2607.09458
s 6f
5F 1 T e ()
| 4t A 1 ‘TI'TI LTP B g?f
> 171 17 0
{ © 3t et c"t t t{ L t t — SM
3 21 { —— constant
S } } e G opn I
2r Ca ™ K OB—K 0L— ' ' ' ' ' ' '
CE-K Cy, OB 9 [1.1,1.8][1.8,2.5][2.5,3.25][3.25.4] [4.5] [5.,6] [6,7] [7.8]
nl ¢* bin (GeV?)
Low-¢* High-¢”
Of ] Y
T T TT T T C’gl
T e e

e
—0—
—
—e—
|_
—e
—e—
w2
=
-+
-+

Co
S = N W A L
—o—
e
Ho-

11 11.75][11.75. 12.5] [15.16] [16.17] [17.18] [IS,19]
¢* bin (GeV?)

+ Charm loop from subtracted DR + measured resonances.

+ No significant g2, channel and helicity dependences.
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Absorptive parts

: : Bordone et al., 2607.09458
+ S7, Ss, Se are proportional to absorptive parts. ¢ aimannshofer et al, 2603.27753

+ Charm loop from subtracted DR + measured resonances.

+ Postdiction: Sg, So ~ 0, only S7 nonzero, more precise than data.

+ Sum rule holds for any absorptive parts =
in SM and in NP with same operator basis. |
— consistency check of data.
S7(¢®) Ss(q°) B So(q°) Lo IR ! ]
6r(¢)Re(Cro)  rs(¢?) Re[Co(¢®)]  mo(@®) RelCole)] ~ " || H:'dr o
K.: Kinematic factors, ratios of FFs —ozoé- .t ........

1.0 2.0 3.0 4.0 2.0 6.0 7.0 8.0
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CP violation

+ First direct probes of new CPV phases.

Time-dependent CPVin B — Kgu™u™

% _I T I T T T T | T T T T | T T
2= LHCb 68.3% Confidence Levels -
- 9fb — ]
1.5 // ) =
- - ]
1= 7 ; ) S =
- /,/’ -
05 :_ '." - _:
oC ! . — Total region

SN — ._--—--"'/ — Low ¢ region
_0s5C #SM prediction — High ¢ region 7
0.5 - ¥ Best fit point sh g reg R
L ! | I ! ! I | ! L I ! | ! ! o

-1 0 1

C

S = 0.82 + 0.29 (stat) £ 0.05 (syst)
C' = —0.13 £ 0.32 (stat) £ 0.04 (syst)
LHCb, 2603.13223

Im(Cg)

Direct CPV in B — K*Yutp~

Cho . LHCbS8.4fb!

—————

— —0.23 + 0.11 (stat) £ 0.04 (syst)
LHCb, 2605.07582



Inclusive B — X ¢T¢~

wwwwwwwwwwwwwwwwwwwwwwwww

15 b — stl
"~ - Inclusive Projection
- Belle II 50 ab™*
1.0 HL-LHC 300 fb™"

projection centered on SM

0.5 ABCDMN'23

/’%\(y/\)

o ///@///

¢>>14.4 1
SRE S, o) Xl |

1<q%<6
D HB—>XSM

BBS_H/JM

B Combined Huber et al., 2404.03517

\\\\\\\\\\\\\\\\\\\\\\\\\

+ Uncontrolled charm-loop part is power-suppressed.

