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Motivation
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Status of B-anemalies quirks in b — st/

® Anomalies in the clean observables R.(.), BR(B) — jiu) are gone.

® Quirks are remaining in theoretically challenging observables: PL(B — K*upu),
BR(B — KT puu), ...

® Are B-anemalies quirks due to New Physics or misunderstood SM effect?
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Motivation
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Theoretical status of B — A

G
AB = MeTe) = —ZE2 v, Vi (A + T)ar™ v + Buigy™ sl (1)
V2
where
_ = 21m
Ay, = Co(M|5v,PLb|B) — b " (M|50,, Prb|B), 2
B,u = 010<M|§’YMPLHB>,
the B — M matrix elements are expressed in terms of (local) form factors. The
remaining term is the non-local contribution
4m 1q-x c >
r= T [t e e 0)1B) 3)

Non-local contributions do not seem to explain the anomalies (still debated by some):
® Unitarity bounds (Bobeth, Chrzaszcz, van Dyk, Virto 2017 [1], Gubernari, van Dyk, Virto

2020 [2]).
e ¢%independence of the fitted NP Wilson coefficients (e.g. Bordone, Isidori,
Maéchler, Tinari 2024 [3]). See also B — K™ puu LHCb 2024 (Eluned's talk)
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Motivation
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Local form factors for B — light at low ¢

The status of the B-anemalies quirks relies essentially on the calculation of the
local form factors in the SM. In this talk | focus on the low-¢? range where most of
the anomalies are. There are three ways to compute the form factors in this region:

® LCSR with light-meson distribution amplitude (DA) (see e.g. Khodjamirian Russov
2017 [4])

¢ LCSR with B-meson DA (thiS talk) (e.g. Cui, Huang, Shen, Wang, Wang 2022 [5] in
SCET, Gubernari, Kokulu, Van Dyk 2018 [6] in HQET). GKvD used e.g. in LHCb 2024
[7].

® Lattice QCD, at ¢* = 0 only fP7% (HPQCD 2022 [g))
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Light-Cone Sum Rules with B-meson LCDAs
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Establishing the sum rule

Khodjamirian, Mannel, Offen 2005 [9]

ij(q’ - ’Lf d4xelkx <0| T{ mt( ) eak( )} ‘B( B - q—|_ k)> (4)

From analyticity (taking &% < 0) and unitarity

H,uz/(q’ k) — (0]J} | M (K )><A[(k)‘]/5(111\»‘3(‘7+k)> + f+00 dsp”"(q,s)’ (5)

mM k2 Scont s—k?2 b Jiﬁeak(q)
R
From the identification of Lorentz structures in the definition of
the form factors T
F(q°) > pr(q®, s) ®
2 2 — et 07 q v
Ir(q°, k%) = Yr mjzw k2 + /swm s— k2’ (6) ? Tt (K)
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Light-Cone Sum Rules with B-meson LCDAs
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Establishing the sum rule

We reproduce the results of Gubernari, Kokulu, van Dyk 2018 [6], with 2-particles up
to twist-5 and and 3-particles up to twist-3. For 2-particles e.g.:

oo IX® gF
LCOPE __ o n()
Iy _/0 D (o) = i @

n=1

If,@p)(a’ qz) _ ({B_W?Z CF pr (0,9 )qup(omg) (8)

where 12, = ¢, ¢_, g4, g— are the distributions amplitudes. B-LCDAs from Braun, Ji,
Manoshov 2017 [10] using the exponential model (using the alternative models yield a
0 — 10% variation). We derive the full expression for the twist-5 2-particle LCDA g_.
(Wandzura-Wilczek approximation in GKvD 2018)
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Light-Cone Sum Rules with B-meson LCDAs
000®0000

Global Quark-Hadron duality

F(q?) < pr(¢®s) _cors _ [T X IF(0)
HF:YF+/ A 1| :/ doy —2~2—— (9
m]2\/[ - k2 Scont §— k2 F 0 nzzl (S(O-) ( )

Applying the Borel transform to suppress the spectral density integral

Byplly = YrR(g)e ™ 1+ [ p(s)e=s/M?
wellp rF(q%)e + p(s)e

Scont

(10)

+o00 +oo F
- [ e Lio) sy
0 MQ("*l)(n— 1)'

n=1
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Light-Cone Sum Rules with B-meson LCDAs
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Semi-global Quark Hadron Duality

Semi-Global Quark-Hadron Duality approximation

oo M2 1 oo M2
/ p(s)e s/M° = = / I[P (5) e/
S 50

™

cont

Thus
+oo

YFF(qQ)e””JQM/A/[2 = BMQHZ}W - 1/ ImITPe™(s) e/ M?
T

50
where the effective threshold is set to verify
t + — 2
iy {BWH%M =7 oo P (s) e/ ]
BMQH%M —1 ;Oroo ImlIIrert(s)e—s/M?

