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Outline

* Experimental measurements

* Lepton Flavor Universality ratio (measurements)

e Semileptonic decays and CKM metrology (measurements)

 Theory
» Lattice QCD
 Heavy quark effective theory

 Combined analyses

Disclaimer:
I’m still absorbing the results/ideas
from the many nice presentations.

Apologies for any omissions or
mischaracterizations.

Apologies for missing/incomplete
citations — please see the talks!



Lepton Flavor Universality
(Experimental Measurements)



Recent results on flavour anomalies and
lepton flavour (universality) violation at CMS

CMS PreI/m/nary

Riccardo Manzoni
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R(J/y) = 0.17 018 (stat.) +0-19 (theo.) +0-21 (syst.)

—-0.17 -0.19 —-0.22

e first LFUV result in b — cfv transitions at CMS
on partial Run2 dataset

* in agreement with both SM 0.26 and LHCb 0.17 + 0.25 within less than 10

» sensitivity expected to significantly improve in coming iterations
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LFU tests in semileptonic decays at LHCDb

Marta Calvi i e
30Fx10° ¢2€[9.35, 12.6] GeVZ/c* LHCb| 30Fx10° 42€[9.35, 12.6] GeV*/¢* LHCb
B B Doﬂ_ B Do/u_
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* Higher branching fraction and higher efficiency for the D°u~sample
* Veto D™ = DO%t* in the D°u~ sample (exclusive samples)

* Use rest-frame quantities to distinguish signal in 3D fits: M e, B q% = (Pg-Pp)?

R(D¥) =0.281 + 0.018(stat) + 0.024(syst)
R(D%) = 0.441 + 0.060(stat) + 0.066(syst) p=-0.43

* |n agreement with R(D")-R(D) world-average, 1.9 ¢ above the SM prediction.
* Main systematic uncertainties: limited size of simulated sample and effect of shape parameters
derived from control regions.



LEPTON FLAVOR UNIVERSALITY AT BELLE (1)

) N(B - D*[t = fvv]v)
Bob Kowalewski NGB - D'fv)
» Distinguish B » D*t~ v from B —» D*£~ v and background using M2 .., require no
unused charged particles and small unassigned neutral ECL energy (Egcr,)

Rtﬂ’ (D*) X

« Determine yields with a 2D binned template likelihood fit
Main sources of systematic uncertainty:

Belle Il preliminary: first result on this channel * MCstatistics  £7.0%
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LEPTON FLAVOR UNIVERSALITY AT BELLE (1)

Bob Kowalewski

Distinguish B — Xt~ v from
B - X¥~ v and background
using M. and kinematics (p, ) (but not Egcy.)

Background mostly from b = ¢ — £; some continuum, fakes

Detailed corrections based on comparisons of simulation with
control regions: low q2 (X 2v), low Mﬁ,iss(chv), high My
(background)

First Rz/¢(X) result at Y(4S) (Belle Il preliminary)

R./p (X) = 0.228 £+ 0.016(stat) £+ 0.036 (sys)
R/ (X) = 0.232 + 0.020(stat) + 0.037 (sys)
R,/ (X) = 0.222 + 0.027(stat) + 0.050 (sys)

Main sources of systematic uncertainty:

* MCstat +5.7 %
* Bkg shape +5.5 %
* My modeling +7.1%
* B - X.fv BFs +7.7%
* B - X.fvFFs +7.9 %

Compatible with SM value: R_,(X) = 0.223 * 0.004
K.Vos & M. Rahimi: arXiv:2207.03432
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Residuals
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Semileptonic Decays
& CKM Metrology
(Experimental Measurements)



Recent measurements of inclusive SL decays

Markus Prim - Belle

N

 Gain insights on the inclusive-exclusive V, , puzzle

with combined analysis

e Extract signal in bins of g° and N_ for B — v

and other B = X v

* Trade-off: large individual uncertainties on

either incl. or excl. V
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CKM metrology with semileptonic B decays at LHCDb

Experiment
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Exclusive semileptonic B decays at Belle (ll)

Christoph Schwanda

« Measure 12 angular coefficients J; in bins of w
+ Look for LFU violation using AJ; = J& — J§

dI'(B — D*{vy) 2GF77E“ WVep [PmEmp-
dwd cos #,d cos 6y dx o

+ (Jas sin® Oy + Jo. cos? Oy ) cos 20, + J5 sin? Oy sin® 0 cos 2

. 2
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+ Jy sin 26y sin 260 cos x + J5 sin 20y sin 0y cos x + (Jgs sin® Oy + Jg. cos> Oy ) cos 6y

+ J7 sin 20y sin 0y sin x + Jg sin 26y sin 26, sin x + Jy sin? @y sin® @, sin 2x> .

