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Anomaliesin b — s¢t¢~

» Anomalies in b — su*p~: (LHCb, Belle, ATLAS, CMS)
Pe(B— K*utp~) ~30; B(Bs— ¢utu~)~20

B(B — KW utp=) ~10; many others ~ 0o
Combined (180 Observables) ~ 50

Signiﬁca ntly alleviated if Descotes, Matias, Virto 2013

\ Lnp =~ (35TeV)~2 [57, PLb] [y 1] \

» LFNU: (LHCb, Belle)
Re, Rer 2 20; Qs = Pgu — P >0 Combined ~ 4o

5e ~v

Consistent™) with b — sutpu~ Alonso, Camalich, Grinstein 2014

NP interpretation requires accurate TH predictions of B — M{*¢~ obs
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Theory predictions

» TH predictions require very involved and nontrivial perturbative and
non-perturbative calculations.

» The fact that  Agep < Mp < Agw, Agsy helps a lot

» Weak Effective Theory:

Lwer = Lacoraeo + GOy

!

Short distance C; known in SM to NNLL Bobeth, Misiak, Urban, Gorbahn Haisch,...
BSM part of C; is the target

» This leaves non-perturbative MEs as the leading challenge
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Theory predictions

What we need depends on mode and observable. E.g.
» By — (¢~ needs fg, (up to QED..)

» B — D)y needs local form factors (3 for D, 7 for D*)
» Ry needs local form factor ratios

» b — s¢¢ needs both local and non-local form factors

- B needs all (3 for K, 7 for K*, ¢)
- Ratios such as P, need only ratios (SCET & HQET relations)

- Ryk-... (LFNU) almost exact cancellation of FFs (both local and
non-local) within SM, but NOT in LFNU BSM in general

- QED effects relevant in LFNU ratios and angular distributions
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Theory predictions

Example of error breakdown (2014) Descotes-Genon, Hofer, Matias, Virto 2014

—0.4]

—~0.6]

.

G (GeVD) g2 (GeV?)

/ _ +0.0504-0.0174-0.1094-0.016
E'g'r <P5>[2=4-3] = —0.411 —0.072—0.015—0.101—0.020
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Anatomy of EFT Amplitudes

&

2mpMg

M
AR = N,y {(Cg F Cio) Fa(G) + 7 [Q]-'l(qz) - 167T2mi7‘lA(q2)] }

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

» Non-Local : Ha(q") =iP, /d“x eV (M (R)|T{ T2 (), Ci O:(0) }[B(q + R))
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Local Form Factors

. . : : ; 2.0
201 BK* [ 2 i
~F (q7) /
"
LQCD (Horgan, Liu, Meinel, Wingate 2613-2015)]
] 1.5
1 1.0

LCSRs (Gubernari, Kokulu, van Dyk 2019)

(See also Descotes-Genon, Khodjamirian, Virto 2019)

0.5

0.0
0 5 10 15 —10 0 10 20

¢*(GeV?) ¢*[CeV?]

» Two main approaches: (1) Lattice QCD (large g?)  (2) LCSRs (low g?)
» Two approaches to LCSRs, in terms of (1) K* LCDAs ~ (2) B LCDAs

» g°> dependence can be parametrized model-independently
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Local Form Factors : g°-dependence from analyticity

]—';T)(qz) = (M(R)|3 F(AT) b|B(k + q)) : Analytic structure in g° :

Im(g?)

N
g;b Korrne—==9,

B} pole BK* cut

Physical Region

e

ty Re(q?)

]—A‘g)(qz) =(q° - m%) }‘y)(qz) has no pole, only cut.
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Local Form Factors : g°-dependence from analyticity

Vi = —\/ti—to

H . 2y —
» Conformal mapping: 72(q%) = Ry —
Im(q®)
BEK* cut
Physical Region t+ Re(qz)
» "z-parametrization” : .7—'(T)( ( ) is analytlc in|z| <1 (1Zphys| < 0.15)
CRE Zak 2(q”)"

Bourrely, Caprini, Lellouch; Boyd, Grinstein, Lebed; Caprini, Lellouch, Neubert; ...
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Local Form Factors : New Fits to (B-DAs) LCSRs + LQCD

» B — Kbt

10

fi
1 LCSR (GKvD2018)
T LQCD (HPQCD2013)

3.0

“320 /

0.0
10 15 20 2%

2 [GeV?]
Thanks to Méril Reboud for producing these plots
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Local Form Factors : New Fits to (B-DAs) LCSRs + LQCD

