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Motivation: B-anomalies status

b — sll

Anomalies in ‘clean’ observables gone :

> Ry and Ry. (LHCb 2022)
> BR(B, > up) (LHCb 2021)

Deviation in angular observables and
Branching fractions at low g2 still standing

— Theoretically challenging
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Theoretical framework:

b — sll inthe weak effective theory

At the scale my, Heff — Heff,sl =+ Heffjhad
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Cy-C, Global fit : Superlso

Np = Ny, x?/ndf = 1.85
B -y, x%/ndf = 0.07
High g2, x*/ndf = 1.03

bin [6, 8] GeV?, xzzlnd;' =088 g?::éiznzn?ractions
. B2>K*uu
T B, = ®uu
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Cy-C, Global fit : Superlso

1.5
Np = Ny, x?/ndf = 1.85
B -y, x%/ndf = 0.07

1.0 High g2, x%/ndf = 1.03
i B o2 — Angular and
bin [6, 8] GeV™, x _jndz 088 Branching fractions
b-s at low g<, y“/ndf = 0.93
o2 R R Piiz/ df 13;( B2K uu
=, x°/ndf = 0.
. K Nk, X B%K*UIJ
=24
© Bs > ®up

0.0

Dependance on
Hadronic input ?
-1.0
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Amplitude of B — K(*)Il decays:

A(B — K1) = N{(CoLly + Colly) Fule?) -

> Local Jpﬁ(92)== <f(0”(kﬂ\()zgjo\Z?(k'+'Q)>

L

Parametrized with local Form Factors

Non-Local




Cy-C, Global fit : Superlso

Np = Ny, x?/ndf = 1.85
B -y, x%/ndf = 0.07
High g2, x*/ndf = 1.03

bin [6, 8] GeV?, x*/ndf = 0.88 g?::éiznzn?ractions
b - s uu at low g2, x?/ndf = 0.93 _BQK up
Rk Rk-, x*/ndf = 0.38 [ B>K*up ]
Lo
T | B, > Dy

Dependance on
Local F.F?

caP
See Bernat Capdevilla’s talk yesterday 6



Fit of B; of B>K*upu at low g2

Impact of B->K* Local Form Factors
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Fit of B, of B>K*up at low g2

Impact of B->K* Local Form Factors

1.5

Bg [1], x%/ndf =0.11

Bgr [2], x%/ndf =0.23
1.0 1
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[1] 1503.05534 : Bharucha, Straub and Zwicky

[2] 1811.00983 : Gubernari, Kokulu and van Dyk
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Fit of angular observables of B->K*uu at low g2:

Impact of B->K* Local Form Factors

15

Angular [1], x?/ndf =0.83
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Fit of angular observables of B> K*uu at low g2:

Impact of B->K* Local Form Factors

1.5

1.0

Angular [1], x?/ndf =0.83
o Angular [2], x?/ndf =0.86

[1] 1503.05534 : Bharucha, Straub and Zwicky
[2] 1811.00983 : Gubernari, Kokulu and van Dyk
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Local Form Factors computation:

Remaining deviations in FCNC B-decays — both BR and
angular observables- are sensitive to local form factors

The Wilson Coefficient fits are impacted !

How are these form factors computed?



Local Form Factors computation:

At high-g? : computed on the lattice

At low-g? : (mostly) Light-Cone Sum Rule (LCSR)

F.F,
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Local Form Factors computation:

At high-g? : computed on the lattice

At low-g? : (mostly) Light-Cone Sum Rule (LCSR)

F.F

q2

Challenging systematic
uncertainties

10



Procedure for Light-Cone Sum Rules :

(g, ) = [ o™ O TJ7, ()0, 0) | Bla + 1)

B to vacuum correlation function

|

Express it in function of the
non-perturbative quantities
of interest

(here form factors)

|

Compute it perturbatively

J!

weak

ngt(ﬂj)
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Procedure for Light-Cone Sum Rules :