Angular Coefficients of B - D*fv, vs. w

Belle Ldt = 711 fb~! BGL(332) CLN

. 6 . 6 . 64 & 8-DIY BGLSS CLN"™
2 4+ = = 4 — 2 4+ :
221 ] =2 ;] &2 N 2 ]ZS
5 1s 5 - J1c o s =
0 0
% =2 ; 2 ; .
S 7] : (- Sl ; S 4
X_4_ X —4 4 ~ X4
< : 0 : < 21 :
1 Jac -6  Ja . Ja
6 - o 6 2 1
e : S : 1) _+_ |
5 ]55 Rt — X 01 A |
9 2 4 ; £ 24 ] 2, ] 0form, =0
A 5 - Jeés 6c 4
2 2 - : 2 - '
b= + ’_+_' e — S ++ _+_ k=) _+_
% 0 I PERE PR E A| | —_—
-2 1 ]7 0inSM =2 ]8 0inSM 24 ]9 0inSM

S Q
01.‘“ 54\N154\Nx3 \Nl‘s

7.5 y35 150
G < < WN 5 < W

1.
o“‘ 5’-" 25

\13 kus Prim 17

Ri(w)

Entries / (0.12 GeV?/c?)

-
o
-

3 3
g 1257
& 1.00 3
8 0.75 3

Belle B°-D"*1v,

JLdt = 711 fb~?

Bl D', (correct my

ow) EHE D"’
W D1V, (Wrong Mgow) . D

DI, [ Hadronic Bkg ¢ Data

(= D"n®)1, EEm B85 Bkg
(= D" * )15, Em Continuum

MC normalized to data

L LB B R

0.0

I T
0.5

Extraction Method: Missing Mass Squared

L 2 e 2
0= mv Mmlss (pe+e‘ = PB —Pp* — p{’)
16 & JLQCD [2305.14092) 8 HPQCD [2304.03137] B MILC[2105.14019)
1.4 1 +_n
1.2 T o s
1.01
0.8 BGL(33Z) CLN
1.0 1 1 1. 2 1?3 1:4 1t5

w (1]

|V, |B6L=(41.0 + 0.7) x 1073
|Vep|“"N=(40.9 £ 0.7) x 1073




EPS-HEP 2023 preliminary
BGL33>

BGL33:
BGL33>

CLN
CLN
CLN
CLN

Phys.Rev.D 108 (2023) 1, 012002
BGLs3, (Update)

o MILC+HPQCD+JLQCD (p=0.75) h

© MILC (p=0.81)
O HPQCD (p=0.50)
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O MILC+HPQCD+)LQCD (p=0.39)
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JLQCD (p=0.72)
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Exclusive semileptonic B decays at Belle (ll)
Christoph Schwanda o | Belle — Total
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yield branching fraction [%] PDG [%)] yield branching fraction [%)] PDG (%]
B — D}ty with Dy~ — D~ - <0.044 at 90% CL 0.30 +0.12 « B%— Dy ¢ty with Dy — D*Ox 866+ 142  0.306 =+ 0.050 (stat) = 0.029 (syst)  0.280 + 0.028
B°— D™ty with D}~ — Dx 457445  0.157 £ 0.015 (stat) £ 0.005 (syst) 0.121 + 0.033 B’ — D\~ ¢ty with D|~ — D*'x 523+ 173 0.206 + 0.068 (stat) + 0.025 (syst) 0.31 +0.09
other B — D'z~ ¢ty 547445 - B"— Dy *vp with D3~ — D*%z~ 145+ 114 0.051 £ 0.040 (stat) & 0.010 (syst)  0.068 £ 0.012
Bt — Dy, with Di° - D—n+t  180+72  0.054 + 0.022 (stat) & 0.005 (syst)  0.25 +0.05 « Bt — DYy, with DY — D* =+ 698 £ 65  0.249 £ 0.023 (stat) £ 0.015 (syst)  0.303 £ 0.020
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Results agree well with PDG average, except only bounds were set for D(’)X<



LHCDb prospects on semileptonic decays
Marcello Rotondo

Beyond R(H¢): going differential

* Angular analyses with semitauonic (and semimuonic) Bs — Ds* pv

to probe spin structure of physics beyond SM

 Evenin case R(Hc) is SM-like, it will put strong
constraints on NP models

d4(BO o 4 D*£+l/g) P
12> Hi(g?) i (06, 0,
dq?dcos?8,dcosfp-dx o< Vo ZH lf 0,0+, X)

Ds* - Dsy

- N

H; sensitive to New Physic and Form Factors
Many observables can be derived by H;

" Recent literature (non-exhaustive list):
D.Hill et al. JHEP 11 (2019) 133 Z. Huang et al. PRD 105 (2022) 1, 013010

V. Dedu, A.Poluektov JHEP 07 (2023) 063 B. Bhattacharya et al. JHEP 07 (2020) 07, 194

B. Bhattacharya et al. JHEP 05 (2019) 191 M. Ivanov et al. PRD 95 (2017) 3, 036021

C.Bobeth et al. EPJ.C 81 (2021) 11, 984 D. Becirevic et al. NPB'946 (2019) 114707
M. Fedele et al. ArXiv:2305.15457 O. Colangelo, F.DeFazio, JHEP 06 (2018) 082

\.