» B — K*l

2.00

Vv
T LCSR (GKvD2018)
T LQCD (HLMW2015)
1754 F
y

150 4

1259 / r

0.50 4

0.254 - ————— F

0.00

=15 -10 =5 0 5 10 15 20
7’ [GeV?]
Thanks to Méril Reboud for producing these plots
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Local Form Factors : New Fits to (B-DAs) LCSRs + LQCD

2.00
v
T LCSR (GKvD2018)
T LQCD (HLMW2015)
175
1/l
4
y
150
1.25
fC' 1.00
N
075
0504
_—
0251 e — ——
0.00 T T T T T T T
15 ~10 -5 0 5 10 15 20
¢ [Gev?]

Thanks to Méril Reboud for producing these plots
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Local Form Factors : Finite-width effects

IR s
B — K .
1.10 - . ]
= ] I gx
o tep . ] Wi« =~ 1419 £
B i s
& ]
T 108 . .. ]
& Bl Wi = 1.0940.01
1.04 - _-' i
i ]
§ 102 1 > Wy is independent of
1 the form factor type
100fe — - Zero-width limit - - ---- - - -
‘ ‘ ‘ ‘ ‘ ] » Wi is indep. of g2
0.00 0.01 0.02 0.03 0.04 0.05
FK* (GGV)

= BRsare corrected by a factor [Wg=|> ~ 1.2.  Ratios unaffected.
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Local Form Factors : Beyond the K*(892)

Set Fi= o) = o Fi=(ge2) With « a floating parameter

8ol T T T T T ™ T T T T T T

10 10%M) in ¢* = [1.1,6] GeV? (GeV™") ) 4

.
08 1.0 1.2 14 16 18 0.8 10 12 14 16 18
Vs (GeV) Micq (GeV)

a=1: Fge 1(0)=028; a=10: Fgr 1 (0)=022; a=50: Fgs 1 (0)=0.11.

Constrained by angular measurements on 1430 region (LHCb)
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Non-Local Form Factors

Ag\’R =N, {(Cg B Cm)]:)\(qz) G

= (Mx(R)|5T b|B(k + q))

» Local (Form Factors):  F{"(q?)

» Non-Local: Ha(q°) =iP; /d"x e MA(R)| T { T (x),C O1(0) }|B(q + R))

Javier Virto Theory Challenges in exclusive rare B decays June 8th, 2021 15/24



Non-local form factors: Operator Product Expansion

HM(q, R) =1 /d['X e (MA(R)| T{ T4 (x),C1 O1(0) }1B(q + R))

- 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
+ Must analytically-continue from OPE region to physical region
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n

local form factors: Importance of

» QCD Factorization

Beneke, Feldmann, Seidel 2001

shell cuts

1 ,
HA(q”) ~ AC(@%) Fa(d®) + (;Ac\(q ) FX(G%) + HSS + O(A/mg, A/E)

» It is assumed that the charm loop is dominated by short distances

celp) dI(B-Xgee )/dS

1/T(B=X

010

LHCb 1308.1707 ]

s

P

SM from DHMV 1

Matias, JV, 2014

|

|

» Kink at g2 = 4m? symptom of breaking of perturbativity

Javier Virto

Theory Challenges in exclusive rare B decays

—I+—LHC 1512.04442 { _:
j; =t
! ‘ I— ]
10 15
¢* [GeVc]
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z-Parametrization for Non-Local FFs

Im(¢?)

=ty

Physical Region

/Y $(25) DD cut
- 8- |
B—@

Physical Region

I
iy Re(q?)

(s}
%
.
©

> HA(G*(2) = (a7 = M],)(@° — M3, 05) Ha(q?) i analyticin |z] <1
» Taylor expand #,(z) around z = 0: Ar(2) = {Zﬁ;o aﬁ;\)z”] Fia2)

» Expansion needed for |z] < 0.52 ( —7GeV? < ¢? < 14GeV?)
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Fit to z-parametrisation

t Im(2) B K*4
B = K*y(29)

Theory data

ANAANANNANAN
O A

Physical Région

B — K*Jf
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Fit to z-parametrisation

¢* [GeV?)

