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Introduction



The beauty of the Standard Model

generatlons

SM: 6 quark flavours and 6 lepton flavours

Flavour physics investigates the properties, the transitions,
and the spectrum of the different quark and lepton flavours

Transitions between different (flavours) mediated by W*

Why is the b quark interesting?

« third generation quark

* heaviest fermion that forms bound states (my, > Aqcp)

 lighter than the t quark
= decays in quarks of another generation
— CKM suppressed decay




Direct searches

LHC has reached its maximum energy

New Physics (NP) searches

No NP evidence so far (too heavy?)

Next experiments will probably focus on precision

Direct NP discovery difficult in coming decades
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Indirect searches (with flavour)

Probe the SM at higher energies than direct searches

Compare precise measurements and calculations
of flavour observables

= obtain constraints on NP (or new discovery?)
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Flavour changing currents

Flavour changing charged currents (FCCC) occur at tree

level (mediated by W*) in the SM

Flavour changing neutral currents (FCNC) absent at tree

level in the SM. Focuson b — sft¢f~

FCNC are loop, GIM and CKM suppressed in the SM

FCNC sensitive to new physics contributions

|deal for indirect searches

Integrate out DOF heavier than the b
U
Weak effective field theory

EFT
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Indirect searches with b = su*u~

Test the SM and constrain NP with B —» K®¢*¢~ and By — ¢£* £~ decays
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SM prediction
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SM prediction
EH Loch 2021

Focus of this talk: how to obtain these SM predictions and what ingredients are needed
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Agreement between theory and experiment for LFU ratios Rg and Rg+,
but tension (or anomalies) remains for B - K™ u*u~ and B, —» ¢pu*tu~observables
= need to understand this tension



Importance of theory predictions

1. Tensionsinb — sft¢:
NP or misestimated QCD effects?

2. Constrain physics beyond the SM
(SMEFT Wilson coefficients)

Very active field of research

)

Tremendous experimental efforts
LHCb, CMS, ATLAS, Belle (1)

Need more theory calculations
to fully exploit experimental work

local FF non-local FF
calculations, 3
(2 of them from me)

calculations, 8

exp.
measurments, 4

other

channels, 13 ginEmns

analysis, 41

reviews, 15

NP 16

Example: distribution of first 100 citations of [NG/van Dyk/Virto 2020]



Theoretical framework



b — s~ effective Hamiltonian

Transitions described by the effective Hamiltonian
10
H(b - s£+°) PRADLAN
i=1

Main contributions to B = K®u*u~ in the SM given by operators 0,, 05, 01,

07 — SL bR 09 — §L bL ’? f 010 —

Additional contributions given by operators 04, 0,

0, = (5§ cL Cp by 0, = (85,7 ¢c,)icy



B — K™+ ¢~ decay amplitude

Calculate decay amplitudes precisely to probe the SM

(KW €487 Oce| B) = (£2]01¢p[0) (K™

Ohad|B) + non-fact.

Analogous formulas apply to B = ¢p££~ decays



B —» KW¢*¢~ decay amplitude
Calculate decay amplitudes precisely to probe the SM

H,

A(B > KOpte) = Fu Fr "

M

Easily obtain the (differential) branching ratio and angular observables from the amplitude

Hq—-—’j—"
): )

— Al?
dq? Tiordq? « |Al

g* is the momentum transfer squared




B — K™+ ¢~ decay amplitude
Calculate decay amplitudes precisely to probe the SM

A(B > KOpte) = Fu Fr

perturbative objects, small uncertainties



B —» KW¢*¢~ decay amplitude 7
Calculate decay amplitudes precisely to probe the SM

A(B > KOpte) = Fu Fr

| ocal hadronic matrix elements

7= (K™

093%,[B)  073%= (5T b)

leading hadronic contributions

non-perturbative QCD objects
= calculate with lattice QCD (or LCSR)

moderate uncertainties (3% — 15% )