M.Rotondo . 10



LHCDb prospects on semileptonic decays
Marcello Rotondo

Beyond R(Hc): going differential

Bs = Ds* MV
Ds* > Dsy

* Angular analyses with semitauonic (and semimuonic)
to probe spin structure of physics beyond SM

o/ N

* Even in case R(H.) is SM-like, it will put strong
constraints on NP models

d4(BO—>D*£+Vg) : ¢
E 7 . _
dq2d00820£dCOSOD*dX - |V::b| ,’: |H’l(q )

0p: )
Differential distribution
H; sensitive to New Physic and Form

Many observables can be derived by« Measuring partial rate in more g2 bins With Run2 it should be possible to have 6-8 g2
bins, studies are ongoing

—

- : = « Constrain the shape of the Form Factor f.(q?)
Recent literature (non-exhaustive list):

: e Large uncertainties due to the (differential shape of Ab — p puv would allow to
D.Hill etal. JHEP 11(2019) 133 extrgapolation to the full g2 validate the FF shape predictions)
V. Dedu, A.Poluektov JHEP 07 (2023) 063 .
e e ) N macaL munea ol It will be possible to perform global fits
C.Bobeth et al. EPJ.C 81 (2021) 11, 984 = B. > Klv similar to what is done in HFLAV for B —TT pv
L M. Fedele et al. ArXiv;2305.15457 Sl - i - | . . |
-~ %0.5E —E %10_1-'| "|"-’|' R PR BT S I Rl
> B ] = o T e s T can ]
0.3 - og - _+_ |
0.2 = = 6 il -
& T A 3
E PRL 126 (2021) 081804 s T B—->1lnu |
00 P 5 e 10. R 15. o l220l l 2- I % 2__ HELAV -
s b 5 HFLAV, PRD107, 052008 =
: C. Bolognani et a. arXiv:2308.04347 | N N N NN SN
Globalfits " Bicvaset a. ArXiv:2212.02528 2 2 2 e
G. Martinglli et d. arXiv:2202.10285 | |

N S/
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LHCDb prospects on semileptonic decays
Marcello Rotondo

Study of Bs — Ds™* v

* Clean samples of Bs — Ds1(2536)uv
and Bs — Ds2(2537)pv

Dls1(2536)-—> [')*OK+ PRD100 2019, 031102
1 22.6K LLHCb
13 TeV
1.67 fb

2000
0000

pr— pe—

Ds2(2573)-— D*K*
14.3K

6000
4000
2000

> Various ongoing analyses on Bs — Ds**uv
> FFs, relative BFs, R(Ds**)

Non resonant (DK)

¢ 98K

Candidates / ( 5 MeV )
o0
=
S
S

lllllllllllllllllllllllllll
lllllllllllllllllllllllllll

S o 600 00 4000
m(D"K*),. [MeV |
. Spectrum of excited L=1 Ds** states different with corresponding D** states e
 Ds** are all narrow: 1.New path to understand puzzles in B—>D**pv

2.SL decays into Dso(2317) and Ds1(2460) can shed light on the

nature of these states
N\ 4

— —

> Precise measurements of exclusive Bs — Hcs**uv decays allows determination of hadronic
moments of Xcs in inclusive Bs — Xcs*™ v using a_ Sum-of-Exclusive Modes

> Access to OPE parameters for Bs decays: improve predictions of Bs SL and total widths

> Similar approach done by CDF and DELPHI for B mesons Inclusive Bs
@ Barolo SL WS
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Lattice QCD



Lattice Determinations of B — D(’:)fy
Alejandro Vaq uero Semileptonic By decays on the lattice: Combined fits

6.0
BGL BGL
+ ¢ Fermilab / MILC \ ¢ Fermilab / MILC
0.0014 7 0.35 JLQCD . ! JLQCD
Fermilab/MILC x|V, JLQCD x| V4| ¢ HPQCD 0 HPQCD
JLQCD x|V, ¢ HPQCDx|V,|
HPQCD x|V, <4 Belle untagged e - 0.30 -0
0.0012 Belle untagged 4 Belle untagged p~ >
Babar ¢ BaBar synthetic = “~
Fermilab/MILC x|V, 0.25 Ls
0.0010
0.20 ©
4.0
= 0.15
= 0.0008 a
= 3.5
% 1.0 11 1.9 1.3 1.4 15 1.0 1.1 1.2 1.3 1.4 1.5
:\—._“_ w w
0.0006
Use the data
@ Current results are not conclusive:
0.0004 o |V.»| agrees with previous determinations and the inclusive-exclusive tension
remains unsolved
o Results in R(D*) are not precise enough
0000 @ The LQCD community is determined to improve these results and find better
agreements among different collaborations’ results
e The Fermilab / MILC collaboration is preparing two new calculations of the
1.0 1.1 1.2 1.3 1.4 1.5 B(s)y = D(,)tv form factors
w e Emphasis in heavy quark discretization errors
T —

—_— @ Possibility of correlating these analyses with B — D )£v analyses, for a
correlated R(D) vs R(D*) plot