(g, ) = [ o™ O TJ7, ()0, 0) | Bla + 1)

B to vacuum correlation function

|

l )

Express it in function of the
non-perturbative quantities
of interest

(here form factors)

Compute it perturbatively

> J,U:

weak

* ngt(x)

Match both expression

J
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Procedure for Light-Cone Sum Rules :

(g, h) = [ e O\ T ()71,400) Bla + 1)
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Procedure for Light-Cone Sum Rules :

HMU(Q: k) = Zthixe?kr <0| TJLI;#('T)erak(O) |B(q - k)>

Hadronic unitarity
relation
+

Dispersion relation

Density of continuum
aF.F and excited stated

O|J%, IM(E)YXM(k)| JE. . |B(g + k) B = (s
H/ll/(q.k> s int \F)Joy) ‘ \q ift d
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Procedure for Light-Cone Sum Rules :

(0. ) =1 [ o™ O T3, (0) 20 (0) | Bla + )

Hadronic unitarity
relation
+

DISperSIOn re|at|0n a F F Density of continuum

O| J2 | M(k)YXM(K)| J. . |B(q + k) 1 (™ | p™(s
H/ll/(q.k> - int \~) weak ‘ ‘([ _I_ d

- 2 9 - 12
my, — k 21 sh s—k




Procedure for Light-Cone Sum Rules :

1" (q, k) = j e (0| T2 ()

Hadronic unitarity

relation
+
Dispersion relation CEE
(g, k) = O| Jii | M () m\[illl)] . |Blq + k)
M
2
m3, —k*  2m

Density of continuum
and excited states

. = 1p(s)

s — k2

?71— h
50

Tusear(0) | Bla + k)

HQET

0)|B(v)) + ...

Jdl Jdp i(k—p).x [

p+”“ﬁ] 0] @ (x)h(
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Procedure for Light-Cone Sum Rules :

(0. ) =1 [ o™ O T3, (0) 20 (0) | Bla + )

Hadronic unitarity

relation
+
Dispersion relation WEE Density of continuum
. and excited states
O|Ju, IM(k)YKM (k)| JE, .. |B(g + k) L (™ [ p™(s)
H;w l- - int -|— = d
(,%) gy — k2 2 s —k?

HQET

¥ 4 Jdl J d'pf pilk—p).x [ p-+ m F] {0 qzn(:r)h‘,.f((}) ‘B(L‘» + ..
af3

x* < 1/Apep > Light-Cone OPE
In growing twist (dimension — spin)

Non perturbative input : B-meson LC
distribution amplitudes

i b In
meBJ;) dSZ (S _(2)2)77,

n=1 12




Procedure for Light-Cone Sum Rules :

(0. ) =1 [ o™ O T3, (0) 20 (0) | Bla + )

Hadronic unitarity

relation
+
Dispersion relation WEE Density of continuum
. and excited states
O|Ju, IM(k)YKM (k)| JE, .. |B(g + k) L (™ [ p™(s)
H;w l- - int -|— = d
(,%) gy — k2 2 s —k?

HQET

¥ 4 Jdl J d'pf pilk—p).x [ p-+ m F] {0 qzn(:r)h‘,.f((}) ‘B(L‘» + ..
af3

x* < 1/Apep > Light-Cone OPE
In growing twist (dimension — spin)

Non perturbative input : B-meson LC
distribution amplitudes

+00 T
L. (s
~ fomn | ds Y,
0

(s — k2)n

n=1 12



Procedure for Light-Cone Sum Rules

(0. ) =1 [ o™ O T3, (0) 20 (0) | Bla + )

Hadronic unitarity
relation
+

Dispersion relation

HQET

Density of continuum
aF.F and excited states

O| o, IM(k)YXM (k)| J'., .. |Blqg + k) L (™ [ p™(s)
" (q,k) = o — d*p' +m . -
((] l‘) = m‘\[ _ A) + o d o A) f J I [.L —p').x |: p; 1 F ]q {<0| ¢ (I’)h'i([}) ‘B(I‘)> +

x* < 1/Apep > Light-Cone OPE
In growing twist (dimension — spin)