™

miy =

(13)
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Light-Cone Sum Rules with B-meson LCDAs
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Challenges of B-meson LCSR

e Effective threshold: For B — m, p, K, the effective threshold sy cannot be
determined using the meson mass sum rule. Thresholds from QCD sum rules are
used in GKvD 2018.

* Borel window: In the literature M? € [0.5,1.5] GeV? (KMO '06, GKvD '18) or
alternatively M2 € [1,1.5] GeV? (CHSWW '22, DKVV '23).Up to 20% variations
of the form factor between M? = 0.5GeV? and M? = 1.5GeV?.

® B-LCDA are only known asymptotically at low w, full DAs are model dependent.
Plagued by end-point divergences which can break the twist hierarchy.

e B-LCDA parameters are poorly known. We use our own average of the results
of A" Khodjamirian, Mandal, Mannel 2020 [11] A" = 2.72 + 0.66 GeV~!
(GKvD: A" =2.2+£0.6 GeV 1)
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Light-Cone Sum Rules with B-meson LCDAs
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Dependence on A" and effective threshold determination strategy in B-meson LCSR

form B— K* B—p

factor | GKvD [6] (i) (i) GKvD [6] (i) (ii)
% 0.33£0.11 | 0311012 | 0.487535 | 0.27£0.14 | 0.167083 | 0.277515
Ay 0.26 +0.08 | 0.257075 | 0367015 | 0.22+£0.10 | 0.147007 | 0.217015
Ay 0.24 4 0.09 | 0.227515 | 0367539 | 0.19+0.11 | 0.11705% | 0.207015
Ty 0.20£0.10 | 0.271017 | 0.417530 | 0.24 £0.12 | 0157005 | 0.247573
Ty | 0.5840.13 | 0587020 | 0737016 | 0.56 £ 0.15 | 0.437518 | 0.561016
so (Gev2) | [1.4,1.7) | 1.5379:3% | 1547034 | 1.6 4+0.032 | 1.0379%% | 1.0579:9)

Table 1: Prediction of B — p, K* form factors at ¢ = 0 following the calculation of GKvD
2018 using a different method for the determination of the effective threshold. )\El =2240.6
GeV~! (i) and A" = 2.72 £ 0.66 GeV~* (ii).
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Dependence on A" and effective threshold determination strategy in B-meson LCSR

Light-Cone Sum Rules with B-meson LCDAs

0O000000e

form B—n B— K
factor | GKvD [6] (iif) (iv) GKvD [6] (iiif) (iv)
I 0.21(7) | 0.023(7) | 0.2670% 027(8) | 024(7) | 0347009
fr 0.19(7) 0.024(7) | 0.2470:%6 0.25(7) 0.24(7) 0.3173:9
so (GeV2) | 0.7+ 0.014 | 0.0393(1) | 0.7+ 0.014 | 1.05 4 0.021 | 0.54%093 | 1.05 +0.021

Table 2: Prediction of B — 7, K form factors at ¢> = 0 following the calculation of GKvD
2018 [6]. Our results are obtained using A" = 2.72 4+ 0.66 GeV~! and s, obtained from a
daughter sum rule (iii) and using the same threshold sy as in [6] (iv).
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Our approach
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Method of the moments

We define
" 2 _k2)p+1 0 (8) m2, — k2 p+1
IP (2 12) = (may P (.2 12 2 1.2 E/ PF M
F (q 7k ) p' YF F (q 7k )7 RF(pvq 7k ) soumt YF S—kz bl
and /e
(p—0)
~9 2\ p! 1_[F 2
my(p, 4, k%) = [,() + k%,
(» =0 iy
The sum rule becomes B
0% (%, k) = F(¢*) + Rr(p), (14)

and

2 (¢, k?) — 2 P&, Relp, ¢, F) —— 0, iiy(p, 6, ) —— mj;. (15)
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Our approach
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LCSR without semi-global QHD

Accounting for the truncation error, H(p?) =1 within uncertainties. For p (M?)

