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Introduction

During the last decade there has been a lot of progress in the experimental
measurements of Exclusive b — s¢¢ decays, a lot of efforts devoted to their
interpretation, and a lot of advances in the theoretical description.
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This is a talk about the theory calculations.
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Theory Calculations:

Leer = Lacoraen + ) G O,

I

C; = Calculated through a perturbative matching calculation

AB —f) = Z\C/b fT{---O;---}IB)
" Bsm QCp

(O;) = Non-perturbative and difficult to calculate
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Anatomy of B — M, /" /~ EFT Amplitudes

2mpMg

M
AR = N,y {(Cg F Cio)Fa(q?) + 7 [Q]-'l(qz) - 167T2mi7‘[A(C12)] }

» Local (Form Factors):  F{(q?) = (Ma(R)|3T( b|B(k + q))

» Non-Local : Ha(q") =iP, /d“x eV (M (R)|T{jtn (%), € ©i(0) }|B(q + )
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Summary

Local

- Theory (LQCD / LCSRs)
- z-expansion (analyticity)

- Dispersive bounds (unitarity) [BGL/BCL]
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- Theory (QCDF, (LC)OPE, models, ...)

-Z-expansion

15

- g?-dependence -dispersion relations

-phenomenological

- Dispersive bounds

- Fits — “data-driven” methods??
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Local Form Factors : g>-dependence from analyticity

]—'g)(q2) = (My(R)|3 F()\T) b |B(R + q)) : Analytic structure in g2 :

Im(g?)

N
gsb Yorvne—9

B; pole BK* cut

e

ty Re(q?)

Physical Region

F(?) = (6> - me.) FD(g?)  has no pole, only cut.
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Local Form Factors : g>-dependence from analyticity

Bourrely, Caprini, Lellouch; Boyd, Grinstein, Lebed; Caprini, Lellouch, Neubert; ...

Vi =g’ =/t —lo

» Conformal map : 2(q%) =
P @)= =i
Im(q®)
-
&
&
BK* cut Physical |Region Re( z)
Physical Region
by Re(q®
e(q”) N
DO{
» "z-parametrization” : f@(qz(z)) is analyticin |z| <1 (1Zphys| < 0.15)
(7) _ 2\k
AN = Zak 2(q%)
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Local Form Factors : Dispersive Bounds (BGL)

Boyd, Grinstein, Lebed 1997; Bharucha, Feldmann, Wick 2014

1. One starts with the two-point function

i iq-x v v ragVv
(@) = [ dxe OITyLUE ©)10) = ) | T2 ] 4 nf (@) [ - L]

2. The invariant functions fulfil a once-subtracted dispersion relation:
8 17 mmn®(s)
2
= = — ds ——=~.
Xr (Q )= [ } R 0/ (s QZ)

9g?
3. The function Xr (Qz) can be calculated in an OPE at a suitable substraction point Q?
Bharucha, Feldmann, Wick 2014

(g

4. The discontinuity of I'I(’\)(qz) is the spectral function:

TmN(s) ~ SO HY(HUT10) ~ fe + P2 4 [ P [P0
H

(up to phase-space functions...)
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The two-body contributions are, e.g.

* 00 1/2
X e = _"B*I: / s A > ’VIB+MK*)2| APE 'H32 Mj Mmm
247 (Mp+Mps)2 S (s —@Q )

In order to simplify the bound, it is thus convenient to reparametrize:

FNa) = Br@or@FEM@) = Y of )"
k

—+

S /do‘ﬁfw(e”)r <1
B—M

—T

Re(2) D g <1
F,R

Physical
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Local Form Factors: 2 variations

Gubernari, Reboud, van Dyk, Virto 2023
1. “Polarized” 2-point function decomposition

v Vx A
@)= Y e n(g?)
A=t, L,],0

— This is the bound used in the literature:

* 1/2
v b / - ds—)\ki/“ [s (MB+MK*)2||Af*K*\2i+32M§M}{, Vitisad &
‘ BK* 24m2 J s2(s — Q)3 4

Mp+Mjc)?