Non perturbative input : B-meson LC

What we want

n=1 12



Procedure for Light-Cone Sum Rules

(0. ) =1 [ o™ O T3, (0) 20 (0) | Bla + )

Hadronic unitarity
relation
+

Dispersion relation

HQET

Density of continuum
aF.F and excited states

O| o, IM(k)YXM (k)| J'., .. |Blqg + k) L (™ [ p™(s)
" (q,k) = o — d*p' +m . -
((] l‘) = m‘\[ _ A) + o d o A) f J I [.L —p').x |: p; 1 F ]q {<0| ¢ (I’)h'i([}) ‘B(I‘)> +

x* < 1/Apep > Light-Cone OPE
In growing twist (dimension — spin)

Non perturbative input : B-meson LC

What we want What is this? °
Eld 177 el RS IR0
KU@& + — ds m f ds n
m3, —k?  2m s — k? = Jemp 0 ??Zl(s_kz)n ;



Estimating the density:

At leading twist:

o Pl L EL 7 pls) )
) i+ J ds | = meBJ ds >
Lo sh : : 0 (S —k )

———————————————————————————

13



Estimating the density:

At leading twist:

o Fl) i'i__f:;__;@fi e
I ( =+ S———51 — m S5+
| mﬁ[kzj :\27{' i e—kzi pre 0 (s — k?)

______________ Y4
Supress higher states of
unknow contribution

Borel transform
M2 : Borel parameter

F(M?) = Byp F(k* %) =
k2

13



Estimating the density:

At leading twist:

o F() VL7 pls) | = T(s)
) 2 :+: J ds—i: meBJ ds( &)
1 S b 1 0 o

1
1
\ﬁ ——————————— / N ———— - 4
l Supress higher states of

unknow contribution

Semi-Global Quark Hadron duality lsO - duality

1 +co +o0

—8 1‘/2
. dsp(s)e /M ~ meBJ

80

Borel transform
M2 : Borel parameter

F(M?) = B2 F(i?) =

threshold

dsl, (s)e_";/‘w

lim
k2 p—sor and =

13



Setting the parameters:

Flq) = %3 §" dsh(s)e” A0

Borel parameter M2 : compromise Duality threshold sO : Independence of
between supression of higher twists, and F(g2) w.r.t M2:
continuum and excited states contribution

higher twists _|':““ ds I,(s)e =™’ . 2
B Jydshieme Daughter Sum Rule :  ——-F(g") =0

A

~30%

~10% -

Range of the Borel parameter
E.g.for B — K: M* € [0.5,1.5] GeV?
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(Preliminary) results:

8o from SVZ sum rules Khodjamirian-Mannel hep-ph/0308297

i
' .
Forr;zF:agtor Our Result Gube;g?r; etal. Other results
0.258 +0.031 [1]
ff—ﬂr 0.249 + 0.064 0.21 + 0.07 0.25+0.05 [2]
PRELIMINARY 0.301 +0.023 [3]
0.280 +0.037 [4]
0.253 +0.028 [1]
22" | 0259 +0.065 0.19+006 | 02004 P
PRELIMINARY 0.273+£0.021 [3]
0.26+0.06 [4]
0.331£0.041 [1]
B—K 0.376 = 0.068 0.31+£0.04 [2
I¥ PRELIMINARY 0.27 £0.08 0,395 40,033 {3}
0.364+0.05 [4]
0.358 +0.037 [1]
B—K 0.367 £0.053 0.27+0.04 |2
T PRELIMINARY 0.25+0.07 0.381 + 0.027 {3}
0.363+£0.08 [4]

(1]
2]

[3]

Following a very similar
procedure to Gubernari et al 2018

Results in agreement with
previous calculations

Ball and Zwicky 2005, light meson DA’s
Khodjamirian, Mannel, Offen 2007, B meson DA’s
Khodjamirian, Rusov, LCSR + CKM