5 13 10 9 6 0
h o) B SM prediction (prior)
1% [0 SM prediction (prior) 0.8 NP fit (posterior LLH2)
4 i SM it (posterior LLH2) LHCb 2015
% NP it (posterior LLH2) B K",
3 B K"y, 04
& 3§ theory

2 7 00

1
-0.4

0
—0.8

1 s e
Z04-03-02-0100 01 02 03 04 05 P 6 8 10 12 1

: ¢ (6o

Fit includes B — K*v, theory at g% < 0 (khojamirian et al 2010) for SM prior

and B — K*up with CXF = —1 for NP posterior.
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A few new theory improvements

» Analytic calculation of leading order OPE matching at NLO
Asatrian, Greub, Virto 2019
» Recalculation of subleading LCOPE contributions (g* < 0)

Gubernari, van Dyk, Virto 2020

HA(9%) = ACs(G°) Fa(a?) + AG(0) FA(a%) + Va(q°) +

» Dispersive bound for z-expansion Gubernari, van Dyk, Virto 2020

B*}M E :GB%M B*)/Vl

o0
> 13at ] +
n=
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Recalculation of subleading LCOPE contributions

Recalculation of charm-loop effect

Gubernari, v

an Dyk, Virto, 2011.09813

Transition V(g® = L GeV?) This work Ref. [11]
B—K A (+4.9+2.8)-1077 (—-1.3%39) - 107*
v (—4.44+36)-107GeV  (—1.5719) - 1071 GeV
B — K* V, (+3.3£2.0)-1077GeV  (+7.3714) - 1075 GeV
Vs (+1.1£1.0)-1075GeV  (+2.473%) - 1071 GeV
v (—4.4 £ 5.6) - 1077 GeV —
B, — ¢ V, (+4.3£3.1) - 1077 GeV —
Vs (+1.7£2.0) - 1075 GeV —

» We reproduce the result of KMPW'2010

» We incude complete set of 3-particle LCDAS  eraun,LiManashov 2017

» Cancellations + Parametric lead to a reduction of the effect of two orders of magnitude

» Local matrix elements Ay crucial in this cancellation. Revisit (see e.g. Rahimi, Wald 2020)
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» Theory predictions in B decays require calculation of local and
non-local form factors

» Local form factors are fitted to a z-expansion using LCSRs and LQCD, with
good and consistent results with 10% uncertainties. We mostly rely on
LQCD for improvements. Finite width and non-resonant effects must be
controlled from the continnum/experimental sides.

» Non-local form factors are the bottleneck, but understanding and
strategy has improved in recent years. We should reconfirm rapid
convergence of OPE and test convergence of z-expansion.

» New Theory Predictions for exclusive b — s¢¢ observables will require
data and a “global” approach (simultaneous fits to LQCD+LCSRs+data). Still
work in progress (with consistent LCSRs all with B-DAs).

Current global fits still use 2015 technology.
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Extra
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Non-local form factors: Operator Product Expansion

We write

H(q, k) = (MA(R)IKH(q)IB(q + k)
With the operator K£#(q) given by
4(a) =1 [ dx e T{T8,00.¢,0,0)}

It turns out that: Leading-order OPE = Leading order LCOPE
K8 pr(q) = AC(q7)(g#9” — g°g") 3v,PLb + AG(97) 2imy 504 q, Prb + - - -

With this we have:

Hope(a,R) = AC(a°) (99" — 4°g"") Fyy + 2imy AG(q*)F™H + -

Javier Virto Theory Challenges in exclusive rare B decays June 8th, 2021 25/24



Matching calculation at NL

Objective: Fully analytical calculation in two variables: g°> and m..

b 012 s b } 01,
%? : —\: : \‘,—Cb—b € & ) a\
S = S
‘ 3 % ‘ 3
993 ) 999
a) b)
b 0, s b 0y, s
- — G
\\% ® 2 ° ) &3
\9@ c 6000000
2 1 c 1
® &
d) ©)
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Matching calculation at NLO

Two-loop Master Integrals

(m%)/\l 4( )Ze ddﬁdd
R A A
Is " lg 17

HH

(g2 me) = (2m) /

=(+qg)-m; Ps=(r+p—q) Po={(-q

P, =0 —m; Pe=r-q Pwo:(H'P—Q)z—mé
Ps=(l+r—m;  Pr=(-(p—Qq) = (r+p)* —mj

Py =1 Pg = (r+ p)? sz_(€+r+q)2— :
Ps=r-(p—q)
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Matching calculation at NLO

Differential Equations in Canonical Form Henn 2013

(m%)/\/,q(ﬁz)ze ddﬁ ddl’
pliplzpls pl pls plle pa
2 Is g I7

(g2 me) = (2m) /

i i s,

aXJi,f?(67X7y) - aﬁ£(67X7y)ji,l(67X7y) 9 8}/ji,f€(€7xay) - aﬁf'/(€7x7y)jf,f(€7xay) )