B —» KW¢*¢~ decay amplitude
Calculate decay amplitudes precisely to probe the SM

A(B > KOpte) = Fu Fr

Y

Non-local hadronic matrix elements

Hy= (K )

T{jg™(x), 05, (0)}|B)

subleading (?) hadronic contributions

non-perturbative QCD objects
= very hard to calculate

large uncertainties



Form factors definitions

Form factors (FFs) parametrize hadronic matrix elements
FFs are functions of the momentum transfer squared g2

Local FFs
Fule,q) = ) ik, @) F2(a?)
A

computed with lattice QCD and light-cone sum rules with good precision 3% — 20%

Non-local FFs
Hale,q) = ) SHk,@)3(a)
A

Calculated using an Operator Product Expansion (OPE) or QCD factorization or ...

large uncertainties = reduce uncertainties for a better understanding of rare B decays



L ocal form factors



Methods to compute FFs

Non-perturbative techniques are needed to compute FFs

1. Lattice QCD (LQCD) 2. Light-cone sum rules (LCSRs)
more efficient usually at high g2 only applicable at low g*
= < lattice spacing
® © o 0 0 o j_rg
2 :

[.. o O
>
A,
¥

finite volume

Complementary approaches to calculate FFs



To perform the calculation approximations are needed

1. nonzero lattice spacing
2. finite volume

Lattice QCD in a nutshell 10
LQCD = evaluating path integrals numerically
matrix element = d¢; (correlator)
jlj[ = < lattice spacing

® 6 06 06 0 0 o0 o
® 6 6 ¢ o o o o
® © o 0o 0 0 o o
® © 0o 0 0 0 o0 o
_—

3. Euclidian space time

Pros

first principles calculations

reducible systematic uncertainties

finite volume

cons

nonlocal matrix elements and unstable states,
are still work in progress

computationally very expensive



LCSRs in a nutshell 11

LCSRs are a method to calculate hadronic matrix elements

Method based on:

— |

dispersion relation quark-hadron duality assumption Operator Product Expansion
Pros Cons
compute hadronic matrix elements need universal non-perturbative inputs
not accessible yet with LQCD (QCD condensates or distribution
amplitudes)

complementary w.rt. LQCD

relatively faster non-reducible (but quantifiable) systematic
uncertainties



Local form factors predictions 12

Available theory calculations for local FFs F;,

B-K: | . B—-K"and B; —» ¢
« LQCD calculations at high g*
« LQCD calculations at high g*

and in the whole semileptonic region

« LCSR calculation at low g?
« LCSR at low g2

B — K FFs excellent status (need independent calculation at low g2 )

More LQCD results needed for vector states (for high precision K* width cannot be neglected)

How to combine different calculations and obtain result whole semileptonic region?



Map for local FFs 3

Im g*4
Obtain local FFs F; in the
by combining all LQCD (and LCSRs) results
t,
— 1l —= OR—>2
F, analytic functions of g2 except for isolated sbh poles o
and a branch cut for g2 > tp = (Mp_+ M,T)2
Branch cut differs from the pair production threshold: ; Tz A
tr #t, = (MB + MK(*))Z contraryto,eqg., B - m 5 f+./
define the map
——==111 >

R 5
tF_qZ-I_\/t_F .\

z(q*) =




Parametrization for Fy

F, analytic in the open unit disk = expand F, in a Taylor series in z

We propose a new parametrization

co

(0.0)
Fy = zckzk 2|ck|2<1
k=0

k=0

P(z) and ¢(z) are known functions, fit ¢, coefficients to LQCD (and LCSR) results

First parametrization that is simultaneously:
« validfortp # t,
* unitarity bounded

Supersede BGL (approximates tr = t, ) = non-quantifiable systematic uncertainties