- And this is what we propose:

(0) i r e 2772 [ gB—K* 2
. / / —K*
ot — ds— G _‘“Q2)34MBMK* A
(MpB+Mpex)?

2

b

(I il i /\11<‘/2 of 4B—K
S in A A / —K*
o |BK* i = / dSSZ(S i Q2)3S (1‘\/[3 5 A[K*) ‘Al
(Mp+Mpcs)2
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Local Form Factors: 2 variations

Flynn, Jlttner, Tsang 2023;  Gubernari, Reboud, van Dyk, Virto 2022, 2023

2. Correct threshold, different from trivial one:

5”’1”

Imz

Img®
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So s ME S s, Req? Rez
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FUMa) = Br(2)or(2)FsM(q?) = Z ol pi(2)
f

+arF N .12
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Tar F.k
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Local Form Factor Fits

Gubernari, Reboud, van Dyk, Virto, 2305.06301
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Truncate the series expansionto N = 2,3, 4

Uncertainties stable for N > 2
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Non-Local Form Factors

M
ASR = A, {(@ T Cio)Fa(q?) + 7 [Cyfl(az) —~ 167r2mBHA(q2)] }
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» Local (Form Factors):  F{"(q?)

» Non-Local: Ha(q’) =iP; /d"x e (M (R)| T{ T (x), C1 0i(0) }|B(q + k))
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Non-Local Form Factors: Analytic structure
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Analytic continuation to physical g?

z-parametrisation for #(q?)

Im(¢®)

J/p o 9(2S) DD cut

Bobeth, Chrzaszcz, van Dyk, Virto 2017

Ly

Physical Region

Re(¢?)

> Fa(0%(2)) = (a7 — M}, )(@* — M2, ) Ha(G?)  is analyticin |z <1

» Taylor expand H,(z) around z = 0:

Hn(z) = [zgzo aﬁ)zk] Ha(2)

» Expansion needed for |z] < 0.52 ( —7GeV? < ¢? < 14GeV?)
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DiSperSive bound Gubernari, van Dyk, Virto 2020

1. Consider the correlation function
(@) = i [ d'xe(0/T{0(@:x).0"(q; 0)} 0)
where

0"(g:X) = —i / d'y et T (¢ + 1), (GO + GO (X))}

\ S local OPE
—
/ \ .

XOPE(=m}) = (1.8140.02) x 10°GeV~?

2. Calculate in OPE region

]

/\\\
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DiSperSive bound Gubernari, van Dyk, Virto 2020

3. Twice-subtracted dispersion relation:

Disc —I‘Ihad(s)
OPE 2 b
(@) 217r/d Q?)?

3 2ME N2 (ME, M2, s 2
~ DiscysM™(s) = #’HEHK(S)‘ 0(s — Sex)
32im3 sS4
MG\ JA(ME, M2, | s) .
¢ VT (e o) o [t s>\ \HM R
M8 JA(MZ M2 | s)
B 557 ’
R (oo s ]+ ot ot -0

+ further positive terms
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DisperSive bound Gubernari, van Dyk, Virto 2020

e

Img?
Redefine H; as before: e M2 MEE t,
Req?
(@) = 5" (@) PR HT (@), '
Expand in ortogonal polynomials in arc: ; 1

dew z

M@ =)ok e M)

n=0

The dispersive bound then takes the simple form

2 2 2
‘ ’+‘a§57¢} <1.

i 20ai |+ > Haijf"

n=0 A=1,],0
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Fit to Z-Pa rametrisation Bobeth, Chrzaszcz, van Dyk, Virto 2017

t Im(2) B K*4

B — K*9(25)

Theory data

AANANAN
ava\
S

Physical Région

B — K*Jf
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Results

Gubernari, Reboud, van Dyk, Virto 2022
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Results

Gubernari, Reboud, van Dyk, Virto 2022

Javier Virto
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Issues:

1. Is the theory data reliable?

2. Validity of z-expansion: Do we understand the analytic structure?
3. Truncation of z-expansion — dispersive bound

4. Technical aspects of fits (convergence, interpretation, ...)

Any concern should be linked to one of these points clearly.
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Theory data