-

— Transformation to “Canonical” Basis: M(x,y) = T(e, X, y) - J(x, V)

(’9X/\7l(e,x7 y) = € Ax(X,y) /\7|(e,><,y) ; 8YM(e,x,y) =€ Ay(x,y)M(e,x7 )
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Matching calculation at NLO

Iterative solution of DEs

KM(e, x,y) = e AX,Y) M(e,X,y) &+ OyM(e,x,y) = € Ay(x,¥) M(e, X, V)

exy ie”/\/ln

n=0

By M (%,y) = Ay (06 V)M 1 (x, )
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Matching calculation at NLO

Iterative solution of DEs  First y dependence, then x:

Mo(x,y) = Co(x),
Mixy) = 3 [A 6w (x):y)] Co(x) + Gi(x) .
Ja

Ma(x,y) = > (A A G(w, (), w;, (); )] Colx)
J2:h1

+ 3 A Gw, ()] G+ Galx)
J2

Mxy) = - (1)
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Matching calculation at NLO

Iterative solution of DEs

Solutions in terms of Generalized Polylogarithms (GPLs) Goncharov 1998

dt - log" x
g G0 Wi ) GGY) =15 G(0nix) = g

G(W1,...,W,1;y)_/0y
Le
G(1;x)=log(1—x), G(0,1;x) =—Lir(x), G(0,0,1;x) = —Li5(x)...

Fast numerical evaluation of general GPLs in the complex plane available
(C++, python, matlab, ...)
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Matching calculation at NLO

Results: Comparison to previous calculations:

7 T 5
i
of : N /
' /
T osf \ 5 T °f o
+ \ — %SD@@@%S
o \ N\ 2
= 4f ANy 6@&@‘?’0 N\
= OFOO \ TE §9I
< L \ oo
£ o o coeconnee0eo®™ ;
M \ '
2 [ \ aF ‘(
-2 -1 0 1 2 -2 -1 0 1 2
s=q¢*/m} s=q¢*/mj}
25 \ 20 7
\ B /
20 F \ o 15 F //
\ ! /
\ 1R o
— 5F \ S < M
T \ oS Tovr 2l
o 1f \ i ®\Q = 4/
) \ : o 5 5 F ,/’/
9 L NS =
PR Ooc(mooooooocumsefeg\\ &G@ [; L
= ! Oa. Z o/
o } os S pgx i
| \ S0 '
SE i \ Sr / |
L L 1 A\ L L L/ ! L L
-2 -1 0 1 2 -2 -1 0 1 2
s=q*/m? s=¢*/m?
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Matching calculation at NL

Preparing the analytic continuation to physical g?

S
=/

(b)

(c) (d)
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Matching calculation at NLO

Preparing the analytic continuation to physical g°

b 0y, s b 0, $ b 0, s
—X R~ —) R —
1 2 9 3 Q2 3 ‘95
g £ X §
S o
¢ @ &9@ ( ¢ ¢ 9@
909 g o
a) b) 0
b 0, s b 02 8
T — ®H—
E %) 2 ’ 2% ’
© T
Z,

<)
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Matching calculation at NLO

Checking analytic structure of #(g?)
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Matching calculation at NLO

Checking analytic structure of H(g?)

T T T T T T T T T T T T T T T T T T

=)
Diag. d go”
10 F 5 ]
o a
<o o
=05 F o ]
H o
s o
B 11 T SR
59 0
o
E -05 F o ]
=)
-10 F ]
Ly 1 L
-05 00 05 1.0 15 20
_ 22
s=q'[my
June 8th, 2021 36/24
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Matching calculation at NLO

Checking analytic structure of #(g?)

Javier Virto

Im F) (s + i€)

04 F

02 |

06 [ Diag. b

00 F
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o=t
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Matching calculation at NLO

Checking analytic structure of H(g?)

T T T T
[ Diag a
02 ]
m E DDUDDDDDDDDDDDDDDDDDDDDDDD
L o1 | ae0e00%° ]
N F a
H [ 500"
0 [ g
= 00
IS E
sl F
s 01 F ]
E Tr
= E
-0.2 :_ il
£l 1 1 1 L 1
-0.5 0.0 05 1.0 15 20
— 2
s=q'/my
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Analytic continuation to physical g°

z-parametrisation for #(q?)

Im(z)

Im(¢®)

J/p o 9(2S) | DD cut
Py S
@ o

iy Re(q?)