F,pert
large (low) enough, Rp < F(g?) and Rp < std(II) ), thus F(¢?) =11 (42

F,pert — " F,pert
within uncertainties.
ne
A A ~)
(a) M) | = Uppert

\ convergence
Hﬁ
upper limit = reeee e eene
F( qZ) T \ .............

p p

v
v

Same behaviour for mj,, M3, .., and mj;, thus the daughter sum rule can tell us
when (if) we reach the convergence regime. p — o0 <> 1/M? — oo
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Our approach
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Check with two-point QCD sum rule for the p meson - WIP

0.300

e Shifman-Vainshtein-Zakharov [12] sum

021 rule successfully predicts e.g. the p meson
0.250
- decay constant
0.225 A
— ° Ilgyy = Zd Cd(qz) <Od> where <Od> are

quark-gluon vacuum condensates
17 prefimivey , , e (gq) from FLAG 2021, (ss) from HPQCD
S [13], (asGG) = 0.012(4) (SVZ)
am6+a? ® Dimension 8 contribution for the p sum

dim 8 + af o(et e~ —hadrons)
—— PDG rule extracted from m [14]

Exp. . . .
e dim O: a?, dim 3: az, dim 6: oy

S~ ® Caveat: This figure only includes
parametric errors

m, (GeV)

0.6 1 preliminary

(PTS 11[] 175 210 215
1/M? (GeV™2) * We obtain f, from SVZ sum rules

without semi-global QHD
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Our approach
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QCD perturbativity

Omax n + p _ 1
H(p?,)LOOPE(‘f? k2) = /o dUZ

(n—1)!
= / da[t(i’p)(a, k?)
0

We define the average virtuality

Joms do| 157 (0, k2)|s(o)

() = Jom do| 1P (0, 12)]

To keep the radiative corrections
under control we require

|(s)=mi| > Abep,  |K?,13%] > Ajep.
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Our approach
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QCD error model

For the characteristic QCD scale we take

pqop = min(y/(s) — m3, v/1k2], v/[2%)).- (16)

Interestingly, (s) > —k?/p ~ M? when p becomes large.

g Qg T
H%)) = 1_[S‘?’p,)LO 1 + was(u) nzl (iﬂ)) = 1_[;?,)LO |:1 + was(u) 1—6(;:();1)/71' ;
(17)
where w,, (p ~ mp) ~ 1 and wa, (1t = Agep) = 0. We take p = pgep > 0.8 GeV
and
Wa, € [~1.5,1.5] (18)
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Our approach
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LCOPE truncation error

HF,LCOPE(q2a k2) — Héi]zg/isth,iS + Hthst 3,4 +Htwlst 4,5 + Hthst 5,6 4+ (19)
x(22)0: LT o<x2: NLT
Z Hthst t — H(p) + 1_[NLT + Z Hthst t
t>2 t>6
20
()? (20

= Hg)lz + Hl(\]lng + wrcore X P P e
)| — 1)

To be conservative we take a uniformly distributed wycopEg
WI,OOPE € [—2,2] (21)

and keep HS\I;])JT/H(LP% < 20%
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Our approach
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Strategy summary

k*-independence

(s) —m? < AZQCD

p-independence
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Results
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174 B—K*

—k? /p-dependence of

—k?/p (GeV?) || 20/13 20/16 20/20 20/25 20/30 20/35
Rypokr 0.507015 | 0.377011 | 0.2570:08 | 0.157065 | 0.087003 | 0.035:01
VB K 0437035 | 0457030 | 0477035 | 0.497037 | 0.527035 | 0.5370:33
1) 0.941037 | 0847036 | 0724035 | 0.6470:3¢ | 0.6070:32 | 0.551032
s0(GeV?) 14310020 | 1.4810-53 | 1.567003 | 1.687008 | 1.871005 | 2217033

Table 3: Central values and 68% C.L. intervals of II) (¢*> = 0). The corresponding

VB—K*
VB—>K*

Rypsir and sy are estimated using DSR and semi-global QHD.

At —k2/p M? ~ 1.53GeV2 Ryp/TI¥) = 53%! We advocate for —k2/p M? < 1 GeV2,
Variation of VB7K" of 20% between M? = 0.5 GeV? and M? = 1.5 GeV?2.
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Results - fF7X
k? = —2GeV? k? = —10GeV? k? = —20 GeV?
1.0 v b b
0.8 1 1 .
2 0.6 v v vl A v v v E 4 v v median
v
= + . v . vy " v HPQCD
0.4 4 + T + T +
+ +
4 _
Ty 1 71l - m3
3 1 % { % % I DA only (10)
NM
TS B B O B R A I o T T + T full error (10)
01 2 4 5 6 8 12 1619 23 2730 16 23 30 37 44 51 58

T
3
p p p
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Results
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Results - fF7X
—0.05 A . .
¥ (o)
~0.10 - . .
NI
CR
E 015 1 1
&
=23
B —0.20 1 . .
~0.25 . .
T T T T T T T T T T T T T T T T T T T T T
1.6 {+ . .
o 141 - .
= +
v
< 1.2 1 1+ 1+
o +
g + +
& 1.0 A + B i
= + +
0.8 j- * T
. + + o, N ‘o,
T T T T T T T T T T T T T T T T T T T T T
001 2 3 4 5 6 8 12 1619 23 2730 16 23 30 37 44 51 58
P P P
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Results
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Results - B — K

orm factor || —k“/p r(p, © 95% C.L ~F lo iterature ef.
form K2/p | Re(p,#2) || 2P Mt | fi(p) | Ref
0 L.
0.332(12) | HPQCD [§]
0.27(8) | GvDK [6]
B—K +0.05 +0.15
i 10/19 | 0.02+5:5° 0.57 0.327015 0.325(85) | CHSWW [5]
0.395(33) KR [4]
0.332(21) | HPQCD [§]
0.25(7) | GvDK [6]f
B—K +0.06 +0.08
fE 10/8 | 0.0370% 0.46 0.34700% 0.381(27) KR [4]
0.381(97) | CHSWW [5]