Lu, Shen, Wang, Wei, LCSR + QCD SR up to twist 6
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Conclusion :

» Remaining deviations in FCNC B-decays — both BR and angular observables-
are sensitive to form factors

» LCSR can be used to predict form factors at low g2 but suffer from large
uncertainties

» Coming results : B->K(*), D(*) local form factors



Backup:
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0.5 b - s uu at low g2, x?/ndf = 0.93

1.5 .
— Np = Ny, x?/ndf = 1.85
e B -y, x%/ndf = 0.07
1.07 " High g2, x*/ndf = 1.03
mmm bin [6, 8] GeV?, x*/ndf = 0.88 g?&?:éﬁznzngactions
_—
|

Rk Rk-, x%/ndf = 0.31

NP
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Angular and By, at low g2:

Impact of B->K* Non-Local Contributions

15

Bgr [1], x?/ndf =0.65

mmm Angular [1], x?/ndf =1.0
1.0

0.5
52
@)
0.0
[1] 1006.4945 : Khodjamirian, Mannel,
-0.5 Pivovarov, Wang
-1.0
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Angular and By, at low g2:

Impact of B->K* Non-Local Contributions

15

Br [1], x?/ndf =0.65

mmm Angular [1], ¥?/ndf =1.0
Bgr [2], x?/ndf =0.95
Angular [2], x?/ndf =0.99

1.0

0.5
52
@)
0.0
[1] 1006.4945 : Khodjamirian, Mannel,
-0.5 Pivovarov, Wang

[2] Mahmoudi
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Angular and By at low g2:

Impact of B->K* Non-Local Contributions

15

Bg [1], x’/ndf =0.65

mmm Angular [1], x?/ndf =1.0
Bg [2], x*/ndf =0.95
Angular [2], x?/ndf =0.99

mn Bg [3], x%/ndf =0.68

o Angular [3], x%/ndf =0.91

1.0

0.5

[1] 1006.4945 : Khodjamirian, Mannel,

-0.5 Pivovarov, Wang
[2] Mahmoudi
[3] 1707.07305 : Bobeth, Chrzaszcz, van Dyk,
1.0 Virto |
0.5 1.0

NP
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Amplitude of B - M7 decays

Local contributions - definition of the form factors

* 3 Indepenaent 1. for <P(k)|5113f”b| B(p)> = |(p+ky- —mé — Zq” /“”‘”+—m2 — mgq"/ﬁ?#
B to pseudoscalar meson: q q*
BaP

T 2 2 2
—_— + k) — (mz —m ‘"]
po—— [q(p Y — (mj—mp) q

B(p) )

(P00 ab

2 Vl'_i’ >V

mp + my

Vi) |27 | Bp)) = e,

e 7 independent f.f. for

B to vector meson: ( SR VLAY —Ao)]

V(k,n) | (}1}’#}’55 | B(P)) 1174 P (ma + mv) 48#1 et m 2 7
B 14

B(p)) = e’*”“f"’r;fjpﬂkﬂZTfa v

Vk,n)|gyic*q,b

AB-V = Mg +ny gy mﬂ_vasav
— — I e ——

2ny, 2my,

2
= - UV v BV v 4 3=V
Vi) Gricgursh | B ) = in1 (8 (m3 — md) = (p+ k") 127" +4 (q“—mz_mg(pw)“) 1 ‘]
B Vv

Alexandre Carvunis - Moriond QCD 2023



LCSR: The correlation function

v
int

1*(q, k) = i[d“xefk-*‘ <0|T.