Physical Region Physical Region

¢

%
A,
©

> Fa(0%(2)) = (a7 = M}, )(@* — M2,,6)) Ha(G?)  is analyticin |z <1
» Taylor expand #1,(z) around z = 0: Ar(2) = {Zﬁ:o a?)zk] Fa(2)

» Expansion needed for |z] < 0.52 ( —7GeV? < ¢? < 14GeV?)
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Experimental constraints on z parametrisation

Bobeth, Chrzaszcz, van Dyk, Virto 2017

Experimental constraints :

» The residues of the poles are given by B — K*4p :

Mo 5 A3

HA(@® = M) ~ o
MZ(q? — M2, )

» Angular analyses Belle, Babar, LHCb determine :
‘,ﬂiﬂn‘ |rwn‘ |rwn‘ arg{rwnrwn*} arg{rwnrwn*}

Sk wﬂ

Vi — HA(@®)  Myaf, A

where  r{" = Res T 2 = 5
QZHMi,n -7:>\(q ) MB }—)\(Mwn)

» We produce correlated pseudo-observables from a fit (5+5).
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Fit to z-parametrisation

t Im(2) B K*4
B = K*y(29)

Theory data

ANAANANNANAN
O A

Physical Région

B — K*Jf
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Fit to z-parametrisation

Javier Virto

Re{# 1 (2)}/F1(2) [107Y]

¢’ [GeV?]
13 10 9 6 0
5%
A\ 771 SM prediction (prior)
\‘\\\ 9 SM fit (posterior LLH2) ]
'\\ K NP fit (posterior LLH2)
SO B — K"y 1
\\ 5 ® ¢ theory /
L L L L L \V :-' \_7:/7 ’ Il L EOS
—-04-03-0.2-0.1 0.0 0.1 02 03 04 0.5

z

Theory Challenges in exclusive rare B decays June 8th, 2021 42/24



P. and New Physics Analysis

SM predictions and Fit including B — K*p* .~ data and CJ'F :

B SM prediction (prior)
0.8 71 NP fit (posterior LLHZ2)
s LHCb 2015
04
8
200 k:
g
a
—04
08
0 10 12 14 ]
& [Gov? Cy oM

The NP hypothesis with C)P ~ —1 s favored strongly in the global fit
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Prospects: LHC Run-2 unbinned fits to z-parametrization

Chrzaszcz, Mauri, Serra, Coutinho, van Dyk 1805.06378 Mauri, Serra, Coutinho 1805.06401
%925 L L BB B B E 92.5_.,.‘|.,.‘|.,..y..\
O F Hl[zz] ] @] —— JHEP 11 (2017) 176
S —Hl[zi] 99% CL R S
1 537 —H,[Z] B < F --- H,[2] with theo. priors
“F Hx[ZSJ ] 1-5_ —— H,[7]
[ — H,[£]

iy
T
|
-

T T T T T T T T

|
o
[4)]
T
[
\‘
|
|
o
[$)] o
IARERREREE RER;
s e b b by b Le i b

Y S P E N S Y S R
-3 -2 -1 0 b -3 -2 -1 0 1
ReCy AReCy

Unbinned fits to B — K* uu (Left) and B — K*£¢ (Right)
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Dispersive bound

(@) = i [ d'xer ([T {0(3:x).0"1(4:0)} 10) = (q;‘iy - gﬂ”) n(e?)

Here, the operators 0#(g; x) and 0¥(g; 0) are defined as

04(q: ) = ( —lor’ ’) /cﬁye*/q”{/em (X +), (GO + GO},

0"1(g:0) = (“67”) [ dze e Tz (@),(Ci01 + GO0}
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Dispersive bound

Twice-subtracted dispersion relation:

OPE/A2Y — 1 7 DiSCbgnhad(S)
X (Q) =5 ds (s— Q)
0

2ME N3/ (MG, M2, s)

2
32in? sN"(s) = Sh ’HEQK(S)‘ 6(s — ss)
2MG \JA(ME M2, | s) .2 o2 M2
== (!HBﬁK G +[H o) + 2 (s)12> (s — sex)
Mg \/A(ME,, M, ) 2 M3 2
n 5—35 <‘H854>(,) ‘ + ‘HBSHU )‘ + ﬁ Hgiﬁ(/)(s)’ > 6(5 _SBS(Z))

+ further positive terms
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Dispersive bound

Redefine H; as before:

1@ = o @P@HT (),
) = RP@OPOHSE),

Expand in ortogonal polynomials in unit circle:

B—>M B—M B—>M
E aAn Pn

The dispersive bound then takes the simple form

2
2‘a§7K + Y HOi?K! +‘a§f¢} <1.
=0 A=
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Dispersive bound

32m2ME HE~K(q?)
. B—K 2\ B 0
Example: ACg1a4(97) = 7 FENQ)

IACTh ()]
X ACHI (6]

[P(2)
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Light-Cone Sum Rules with B-meson L

Khodjamirian, Mannel, Offen 2006

Consider a correlation function: Pop(R,q) = i/d“x e* X (01 T{ja (), jp(0)}/B%(q + R))
Im(s)

1 /% ImP;(s,q?)
OPE (3.2 02y _ 7/ d s
POTRR 67 = ey =

Pi(k*, ¢°)

Re(s)

2ImP;(k, q) = Z/dTh (0l |1(R)) (R(K) |n| B (g + k)
h

form factor

» Traditionally, h(k) = K* + continuum = 2ImPgy(k, q) ~ fi FE*S(R? — mg=) + -+
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Light-Cone Sum Rules with

Khodjamirian, Mannel, Offen 2006

Consider a correlation function: Pap(k, q) = /'/ d“x e®*(0|T{ja(x),j»(0)}|B°(q + R))
Im(s)

5 1 [°°  ImP;(s,q?)
OPE (2 .2y _ 1 il%,
POTEG g = | [ as PR

Pi(k*, q°)
L ]

Re(s)

2ImP;(k, q) = Z/d‘m (Olga |h (k) {R(K)|56| B° (g + K))
h

form factor

» Traditionally, — h(k) = K* + continuum = 2ImPgy(R, q) ~ fi FE*S(R? — my=) + -+«
» Generalization for unstable mesons cheng, khodjamirian, virto 2017 h(R) = Km + - -
LCSRs with B-meson DAs, natural for this generalization.
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Finite-width effects

IR s
B — K .
1.10 - . ]
= ] I gx
o tep . ] Wi« =~ 1419 £
B i s
& ]
T 108 . .. ]
& 8t Wi = 1.0940.01
1.04 - _-' i
i
§ 102 1 > Wy is independent of
1 the form factor type
100fe — - Zero-width limit - - ---- - - -
‘ ‘ ‘ ‘ ‘ ] » Wi is indep. of g2
0.00 0.01 0.02 0.03 0.04 0.05
FK* (GGV)

= BRsare corrected by a factor [Wg=|> ~ 1.2.  Ratios unaffected.
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Beyond the K*(892)

Set Fiex(u0) = @ Fix(ge2) With a a floating parameter

8of B
60
=
-
= 40
d
S
[E3
20
or [ | PR T S S B RPN B
0.8 1.0 1.2 14 1.6 1.8
Vs (GeV)

a=1: Fr 1(0)=028; a=10: Fix 1 (0)=0.22; a=50: Fx 1 (0)=0.1.
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Mass Moments in B — Kr

Differential decay rate including S,P,D waves — - [ dQ2 = d cos 6, d cos Ox d¢ |

41

dr 1 ~
TPdRaa = a2 O Tila. k)
i=1

The 41 moments [;(q2, k2) have been measured by LHCb (arxiv:1609.04736) in the bins

Vk? € [1.33,1.53]GeV , ¢* € [1.1,6]GeV?

:\.]-\ T T T T T
T T ]
S ok + LHCb ]
ﬁ F 1.1< g2<6.0 GeV¥c* A
= ]
S [ 4
< 200fF ]
S 2000 ]
g I ]
3 [ ]
A 10k + + .
[ -+ t i~<l»-~-+— ]
N A,

8001000 1200 1600
m(K*77) [MeV/c?]
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High Kr-Mass Moments in B — Kr

Differential decay rate including S,P,D waves - - [ dQ = d cos 0, d cos Ok d¢ ]

4
S (@) (e’ 1)

=1

a1
dg?dk2dQ ~ 4m

The 41 moments f,»(qz, k?) have been measured by LHCb (arXiv: 1609.04736) in the bins

Vk? € [1.33,1.53]GeV, q* € [1.1,6]GeV?

|[_“"1||||||||||||||||||| LN N BN B B B B B N B B B B B B B B B

LHCb

h TR AT

++r I |+ MH
FIET

-+
+
+
B
it
=

S
[
L B L
i
TTT T T

AT AT

_1_||||||||11|||1|||||_|||1|||||||1|||l|||
2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
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High Kr-Mass Moments in B — Kr/