14



Local form factors predictions 15

A(B > KO ¢te™) = F, Fru
Fit available inputs to 07 ey _
This work N = 3 :
I £ LCSR (GvDV 2020) !
3 3 067 LQCD (HLMW 2015)
F, = chzk Zlcklz <1 0: ]
k=0 k=0 — ] B
S ] B
Obtain numerical results for B - K®) and B, — ¢ %" . T :
in the g = 03 ]
SN l 1 E
0.2 - .
Agreement between LQCD and LCSRs f f
0.1__ __
Fit done in [NG/Reboud/van Dyk/Virto 2023] f f
T 0 5 o s 10 15 2
q” [GeV)”

Update with new parametrization



Non-local form factors



Methods to calculate non-local FFs

Non-perturbative technigues are needed to compute non-local FFs #;(g?%)

lattice QCD = work in progress

QCD factorization:
factorize hard and soft contributions

= double expansion in 1/m;, and 1/E

valid for g% < 7 GeV?

How to calculate power corrections? How extend to A, decays?

s the perturbative treatment of the charm loop reliable close to threshold?

light-cone operator product expansion ( ) = see next slide

16



Obtaining theoretical predictions for H, 17

1. Calculate non-local FFs H; using a LCOPE at negative g*
}[A(qz) = C;L(qz)T/l(qz) + C}(qz)v)l(qz) 4 e

leading power (LO in ay) SO:tO%[UpC;?tEC;LE?\Ei:n
vaw = not a, suppressed

-

+ hard gluons (ag) corrections

A @W

. d . . d .

[Bell/Huber 2014] [Asatrian/Greub/Virto 2019]

[Khodjamirian et al. 2010]
ING/van Dyk/Virto 2020]




Obtaining theoretical predictions for H, 17

1. Calculate non-local FFs H; using a LCOPE at negative ¢*
H;(q?) = C(@)F(@*) + Ci(q*)Vi(q?) + -

2. Extract H; at ¢* = m},, from B -» K] /i and Bs = ¢ ] /1 measurements
(decay amplitudes independent of the local FFs)

3. New approach: interpolate these two results to obtain theoretical predictions

in the region = compare with experimental data

Need a parametrization to interpolate #;: which is the optimal parametrization?

light-cone OPE q°=0 q? =mjy,



Map for non-local FFs 18

Im g*}
Similar situation with respect to F,
t,
I, analytic functions of g# except for isolated c¢¢ poles (J /¢ and ¥ (25)) —HH—R—— .Egz
and a branch cut for g% >t = 4M}
Branch cut differs from the pair production threshold:
2

tr # ty = (Mg + M ») ;> ImzA

"

S

Define the map

o Vi@ T T R
2(q°) = f

Vi — a2+t

Anomalous cuts will be discussed later! (neglected for the moment being)




Non-local form factors predictions

A(B - KWeg) =

Obtain numerical results for the non-local FFs

5 00
WD) Y Bapn® ) IBal? <1
n=0 n=0

Fit the 2 parametrization

« light-cone OPE calculation at negative ¢*
H,(q%) = CL(gP)F(q®) + C(qP)V,(g%) + -+

e B - K®J/pand B, - ¢ ]/ measurements at g2 = mg,,

* unitarity bound (derived for the first time)

Need to update including anomalous cuts!

N
Y]
T

<
:
A
<+

8

0.00012 A

0.00010 A

0.00008

0.00006

0.00004 1

0.00002

0.00000

19

}[u
This work
B(B — K.J/)
+  GvDV2020
T =
7I7.L f-‘:).() — 0.0 2.5 0 10.0
q* [GeV)?



conr

M p

edic

ions and

frontatio

N with data



SM predictions vs. data

using our F; and H; results:

BRs and angular observables
for B—» K®u*tu=, and By » ¢putu~

theory uncertainties mostly due to F,

progress in H; calculations urgently needed

more measurements on the way

H
H

SM prediction
LHCH 2020
ATLAS 2018

—

(SR

e -

q° [GeV]?

20



eV]?