Operator Product Expansion in selected regions:
H"(q, k) = i/d"x e (My(R)| T{ T (%), Ci Oi(0) }B(q + k))

- Large-g”: Dominated by x ~ 0 (short-distance dominance - OPE)

Grinstein, Pirjol; Beylich, Buchalla, Feldmann

- Low-g*: Dominated by x* ~ 0 (light-cone dominance - LCOPE)

Khodjamirian, Mannel, Pivovarov, Wang
In both cases,

Kr(q) =i / d'x €0 T{ T4, (),C 0,(0)}

= AC9(q2)(quV _ QZQMV) §’YVPLb 4 AC7(q2) 2/mb §O’uquPRb 4.
Thus,
Hopr(a. k) = AC(a°) (g9 — a°g") F, + 2imy AG(q)FTH + -
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Theory data

- Unfortunately, no LQCD calculations here (so far).

- Theory is always based on some form of factorization (e.g. QCD
Factorization in HQL, OPE in smart place, etc).

- Thus any problem you have in e.g. B — =, likely here too.
- But you can choose g (e.g. g < 0). This improves things.

- The leading term here is exactly factorizable (Co.F) thus the error is
“subleading”.

- One may also try fitting the z-expansion / dispersion relation / model
without theory data
Mauri, Blake, Owen, Petridis, LHCb... 1709.03921, 2312.09102, 2405.17347
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Tests

There is one important property that distinguishes Cy from AC3(g?):

4

3 } T T SM
N e e e |

[ L . ‘
* hest-fit

1

0

(3 23 BA &35 5.6 1671 (7.8

bin ¢* (GeV?)

5

4 SM

3 i 1 ===== constant
© | r— fr— e -1 - i -

2 - * best-fit CMS

| “ I‘ I t * hest-fit LHCb

0

[15.16] [16,17] [17.18] [18,19] [19,20] [20.21] [21.22]
bin ¢* (GeV?)
Bordone, Isidori, Machler, Tinari 2024

(see also Altmannshofer, Straub 2014; Descotes-Genon, Hofer, Matias, Virto 2015.)
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Analytic structure
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Analytic structure

- There is a “light-hadron” cut for g> > 0, but it is OZI suppressed.
- p? cut makes #H(g?) complex everywhere, but does it affect g??
- Partonic calculation mimics all singularities (must be a Theorem)

- Two-loop partonic calculation confirms analytic structure
Asatrian, Greub, Virto 2019
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Analytic structure

Direct check of analytic structure at two loops: Asatian, Greub, Virto 2019

F(s1) — F(s2) =

s, [* . F(t+i0) — F(t — i0)
: / st~ %0)

Example:

Fy0y(=8+1) — F{7), (=1 — 2) = 0.0894864 — 0.1608271 ,

= 0.0894966 — 0.1608397 .

—24+3i /00 Disc F, ()b)( )
4

2mi (t+3—10)(t+1+20)
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Left-Hand Cuts? M. Hoferichter, S. Mutke

B — K*~*

1 e s’ s') FV* (s 1 1 3s sy ) disc sy) FY*(s
f as' vp a(s")ap a(s") Fr™( )+_f ax 2 vp x(sx)discgp x(sx) Fr™(sx)
am2 ™ Jo

n s) = —
P.A(S) E s’ —s Ix Sy — S

—mpanom
=nPm(s) =Mpx' ()

First mentioned by Ciuchini et al 2022 but in the context of the p? cut

Are they there? Are they sizable? Can we modify the z-expansion?
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Conclusion

- It really looks like  Co~ CSM —1~3
- But this is a difficult scenario for theory

- The winning strategy is most probably a wise use of theory in a
data-driven approach...

- ... but it must be done model-independently.

- So far, theory + z-expansion + dispersive bounds holds some promise
in analogy to the local form factors, which are increasingly established.

Javier Virto Theory Predictions for Exclusive b — s£¢ June 5th, 2023 30/31



Thank you
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