Possibility of correlating these analyses with B — /K for a V3, vs Vg
correlated plot

@ Expect interesting results from these channels in the following years




B — rand B — D™ from JLQCD Brian Colguhoun

* We use the Mobius Domain Wall Fermion (MDWF) Action

» Pros: fully relativistic & good chiral symmetry
» Con: 5th dimension makes MDWF expensive

* MDWEF used for all valence & sea quarks
» Includes effect of 2+1 quarks in the sea

* Lattice spacings: 0.08, 0.055, 0.44 fm
* Pion masses from 500 MeV down to 230 MeV

* my from m. to =~ 3m. (2.44m. for B — 7)
* B — wlv first & only fully relativistic calculation

» Other collaborations will have fully relativistic results in near future!

AB(¢%)/A¢* x 105 [GeV~2]

V| = 3.93(41) x 1073

10

g
4- # —d

]
> —
%+ Belle 2013 tagged B’ (72 (sz ‘.Nf") =(3.3)
V. 3 {: -+
5 b Belle 2013 tagged B (A‘,&‘szn) —(4,4) ]
« Belle 2010 untagged B =
“  BaBar 2012 untagged 12 bin 122222 (Nf*,N;") = (5,4)
«  BaBar 2010 untagged 6 bin * Lattice data
0 T T T T
0 D 10 15 20 25

q* [GeV]

B — nfv Form Factors

0.8

RBC/UKQCD
Fermilab/MILC

o JLQCD

=

ot

=

\

&

I
N

2% 2

¢ [GeV’]

e
=

- JLQCD [2203.04938]

- Fermilab/MILC [1503.07839)]

- RBC/UKQCD [1501.05373]

- HPQCD [hep-lat/0601021]

- Ay — ply [1503.01421] & [1504.01568]
- FLAG average (‘23 update)

- HFLAV excl.

't HFLAV incl.

T 1

3 3.25 3.5 3.75 4 4.25
|Vu.b| X 103

4.5

JLQCD now working on B — wfv update: increased statistics, additional m; values to

improve control of extrapolation...



Rare B — 7n/K decays

from lattice QCD

Jo.+ : HPQCD 2006

dI'(B = n£?¢)
&

FNAL/MILC 2015a updates underway qu
RBC/UKQCD 2015
JLQCD 2022  (see Brian Colquhoun’s talk)
Jr 1 FNAL/MILC 2015b
* FNAL/MILC update underway
* calculation by other groups underway
A )
0.5- CDF ,11
C.?—. ®  Belle '19
® [LHCb’12B
< 0.47 , e LHCb'14A |
O, , S ® LHCb 14C
1, 0.3 _ .- ® LHCb 21
~ v et
+ 0.2+ 1§ e
Q
=
> 0.1+
—
0.0-
0 0 10 15 20
¢’[GeV?]

Chris Bouchard

(Fp M2 — M2
S Fy Fp=-m,C, [f+_ e (fo _f+)]
FV
Fy=Cy /s
2mYS ()
_ eff b_\'b) ~eff
Fy = G ko = m G i)
B /4
B — K: kinematic coverage
25 | | | | | | |
it v g % g |015m ¢ m,zmlph)'S
E . 7 . O-IQfE: O mrml/S
20 G o 8 -
- v * . 0.045 fm s .
N> 15 — é. ‘ <>o .<> Le2 ]
S : ° 8
% 10 |- o g o 1 e
,/”é o o
// go o o .
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Inclusive decays from lattice QCD

Ryan Kellerman

/¢ 2 drl’ B Glg'lvcslz I
- W‘{'(W dq?dq?dE;,  8m%2 H
e < <
Dy _ XAs Ly, Leptonic tensor (analytically known)

: Hadronic tensor (nonperturbative QCD)

First numerical results

1.4
174
[ ] X\yw wo = 0.9Wmin J (tl ) J“T (t2)
1.2 A X/llA; wo = 0.9wWnmin A =
X 1 I XVLVl wo = 0.9wWmin C - 4__ - C
1.0 1 I AA I XAJ,'L\' wWo = 0.9Wmin g d
— @ Exclusive Data Y,
S os- estimate from exclusive 4 ¢
8 \/ ————— . Src snk
. 0.6 lg,/’ ® S(, ’U;, d)
[ '
<o p I —p——
|b o x S Xy £
.2
X L s ha £
0.0 - .§ ___________ ¥* _y_v_ _______ *.Lic-' _________ Z____uc"_
' *



Lattice outlookon B — pand B — K* Luka Leskovec

e Qualitatively different methods are needed to
handle resonances and/or multihadron final states

* Key challenge: understanding final-state
interactions in a finite volume, mapping them to
the infinite-volume quantities measured
experimentally

a "how-to” with B = znn(p)£v

> o > @

q* [GeV?]