1
x

xdB(B = Kuputpu™)/dg* [C

SM predictions vs. data

X]_Oir) ><].0i4
SM prediction N 1.4 SM prediction
7 - FH LHCh 2014 % FH LHCH 2021
A Babar 2012 O s
Belle 2019
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between SM predictions and data
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Global fitto b = su™u~ (setup)

Use our predictions for the local and non-local FFs as priors

ciP and €N to the available experimental measurements in b —
sutu~ transitions
_ ~SM NP
(Co,10 = €310 + Coo

We perform , one for each set of the following set of experimental measurements:
(BRs, angular observables, binned and not binned)

* BoKutu~ +Bg—oputu”
° B_)K*#+#—
* By o putu”

Combined fit would be very challenging —

22



Global fitto b = su*tu~ (results)

we obtain good fits, agreement between the three fits )5 .
-+ sMm
. . : . . 2.0 - WS B — Kpp+ Bs — pp L
Substantial tension w.r.t. SM (in agreement with the literature) W B K
1.5 - BN Bs — dpp
Pulls (p value of the SM hypothesis): Lo

e 570forB->Kutu~+B, > utu~ 72 s
e 270 forB->K*utu- O »
e 2.60 for By » ¢putu” s
. . —1.0 1
Local FFs F, main uncertainties
o 9 -1 0 1
Non-local FFs H; cannot explain this tension NP



Open issues



Rescattering effects

Missing contributions?
Ciuchini et al. 2022 (also way before) claim that B = DDy — K™+ £~ rescattering might
have a sizable contribution = 0(20%) at amplitude level

LCOPE contains (implicitly) rescattering effects
partonic calculation does not yield large contribution (LP OPE and NLO «a)

Hy(q%) = C1(q*)F(a?) + Ci(a*)Vy(g?) + -
C, is complex valued for any g2 value due to branch cut in p? = M3 as expected
Large quark-hadron duality violation?

Slow convergence of the LCOPE?

Alternative approach = directly calculate rescattering effects using hadronic methods

24




Anomalous branch cuts

Non-local FFs may present have anomalous branch cuts that extend into the complex plane
Example B —» DD; —» K£* £~ rescattering

s. = (mg + my)? sr = (2mp)? sp, = 24.1 — 3.5i
Apply the same procedure as for the subthreshold branch cuts, but:
* Zmap is very hard to obtain (existence guaranteed by the Riemann Mapping Theorem)

* Ay calculation extremely challenging

25



Ap = ALT€™ decays

f b —» su*u~ anomalies are due to New Physics = same shift expected in A, = Au*u~
but rescattering effects are different

Already measured by LHCb = new and more precise measurements on the way
Progress needed in theory calculations (no estimate of charm-loop beyond naive factorization)

fFirst calculation of “annihilation” contributions in [Feldmann/NG 2024]

20



Possible issues on local FFs

Precise LQCD calculations for local F, FFs at low g*
are essential to have better theoretical predictions

Already available for B —» K£*¢~ [HPQCD 2022]
w.i.p. for B - K*¢*¢~ and B, -» ¢p£* £~

K™ has a sizable width
= B — Knf*¥~ local FFs calculation
first steps in [Descotes-Genon et al. 2019] using LCSRs

Clear path to solve these issues

FEIFE

Wr-

- 1.08

1.06

1.04

1.02

1.00

27

T —— Zero-width limit

PDG
K*

r

0.02 0.03

PK* (GBV)



Summary and outlook



Summary and outlook 28

Improved parametrization for local FFs F; (consider below threshold branch cuts)

Combine LQCD (and LCSRs) inputs to get results for F, in B = K™ £+ ¢~ and B - ¢p£ £~

Calculate #; with LCOPE and use unitarity bounds

Need to include anomalous branch cuts

for observables in B —» K®™¢*¢~ and By — ¢£+ £~ decays
between SM and data in B — K®¢+¢~ and B, —» ¢p£* £~ decays

Progress on the theory side needed more than ever



Thank you!
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