Differential decay rate including S,P,D waves - - [ dQ = d cos 0, d cos O d¢ ]

41

dar 1 ~
TPdRda = ar 2= O Tila k)
=1

The 41 moments [;(q2, k2) depend on S, P, D-wave amplitudes:

i £i(2) I (g*) /ke? n#
1] [[HE? + [HEP + [HEP + [S4P + |DEP + [DE? + DY) +1
2 POY? 2| 2 Re(HEDY) + Re(S"HE) + \ﬁ Re(H[ D} + HLDY)] +1
3 PYy F (IDEP + |DEP) - &= (IHEP + [BEP) + 2 [HEP + 2% |DE® + 2 Re(S*DE) | +1
1 PYP g |- Re(HF D} + HIDY) + V3Re(HE D) +1
5 PY 2 [-20D} + [DLP) + 31D5 P +1
6 R 5 [(DFP + IDEP) + (HEF = |HEP) — 2187 — 2|DgP — 2|1 ] +1
7 POY$ [0 Re(HEDY + HEDY) — 3 Re(S*HE") — 4 Re(HE D) +1
s| mw [&UDF? + DX b~ UDEP - 5(BEF + |HEP) - HBEP - ZRe(S*DE)] | +1
9 PYY) [RE(HLDL‘ + HEDE") + 2/3 Re(HE DY) +1
10 PoY? =5 [IDEE + DL + 31DE P +1
11| PIVZRe(Yy) ~s [V/2 Re(Hf sb*) — /% Re(HEDE) + /2 Re(DEHE)] +1
12 | PIvIRe(Y)) —2 | Re(HHA*) + /2 Re(DFS™) + =2 Re(DEDE)] +1
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Mass Moments in B — Kr

Combinations of moments depending only on P-wave:

1 ~ ~ ~ ~ ~ ~
AL+ AR = 356 - 7v/5F3 4 5v/51 6 — 35 — 5v/151 19 + 35V/37 1)
—~ —~ 1 ~ ~ ~ ~ ~ ~
AL 2+ AR PP = £(5r1 — 7V/5[3 4 551 — 3505 + 5v/151 19 — 35v/3F %)

5 ~ ~
Im(AY Af* 4 AR Af* ﬁ(\/ﬁrﬂ—h@r%)

1 . ,
— AR AR ﬁ(—5\/§r29 +7V151 3)

AL A
Re(A" Af*

Binned LHCD results (arxiv:1609.04736) imply:

75 (AT 17 + [AF )
75 (| + AT %)
8 <Im(AJ_A‘ +ARA AR

78 (Re(AL A" — A'iAﬁ*))

My) = (1.07 £1.13) x 1078

M) = (0.94+1.06) x 1078
Mip) = (=0.75 4 0.79) x 1078

(
(
(
(Mye) = (0.27 4 0.50) x 1078
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High Kr-Mass Moments in B — Kr

Example: (M) :

T T T T T T
10F 10°M in ¢* = [1.1,6] GeV? (GeV ™) Ay 1 ab 105(M))

3 1

2 1

LHCb

1 3|

0 ) il

0 5 10 15 20

mi. (GeV) «a
Bounds: From (My) : « 115 From (M) : a $17; From (Mee) © a 18
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Mass Moments in B — Kr

Upper bounds on P-wave from differential BR:

1414027 — a <5
1.60+£029 > a <6
1374026 — a <5
1124026 > a <4
0984+023 > a<3

dar ~ ~ -~ ~ —~ -~ ~
dpare = 1= AP VAP AL+ ATP Al 4 (AP
o 2F . . —
E N LHCb A 10 '<B>[O.WO,O.98] =
g ] 10% - (B)poasoy =
E 1— l _}_ — 10° - (B)p.s0,4.000 =
3 f ] 10° - (B).00,6.000 =
] 10° - (B)f6.00,8.00 =
% 2 2 ; :

8
¢2 [GeV¥/cH

Bounds are easily improved with some info on S-wave form factors.
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Similar to local form factors:

» Calculation at low-g? (LCSRs) and high-g? (LQCD)

» Interpolation with analytic expansion (z-expansion)

We can apply the same approach to Non-Local form factors:
» Calculate non-local ME at very low g2

» Access to g2 > 0 via analytic continuation + data
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Charm-loop at very low g?

» LCSRs with B-meson DAs Khodjamirian, Mannel, Pivovarov, Wang

o5

LC exp. of charm prop. Balitsky, Braun 1989

2 um? C _
T (S + @) gmt ) Brel+ -

matching coeff

= H = (matching coeff) x FiR
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Charm-loop at very low g?