Table 4: Upper limits at the 95% confidence level and central value of ﬁ%’) for B— m, K. We
include the corresponding values of —k? and p as well as an estimate of Rp(p, k?) using
quark-hadron duality.
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Results
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Mass prediction

® The mass sum rule has huge error bars because we decorrelated the radiative
corrections of the successive derivatives.
® The parametric uncertainties in the DA parameters cancel out when p increases

_ 1 Rp(p—¥) — Rp(p) Rr\?
2 2 2 2
my = my + (my — k%) | = - O(— 22
"
0.75 A I b
< 0.50 T . 1 """ mic
i I DA only (10)
g T - I I
0.25 Frerrernernnrannnnnnnans g 'II'
16 30 43 56 70 83 96 17 30 44 58 71 85 98
p p
Figure 1: Mass predictions accounting for DA parametric error only k? = —20 GeV?
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Results - k? = —20GeV?

v v 04 v
0.6 1 i
v 067 v, Y v 95%CL.
£ 0.5 vV 3 + v ;03_4_ vy + median
2 vvv S8 44 Vv oV 3 LMvD
i N i
=04+ + a + HPQCD
+ 0.2 1 +
034 *t+ 4 + +,
o+ oy 021 + 4 +
3 3 3
2 2 2
Q e CTRN I I | R m2,
% 1- Z 1 T o1 M
9 95 o T DA only (10)
Tg o4 T T /:Ek 0g--ckeedeefeefeeg--- Tg og---f--4--{--f--- . I full error (1)
—1- ~1- ~1-
17 24 31 38 45 53 60 17 24 31 38 45 53 60 17 24 31 38 45 53 60
P P P
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Results - k? = —20GeV?

Results
000000e0

M v 10047
od v v 081 o v v v
; Yy P 0.6 7 ME 2R ;0757 MR 2
—~a + —~a. + —~a_ +
S &< =
=] + B o044+ = 0501 4
0.5 <
+ + +
g 0.2 1 T+ 0.25 + o+
3 3 3
24 24 24
& & &
71 71 71
T T O i A 4 s "1..L1.7.5.=2. 4 & "1.L1.F.%.+4. 4
s 0 & 01 e 04
1 1 1
16 23 30 37 44 51 58 16 23 30 37 44 51 58 16 23 30 37 44 51 58
P P P

+ 4

95% C.L.
median

GLSWW

m?2
DA only (10)

full error (1o)
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Results - k? = —20GeV?

vl v 1.5 v|
1.5 A
v v Lodv v v v
%10_ Yevw?Y ¢t vev?" <107 Yevw? v 95%C.L.
o " 2% o " +  median
= + = _+ t + GLSWW
0.5 1 T+ + 4+ 4 05 L e St 0.5 1 + + + + +
— — —
3 3 3
—~ 27 27 27
& Q Q 2
% 1 % 1 >O J Tl s Mpc*
S 1t FoFodods Y & ol Fesd ke 4 & 1 f-Fogodo ke 1 I DA only (10)
< d S
LZ\'; 0 Tg 0 T§ 0 I full error (10)
~1- ~14 —14
— — —
16 23 30 37 44 51 58 17 24 31 38 45 53 60 16 23 30 37 44 51 58
p p p
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Correlation

—— DA + n-part (1o)
=== DA + n-part + twist (1o)

total error (1o)
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0.4 4

0.3 1

B
Hf+

0.2 1

0.1 1

0.0

—— DA + n-part (lo)
=== DA + n-part + twist (1o)

total error (1o)

0.6
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Results

Conclusion and prospects

® We propose to push the LCSR method to low Borel parameters (or —&2/p) to
suppress (virtually) entirely the spectral integral and avoid the semi-global QHD.

e We find that radiative corrections are potentially large but calculable at
0.4 GeV? < M? < 0.5 GeV? and the LCOPE is under control for B — light
channels. Simultaneously the spectral density integral seems to be negligible in
this region.

® This approach should work well for LCSR with e.g. K-LCDAs for which the
radiative corrections are known and higher twists have been calculated.

® We have started computing the radiative corrections for B-LCSR in HQET

® In this limit, we can potentially predict highly correlated form factors when
including radiative corrections
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