Unitarity relation

2Am(IP) = Y Id‘fx <03,
X

| X > < X|

Dispersion relation
1 +o0
Hﬁw(qz, k2) e

TJ,

min

Im [1"(q%, s)
ds————
s — k2

Alexandre Carvunis - Moriond QCD 2023

W)J- (0)|B(Py=q+k) >

o decay constant of the light meson

, = 4¢(4 B
J;eale > (2m) 8¢ )(k—PX)

\
4

What we want to compute

\

<0lj, IM(k) > <M(k)|j,|B>

(g% k%) ——
2

Continuum, a priori unknown

<0 |5}2ybYSQI | P(k)> = ik"fp
(0 |c}2y"q] | V(k, ?7)) = in"my fy

37



Light-Cone Sum Rules

B-meson distribution amplitude

int

1"(q, k) = in4xeik'x < 0TI x)JE_ (0)|B(Pg=q+k) >

Condition for Perturbativity and

Heavy Quark Effective Theory Light-C d s
Ignt-Cone aominance:

int

(g, k) = i[d“xe”ﬂx <O|TT ) (0)|B,(h, =G+ k) >+ O(1/my)
g < m,f + mbkzlAhad

2 2
k” <« Ahad

d4 b , ) ’ + =
M = d4x _pel(k—p ).x F; b my R <0 | q_za(X)h‘/,}(O) | B(l)) >
27yt =" )
aj

: 2 Can be expressed as a function of B-meson distribution amplitudes
Perturbative piece

(Fully calculable) B . 400
< 01G20hP(0) | B > = — ‘fB;"B |
(

dwe —i wt)..rq)zp (w)ﬁa

Near the light-cone (x> < 1/ AéCD ) the DA’s are expanded in )

a series of operators with increasing (twist = dimension - spin) — z _
1

At x?% = 0, the only non-zero contribution is twist 2
Alexandre Carvunis - Moriond QCD 2023

w
2 (w)

+00
—iwn. X!
J dwe @, n
0
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List of Form Factors used

B 2 K: 2018 Gubernari et al
B->K*: 2015 BSZ
Bs—>® : 2015 BSZ
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B at low g2:

Impact of B>K Local Form Factors

1.5

I
[1]1, x?/ndf =0.69

[1] 1703.04765 : Khodjamirian and Rusov
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B at low g2

Impact of B>K Local Form Factors

1.5

[1], x%/ndf =0.69

[2], x%/ndf =0.75
1.0

0.5

NP
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B at low g2:

Impact of B>K Local Form Factors

1.5

A |
[1], x*/ndf =0.75

[2], x?/ndf =0.69

1.0 [3], x%/ndf =0.69

0.5

[1] 1703.04765 : Khodjamirian and Rusov
[2] 1811.00983 : Gubernari, Kokulu and van Dyk
-1.0 [3] 2207.13371 : HPQCD

-15 -1.0 -0.5 0.0 0.5 1.0
CNP
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List of b—>sll operators

(57T Pre)(ey*T*Prb) ,
(5yuPre)(Ey*PLb) |

(57 Prb) ) _(@ra) .

(§7ﬂjufﬁﬁﬂj£:(@yﬂjuq),

a
(gﬂf,m Yz Vs PLb)Z(Qyﬂl 7#2,-},#3q) ,
q
(5% a2 s T PL) Y (@292 T %)
q

[ggﬁV(m.sPL + mbPR)b] F,Lw ,

e
1672

s 5o (mePr + myPRIT] G,
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Full and Soft approach:

NP
C10

Full :

Soft : using the symmetry relations between form factors to eliminate form factors ratios

1.5

using the whole set of form factors

1.0+

0.5

0.0

Soft approach
Full approach

—0.5

—1.0

-1.5

-1.0

-0.5

NP
C9

0.0

0.5

1.0

where

and

fo

f+

I+

2B
et i8S
Mg

fr_ Mg+ Mg

aCr

4

2-

(1.,(:';.' :113(;”1_; - ZE;\') /_\f*p

2L +
' 4

Mg

AFp =

(1+ a:Cr [l ﬂ Y
4

st fpfr

NeMg |

L =—-

—‘I’B +fd~)

’”r; ¢ In
7 (

I

QQ

my

_,)

(2Ek)? &p
a,Cr Mg AFp
4n 2FEg &p

d

Prc(u)
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)
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