» LCSRs with B-meson DAs Khodjamirian, Mannel, Pivovarov, Wang

o5

LC exp. of charm prop. Balitsky, Braun 1989

g’ <um? C _
—= (é + Cz) g(mz,q%) 5T b+

matching coeff

+ (coeff) x [S.y*(in+ 'D)néﬁwa] +o

N

3-particle correction to Fy —
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Charm-loop at very low g?

Recalculation of Charm-loop effect  Gubernari, van byk, virto, 2011.09813

Transition V(g% = 1GeV?) This work Ref. [11]
B K A (+4.9+2.8)-1077 (-1.3%59) - 107
V (-4.4£36)-1077GeV  (—1.573%)- 1074 GeV
B K* V, (+3.3£2.0)-1077GeV  (+7.371%) - 107° GeV
A (+1.1£1.0)-107%GeV  (+2475%)- 1074 GeV
v, (-4.4£5.6)-1077 GeV —
B, ¢ V, (+4.3£3.1)- 1077 GeV -
Vs (+1.7£2.0) - 10 GeV —

» We reproduce the result of KMPW'2010
» We incude complete set of 3-particle LCDAS  Braun,LiManashov 2017

» Cancellations + Parametric lead to a reduction of the effect of two orders of magnitude
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B mesons mix and decay due to Lyear + Lasu?

For mg < My, Mgsy we use an EFT : Leer = Locproen + Z,’ G O;

Class Flavour structure Number of Ops. Other flavours ADM Example process
Class I sbsb 543 dbdb A B, — B, mixing
Class II b fuyp (2+3)x9 th fup Fur By— Tt
sbcu
Class III shie 10410 dbac Fuut B~ DK~
dbeu
o EbEs N _ =0,
Class IV sbsd 545 BsBd Frv B- =+ KK
sbgg dbgg By - DDy
Class V ShF, 500G 57457 dbF, dbG F Bi— Xy
sbek db¥t B- = K- utp~
Class Vb shed, L+ ¢ (5+5) %6 db et Ao Bs—prt
Class Vv by (1+1)x9 db g zero B~ > K v
Aebischer, Fael, Greub, Virto 2017
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Relevant part of the WeakEfrective Ttheory fOr b — s£¢ transitions:

4G
Ly = Lqcp + Lqep + 72FthVt*s Z Ci(1) Oi(p)
i

O7 = (CyuPLb) (39" PLc) Oy = (CyuPLT D) (37" PiTC)
Or = 2y (50 Prb) O = 2o Mo(57,0, PLOYF
O = = (53,PLb) (T4 0) Ovre = 1 (59 Peb)((7"0)
Onp = %(%Pm)(w%m Oy = %(%PR&;)(W%@),

Currently, global determinations of Cs (and -maybe- Ciy) seem discrepant with SM
predictions, with an important statistical significance.
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Spectrum of available b — s¢¢/ Observables -

(Total = 180)

Bs — putu~ B — Xspu ™ B — K*~ B — Xsv
B — Kup B — K*pp Bs — ®pup Np — Nupe
BRs AOs Low g2 Large g°
Rk Ri- LFU () LFUV (e vs e)
LHCb Belle/BaBar ATLAS CMS

Latest updates: R, RE€!€ (2019), B — K*puu (LHCb 2020 [Run 1+ 2016]).

Javier Virto
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“Anomalies” (as of 2020)

Observable  Experiment  SM prediction  pull

RUT 0.85+0.06  1.00+0.01 4250
RIC04511 0.66101 092+0.02 4230
RY;"! 0.69102 1.004£0.01 4260
(PL)as) —0.44+012 —0.82+0.08 270
(PL)os) ~0.58+0.09 —0.94+0.08 —290
B 0774014  155+£033 4220
B4 096+0.15  1.88+0.89 +2.20

Global fit should accommodate these deviations within all other measurements
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A closer look at new measurements of R and P (LHCb 2019, 2020)

0.5

1.10 — 1.80
2.90 —» 2.70

3.00 —» 2.90

e
~——Cp >0 1

—f— LHCb combined : Run1 4+ 2016
~~4-+ LHCb Run1 only
I s from JHEP 1606 (2016) 092

Coy
(Co, Cy = —Cior)

(€ = =Cio,C3)

(Ri)1g)

More details:

Javier Virto

10 15 20 00

7 (GeVv?)

-0.8 -0.6

Algerd et al. Addendum to Eur.Phys.).C 79 (2019)
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