—
oo
o

- o o

1 1 1 1 1 1 1 1 1
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.0

At t;/a At - t'J/a. - \/; [GGV]




Heavy Quark Effective Theory



HQE in Inclusive SL decays (B2Xc)

K. Keri Vos

Challenges:

e Include higher-order 1/m; and a;s corrections

e Proliferation of non-perturbative matrix elements

- 4uptol/mj

- 13 up to 1/m}, Dassinger, Mannel, Turczyk, JHEP 0703 (2007) 087
- 31 up to 1/[772 Mannel, Turczyk, Uraltsev, JHEP 1011 (2010) 109

e Simultaneous fit of all measurements

2

- O corrections FGQUiI’Ed Fael et al. [in progress], corrections are negative Steinhauser, Fael,

Schoenwald [2205.03410]

E¢., Mx moments:

| Vep| oo™ = (42.00 -

2
| Vs,

inc

-0.51) x 1077

g° moments*:

| = (41.69 =

- 0.63) x 107°

<E£n>a <(M)2()n> ((q2)n>cut

(_

2,2 .3
Mp, mCaMW7MG7pd1rE7rG:SEastqua_‘_"'

Br(B — x.07) o Vel [ s
r(B — Xcti) o usH3 =+ ucp'*‘ o 3
T
+rrE g + I—er—z —I_ I_SB mg + rSE i _|_ I—SqB

Vcb

HQE set up with m:/m, ~ O(1)

IR sensitive terms for me: — 0 Bigi, Mannel, Turczyk, Uraltsev [0911.3322]

- at dim-6: 1/m} Inm?
- at dim-8: 1/mm?/m2 ~ 1/m31/m?
Numerically: m? ~ mpAqco

New! Calculation and estimate of these effects

0.0 0.1 0.2 0.3 0.4

:::::




HQE in Inclusive SL decays (B2Xu)
K. Keri Vos

Inclusive B — X, fv

e Experimental cuts necessary to remove charm background

e Local OPE as in b — ¢ cannot work

e Switch to different set-up using light-cone OPE

e Introduce non-perturbative shape functions (~ parton DAs in DIS)
e Different frameworks: BLNP, GGOU, DGE, ADFR

Update BLNP! In progress!!

e In progress: include known a? corrections

e Moments of shape functions can be linked to HQE parameters in b — ¢
- In progress: include higher-moments
- kinetic mass scheme asin b — ¢

e Shape function is non-perturbative and cannot be computed

- In progress: new flexible parametrization




Updated predictions for R(D(*)) Markus Prim
using the residual chiral expansion

RCE conjecture: matrix elements BLPRXP Form Factors for B — D(*){ﬁe

involving (many) JDJ_ OP insertions
are typically small

. Expansion to order ,0(1/(mpm,)) 01 (W), B2 (w), B3 (W)
lruncate at (6 “) +32 > +3
’ A
. _ f ‘ Number of non-
= Captures all NLO + NNLO with (HeleTblHy) 1 1 L1 verturbative
. . M My, 2m,  2my dm.my, parameters under
zero OP insertions O S
+3 +20 - +1
nw), W), xs(w) L1 (W)
Key Idea: Counting ﬁl insertions provides and additional
classification of terms vs 1/m, power expansion.
Deform QCD by including a ﬁl power-counting parameter 8 Supplemental power counting in the transverse residual momentum Jp,

— Drastic reduction of the non-perturbative parameters

Ab - AC£Vg
* Only 2 subleading IW at O (#)
for Ab — Acgﬁf C

* Fit without RC yields only 1 significant

parameter contributing to subleading IW

* After application of the RC:
only 1 free parameter remaining to
describe the subleading IW functions: ¢4

—ldeal process to test if RC yields
compatible results




NLO QCD corrections to inclusive B — X 11

decay rate and spectrum up to 1/ mQ Daniel Moreno Torres

GEmg 2 T P
F b|Vcb|2 Col1— MWQ +Chy, G _ FLs — Cpp 22 D

19273 2m? 2mi  2m3 me
Wilson coefficients C, Hadronic parameters ,uj%, /4(2;, pI%S, pD

At as/m3 we only need to determine the coefficient of pp (Darwin term)

['(B — Xetivr) =

. . B — X .10,
e Take the amplitude of quark to quark-gluon scattering with kin. conf.

e We have computed the as/m? and as/mj corrections to I'(B — X.77r) and
dI'(B — X 7)) /dr with full dependence on m. and m, analytically.
[D. Moreno, PRD 106 (2022), 114008]

° Current knowledge of the HQE for B — X .7, decay rate and
g*-distribution: (a2, as/m}).

n -~ 2/q' ¢
% 9 e We propose to analyze the I', M,, and R%, /¢
with p?2 = m?2 and k" = k* —vH(v - k). . . .
b - ( ) e May provide valuable complementary information to R(D(*)) where a more
than 30 deviation from the SM is present.
[Z. Ligeti and F. J. Tackmann, PRD 90 (2014), 034021]
[M. Rahimi and K. K. Vos, JHEP 11 (2022), 007]

e Expand to quadratic order in the small momenta ki, ko .

e Project to the Darwin operator, i. e pick up k( kB ) structure.