+ SM-like Belle Il (50 ab-") + HL-LHC Bs—uu would exclude ACoNP=-1.
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Inclusive B — X ¢T¢~

0.707 . — F e
+ Fk = B(B—Kuu) / B(B—Xsf?): nearly flat  |high g2 e
. . . . . ] Col fit (1, 2, 30)
under NP — shifted if the deficit is %nic
hadronic in the exclusive mode. wemata @~ Y
0.20 % N—E)
. ) L . z
+ High g2 inclusive is saturated by K, K7, Global fit
(Km)s, Krirrm = LHCDb alone builds F; R
NP preferred at 2.00. “ llow 2 — e

+ Low g2 a true inclusive measurement E a2 v
Is needed — Belle Il ~400 fb™ now; o %
Fk: 15% — ~10% with 1 ab™. |

Alvarez-Cartelle et al., 2605.06567 o]

—Zlﬂ.()‘ B ‘—é.U‘ - ‘—i.()‘ B ‘U{O‘ B ‘110‘ B ‘210‘ B ‘3{0‘

NP K, low
C9 or C9, extra



Summary

+ C,o and Rke are SM-like, and consistent with an LFU shift in Ce.

+ All exclusive B—KOuu analyses find Cg below the SM value, except

for the polynomial ansatz (Rome), where Cq is consistent with the SM.

+ The significance depends on how much the charm loop is fixed by
data.

+ Future tests include g2 and channel dependences of Cg, absorptive
parts, CPV, and inclusive B — X ¢ ¢.

+ A longer-term goal is a lattice QCD computation of the charm loop,

for which a theoretical framework has been formulated.
Frezzotti et al., 2508.03655
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Backup
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S o 3
* SM 1 1 * SM

—1t ® Best Fit / : =17 ® BestFit

-1 ; I : —1
N HPOCD TE / Ll FNAT/MILC FF CV — Cg + é

. . /
N N Ca =Chio+ O
4t 4}
- - LHCb, 2603.12477
» B » B HPQCD, 2207.12468
e, L Fermilab/MILC, 2402.14924

+ B—=Kuu unbinned fit: tension with the SM at 4.0c with HPQCD FFs,
reduced to 1.60 with FNAL/MILC FFs (consistent central values,
larger uncertainties).



Charm-meson rescattering

K ) K®)
D
B
>
b — ccs
~y
(a) two internal lines on shell at real momenta: (b) all three internal lines on shell at complex momenta:

normal thresholds (unitarity cuts) leading Landau singularity (anomalous threshold at complex ¢°)



41

Three LHCb analyses

+ Same LHCDb 8.4 fb-1 dataset.

+ Significance ranges from 2 to 50 depending on how much the non-
local part is fixed by data.

Analysis non-local Hy ACHT SM pull

binned observables predicted (flavio/EOS) —0.93/-0.94 3.6-4.10 (angular — +BR)
unbinned amplitudes, model-indep. predicted (flavio) —1.17f8:35 4.3-4.80 (baseline — finer bins)
unbinned amplitude fit, DR model fitted to data —0.714+0.33 2.1¢

flavio: QCDf + power-correction nuisances (BSZ15 FFs); EOS: z-expansion + dispersive bound (GRvDV)

LHCb, 2405.17347; 2512.18053; 2608.12215
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+ LFU NP would generate the same deviations in the electron channel.

+ B—=K0ete- angular analysis is consistent with the SM as well as with
the shift seen in B2KOu+Lr-.
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B(B — K*¢1T¢~) at FCC-ee
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Bordone et al., 2503.22635
+ P41, P2: future theory benchmarks — form-factor and C7¢ff uncertainties
reduced by factors of 2 and 5, with |Veo| at 1% and 0.5%.

+ Modest improvements in NP sensitivity from HL-LHC to FCC-ee with Ph.
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Collider C.o.m. Energy | Luminosity | Label
LHC Run-2 13 TeV 140 fb1 LHC
HL-LHC 14 TeV 6 ab! HL-LHC
FCC-hh 100 TeV 30 ab™? FCC-hh
Muon Collider 3 TeV 1 ab~t MuC3
Muon Collider 10 TeV 10 ab™!
Muon Collider 14 TeV 20 ab—1 MuC14
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Azatov et al., 2205.13552
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FB asym.

Altmannshofer et al., 2306.15017
cf. Glioti et al., 2509.08132