e The LO 1/mj corrections (~ 10%) correction to the leading term.

e The as/m} and as/m} corrections (~ 1%) correction

Iorexam Ie.[vvrv]vv|vyvvvvyvvvr1vrvv]vv *
p u ~— —

0.4} Rl DTSN ]
”’ ~
,/’ AN e The as/m; corrections are (~ 1%), and we expect a small but visible impact
~
/s R 1 on |Vl
,’ AN | [T. Mannel, D. Moreno and A. A. Pivovarov, PRD 105 (2022), 054033]
/: 0.2F ,/ N -1 — —
~ /
)

; - LO+NLO
O-2r 1 — NLO/CMS

| TN TN SN TN Y TN SN TN TN SN TN TN SN TN [N WY SRR TN SN (NN TR WY TR RN SN TN TN SN TR N SN TR S S N S

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
r




New physics contributions to moments of inclusive

—>
b ¢ decays GOAL.: comprehensive model-independent analysis of all
Matteo Fael possible types of NP effects in B - X .20,

- To properly catch the leading effects:
HQE with NP effects propery & oaeing |
« (W Anp)” X a; X (1/my)” : NP at tree level in the

Series expansion in three parameters: free-quark approximation.

AQCD/ my, a,, and (v/ ANP)2 . (VI Agp)* X a) X (1/m,)*> : power-suppressed
, terms for NP effects
We obtain results for:

e (/I Anp)? X al x (1/m,)": QCD NLO corrections to
 Charged-lepton energy moments, lower cut on £, f\”:, efl?gc);t S s X( b)

- Hadronic invariant mass moments, lower cut on £, SM: NLO + 1/m ——- Scen. I: NLO + 1/m}
 Leptonic invariant mass moments, lower cut on q2 === Scen. Il: NLO + 1/mj === Scen. lll: NLO + 1/mj
SM uncertainty 1 Belle 2021
NP Scenarios | Cy, | Cy,, | Cs, | Cs, | Cr 1 Bellell 2022
I 00 | 1|10 7
II 0 [0 ] 0 | -1]05 6k
III 105 0] 0|0 — [
5
Q
2 4
= 3
Open source code O
C\l@ B
https://gitlab.com/vcb-inclusive/npinb2xclv = 1
https://gitlab.com/vcb-inclusive/kolya or
| | | | |
"3 4 5 6 7 8 173 4 5 6 7 8



Combined analyses



Unitarity Constraints and the Dispersive Matrix

Ludovica Vittorio

NOVELTY:

Importance Sampling (IS)
procedure for DM with
high number of inputs,
see arXiv: 2309.02135

Combined study of all the lattice data?

What about a combined study of FNAL/MILC + HPQCD + JLQCD lattice data?

The Dispersive Matrix (DM) method
| Ourgoal is to describe the FFs using a novel, non-perturbative and model independent
i approach: starting from the available LQCD computations of the FFs in the high-g* (or low-w)
i regime, we extract the FFs behaviour in the low-g? (or high-w) region!

- Pioneering works from S. Okubo [PRD, 3 (1971); PRD, 4 (1971)],
C.’Bourrely et al [NPB, 189 (1981)] and L. Lellouch [NPB, 479 (1996)]

The resulting description of the FFs - New developments in PRD '21 (2106.08497)

* is entirely based on first principles (LQCD evaluation of 2- and 3-point Euclidean correlators)

is independent of any assumption on the functional dependence of the FFs on the momentum transfer

* can be applied to theoretical calculations of the FFs, but also to experimental data

keep theoretical calculations and experimental data separated

is universal: it can be applied to any exclusive semileptonic decays of mesons and baryons

0.40 6.0
sampling DM === sampling DM ===
0.35 FNAL/MILC data =\~ 1 55 FNAL/MILC data ~/\—
HPQCD data —O~ HPQCD data —O~
7: 030 JLQCD data 3~ 0 JLQCD data — 3
)
S 0.25 S
S 45
S
Q
40 1
1 1 ! 1 35 1 Il L ! 1
10 11 1.2 13 14 15 1.0 1.1 12 1.3 14 15
w w
25
sampling DM ===
FNAL/MILC data ~/\—~
204 HPQCD data O~
N JLQCD data ~F 3~
S 215
S12t : | &
= sampling DM ===
= ol FNAL/MILC data —/A~ ]
HPQCD data O L0
8r JLQCD data ~f 3}~
6 1 ! | 1 1 05 ! 1 1 1 !
1.0 1.1 1.2 13 14 15 1.0 1.1 1.2 1.3 14 15



Model-independent description of B — Dxfv decays

Florian Herren

/ Form Factor decomposition

e We perform a partial wave decomposition in the D-mt system
e 2FFsforl=0,4 for every higher partial wave

wave and replacing L by the polarization tensors yields the standard
expressions for the D* and D.*
\0 In general, the FFs are compléx

e Setting the D-m invariant mass to a resonances mass, picking a specific partial

~

/

* Unitarity bounds follow from a dispersion
relation via a BGL-like analysis
* Physics inputs:
* LQCD Dx (HadSpec Collaboration)
* Measured (w/mass) spectra from
experiment (Belle)
* Reasonable (and systematically
improvable) assumptions about
higher partial waves.

B - Dnlv

Conclusion

/o We developed a model-independent\

description of B—Dnlv
e By combining meson-meson scattering
phase-shifts with B—DZv in the

dr/dq? (Gev~1)

—— Combination

soft-Goldstone limit we obtained

predictions for the S-Wave B—Dn/v,
B—Dn{v & B—D K¢v decays
e Were-analyzed B—»Dz*l’v decays and
found discrepancies with the literature
e The framework developed is extendable
to other final states, as well as

k Cabibbo-suppressed decays /




| Vub_\ and the potential impact of new  gj5,enka Melic
physics in exclusive b — u?’v decays

O we revisit LCSR prediction for the full set of B — 1 form factors by simultaneously fitting
el B K = 3 LLOSE) them, including correlations and focus on systematic uncertainties by using Bayesian fit and
mod, BCL K = 4 (LCSR + LQCD) extrapolation in the full g% region

1.40 1

1.20 1 2 = O we carry out combined fit with precise QCD lattice results and provide the most up-to-date
theoretical (LCSR + LQCD) form factors in B — nt decays
] ) [ U we add B — p, w decays and usings average of experimental measurements of
T o0 Low ¢ B — (m, p, w) | v with correlations we perform fits and extract |Vubl __
3 Region

0.60 4

|Vap| P70 = (3.59%5:15) x 1072

0.40 4

compatible with the global CKMfitter fit:

|Vub|CKMﬁttCI‘ — (367-1—882) > 10—3

r——- - - — = O with perform WET (with only left-handed neutrinos) fit of all B — (11, p, w) | v data, and
¢* [GeV?)] conclude that the BSM is preferred over SM interpretation
/more input is needed, in particular from theory side on B — (p, w) | v decays/
0 we provide Gaussian Mixture Model of marginalized WET Wilson coefficients
- to provide computationally efficient way of using the WET parameter space without having to
re-run a complicated, computationally expensive statistical analysis
/in ancillary material of 2302. 05268 paper/

0.20 4

0.00

mod. BCL K = 3 (LCSR) /
mod. BCL K =4 (LCSR + LQCD)
5009 F FNAL/MILC
F  RBC/UKQCD

High ¢~
Region

—~~
~

N
< 3.00 4
S

> — [ B’ - nti o ]
exp: HFLAV average (Babar & Belle)
B = wl™ v th: FF from LCSR + lattice, BCL g2 param of FF

'~\_

2.00 4

/\ exp: average from Bernlochner, Prim, Robinson, 2104.05739 (Babar & Belle)
T we oo we th: FF from LCSR [Bharucha, Strub, Zwicky (BSZ) 2015], BSZ q? param. of FF

0.00



Combining lattice and sum rules to determine |V ,|/|V_, |
Carolina Da Silva Bolognani New determinationof |V, /V,, |

Infer full set of B, = K form factors over the full g* range

1.0 *
LCSR fit

LQCD fit Steps:
— 0.8 LCSR+LQCD fit ' : .
g LCSR Update LCSR form factor results with study of duality threshold parameters
S gl | RBC/UKQCD i
x| I mpQep Add LQCD results to constrain the parametrisation at high g
X

Fit to both theory inputs using a unitarity-bounded parametrisation

Extract |V,,/V.,| from the B — K™y, LHCb measurement

0.0 F—

o 5 o 2?@ v 0 15 2 Analysis done with EOS flavour physics software
q° [Ge
Iinclusi'vc |
| v | _
g>>7GeV: = || = 0.0801 + 0.0047 = PDG 2022
| VCb | &
S .
K
2 2 Vub 3L
qg-<7GeV™ > - = (0.0681 £ 0.0040
cb

" L I n L 1 n 1 n L L 1 L i " 1
36 38 40 42 44

Vel [107%]



Extraction of the ratio |V ,|/| V., |from a
combined study of the excluswe decays

Ipsita Ray

<—

- B — {nlp/lw}fv v e B - D™M¢y
ub B — K//U/ cb

B, — DS(*)fI/

o [Tl =0.079 + 0.006 (from 5P [LHCh 1504.01568])
39 . : . ,,
I : ; ] Mode(s) Inputs Xinin/DOF | |Vip| X 10 | |Ves| x 10° —l“T‘J‘]- Correlation (%)
' (Vs [Ves
Bl b Experiment+ All Lattice 171.1/156 3.61 £0.15 | 404 4 0.6 | 0.089 £ 0.004 12.8
and Experiment+All Lattice+LCSR 191.7/167 343 £ 012 | 404 £ 0.6 | 0.085 £ 0.003 14.1
b—ecl™ v Experiment+ All Lattice 176.1/166 3.507 £ 0.13 40.3 £ 0.6 0.089 + 0.003 11.5
E +LCSR (without f s
~ b— el D, Experiment+Lattice+LCSR 231.8/225 3.34 £ 0.10 40.4 4+ 0.6 0.083 4 0.003 12.4
X b—ul" v Experiment+ All Lattice 219.5/224 3.51 £ 0.11 40.2 £ 0.6 | 0.087 £ 0.003 10.4
B +LCSR (without f2sK)
>~

[Vup|(B = w1 v and BR(By —» K 1v)) (Expt+Lattice)
|[Vup|(B - 7 1v and BR(Bs —» K 1v)) (Expt+Lattice+LCSR)
|V |(Combined modes) (Expt+Lattice+LCSR)

32 el B -
300 395 400 405 410 415 42.0 B~ mlvand Ry (Expt+Lattice)
Vol x 1 03 \ — B - n1v and Rgg (Expt+Lattice+LCSR)




Global fitto b — ctv Syuhei Iguro

Summary of model prediction: correlation

Relaxed B, — v bound and shifted R 2210.10751 (v3 soon)
Spin  Charge Operators Rp Rp-~ LHC Flavor
_H* 0 (1,2,1%) Os, v brv.  B.— Ty, FP", PP, My
S1 0 (3,1,13) Oy,,0s,0r v V TT AM;,, PP, B - K®yy
_ RSP 0 (3,2,7%) Os.,Or,(Ov;) ¥ ¥ |brv,77  Ry(s), PP°, Mw
LQ| Us 1 (3,1,2/3) Oy, , Os;, v v | bry, 1 Ry, Ry(ns), Bs = 7T
Vi 1 (3,2,50) Osp v 20 77 B -1, By - 11,B - Ktt

See also Angelescu et al, 2103.12504, Athron et al 2104.03691 for the previous version of LQs

Reinterpreting the CMS (36/fb)

Cs, = —0.88 + 0.88i Pull=4.30 H*
Pull = \/X%M — XXPp-best () Pull=3.96 S

h Iudes o* CSL = —8.9CT = (.19 ull=5.20 1

Tv resonance searcC exc based on R, Fy Cs, = 8.4Cr = —0.07 £ 0.58i Pull=4.00 R,
. . Py =1 Cy, = 0.07 = C5./(—3.7)X e"'¥r, ¢ = 0.54n Pull=4.10 U,

charged Higgs with m;,. > 400 GeV G =02 Pull=3.80 1,

Similar goodness of fit
Model discrimination is possible via these correlated predictions

Also, T polarization in B = D®1v is important @ Belle Il °

Sensitivity in other observables/systems?
« All NP models — LHC study

. Charged Higgs — contributes to » - s£7 via C,

Q: What about m,. < 400 GeV?

. U(1) leptoquark — connection to EDM
A: b-tagging suppresses the SM background

and may help shrink the window



Impact of A, — A_7v on New Physics

. . Marco Fedele
in b — ctv transitions

Update of the sum rule

As a first step, we updated the sum rules due to update in B — D* FF

R A(D) R(D¥)
R(D R(D* W c
R(N,) ~ Boy(N,) 0.280# + 0'720(—1 |————= 0.280 ——— + 0.720 = T + 5Ac
Rsu(D) Rsm(D*) R(A ey = 0.242 £ 0.076 o ZsuA) Rsm(D) Rsm(D*)
= Rgm(A)(1.172 £ 0.038) 0.04 —
= 0.380 + 0.012 + 0.005 to be compared with  R(Acexp = (0.285 £ 0.073) b
C
Not all that glitters is gold...
IgWa IgWa IgWa IgWa IgWa
Fed Fe+ fof fof —o—
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Toward a summary

Some impressions - Experimental measurements

 CMS starting to use parked data to add LFU to existing program.
Proof of concept now, but will improve steadily with time.

« Belle Il first R(D™), Belle Il first measurement of R_ (X) at a b-
factory

 Move toward differential measurements / studying full angular
dependence

e Marcelo - multi-hadron final states

* Additional precise measurements of familiar quantities [e.g.,
R(D)]



Toward a summary

Some impressions - Lattice QCD

e B—> D™M¢y: Major progress since last CKM: new calculations
of form factors for at nonzero recoil from Fermilab-MILC,
HPQCD, and JLQCD

 Updated calculations are underway for many channels:
B—> D™ B> n/K

* Frontiers of lattice QCD include:

 Multi-hadron final states, e.g., B — pZv

* Inclusive SL decays



Toward a summary

Some impressions - HQET

* Progress toward extending to higher orders, including

 Partonic @(af) corrections (Matteo Fael)

» Subleading O(a,pp) corrections (Daniel Moreno)

» Effects of New Physics operators
 New ideas about constraining non-perturbative inputs
* Residual chiral expansion

. RPI quantities = New determination of | V, |’



Toward a summary

Some impressions - Combined analyses

* Vibrant effort to synthesis our best knowledge of experimental
and theoretical quantities

« Combining lattice QCD form factors
* Combining lattice-QCD and LCSR form factors

* Global fits to theoretical results and experimental
measurements

* Exploiting the constrains of analyticity and unitarity



