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STANDARD MODEL
UNITARITY TRIANGLE ANALYSIS
(Flavor Physics)

*Provides the best determination of the CKM parameters;

o Tests the consistency of the SM (" direct” vs " indirect”
determinations) (@ the quantum level,

*Provides predictions for SM observables (in the past for
example sin 23 and Amy )

o It could lead to new discoveries (CP violation, Charm, !?)
*The discovery potential of precision flavor physics should not
be underestimated




Flavour Physics

1963: Cabibbo Angle
1964: CP violation in K decays * e
1970 GIM Mechanism =
1973: CP Violation needs at least
three quark families (CKM) * =
1975: discovery of the tau lepton — - T
374 lepton family * |
1977: discovery of the b quark -
3 quark family *

2003/4: CP violation in B meson
decays * Nobel Prize




The extraordinary progress of the experimental
measurements requires accurate theoretical predictions

Precision flavor physics requires the control of hadronic
effects for which lattice QCD simulations are essential

O"*F = Vg (F|O|I) SM

QEXP = chM(MWamtaas) <F|01|I> +2C§eyond(ﬁl[3) G'S) <F|01'|I>

BSM

What can be computed and ‘
what cannot be computed



Leptonic (,K,D,B)

(some) Radiative and Rare long distance effects
(also K -> gt [*] ) > ‘/ . ) .
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connected diag. self-loop diag. disconnected diag.




Non-leptonic B -> i, K, etc. No !

but only below the O@
inelastic threshold « : E

( may be CllS O typel type2

3 body decays) @ O@ @

type3

Neutral meson mixing (local)

typed

W q=4d,s q—ds

ORSROJO: =IO

q—ds

(Y 'Y

+ some long distance contributions to K and D neutral
meson mixing + short distance contributions to B-> K [*[




Flavor physics in the Standard Mode/

In the SM, the guark mass matrix, from which the CKM
matrix and GP violation originate, is determined by the
coupling of the Higgs boson to fermions.

Lquarks — Lkinetic 4+ Sgauge LYukawa

¢P and symmeftry breaking

CP invariant are striclty correlated

' auge ukaw Ci’
L(Arermi) = LA H,H') + LM + LEF + LG+ 2+ 55+

has many accidental
simmetries

may violate
accidental
simmetries




Absence of FCNC at tree level (& GIM
suppression of FCNC @loop level)

Almost no CP violation at tree leve/

Flavour Physics is extremely sensitive
to New Physics (NP)

In competition with Electroweak
Precision Measurements




WHY RARE DECAYS ?

Rare decays are a manifestation of broken
(accidental) symmetries e.g. of physics
beyond the Standard Model

baryon and lepton
number conservation

lepton flavor number fw{

found ! S




RARE DECAYS WHICH ARE ALLOWED
IN THE STANDARD MODEL

these decays occur only via

loops because of GIM and
are suppressed by CKM

THUS THEY ARE SENSITIVE TO
NEW PHYSICS



CP Violation in
the Standard Model

After the diagonalisation of the quark mass matrix

EW (
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N(N-1)/2 angles and (N-1)(N-2)/2  phases

N=3 3 angles +1phase KM
the phase generates complex couplings i.e. CP
violation;

6 masses +3 angles +1 phase = 10 parameters
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Vib | Vis [Vin

us
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v, v, Quark masses &
Generation
Vcd ] Vcs Vcb M iX i ng

B-decays " e 1V,Il=0.9735(8)
— 1V, 1=0.2196(23)
down [~ T VelIV,l=022416)
| V| = 0.970(9)(70)
Neutron | Vcb | = 0.0406(8)
Proton |V, | = 0.00409(25)

|V, 1=0.99(29)

Vo updated values later (0979
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The Bjorken-Jarlskog Unitarity Triangle

| 'V;; | is invariant under

®— 0 — ® phase rotations

d 1 1 1 a;= Vi V2 = Vaa Vs
: az b, A=V, Vy a3= V3 V3o

e | o; | o | Jai*a,+as=0

3 b+ b,+ b.=0 etc.
®e—0—0©0 (by+ b, + bs )

Y
Only the orientation depends d3 az
on the phase convention o = b



(0,0) (1,0)

The Standard Triangle of the Standard Model



STRONG CP VIOLATION

n

n
_ va (Ja a — a
Ly = 0GW2GA, Gy = €hvps GP6

LON 9 Ea°§a

This term violates CP and gives a contribution to the
electric dipole moment of the neutron

e, < 3 10%°ecm

0 < 10 which is quite unnatural !
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Dark Energy 73%
(Cosmological Constant)

| Ordinary Matter 4%
(of this only about
10% luminous)

R |
Dark Matter B
23%

L & .

See *several
talks on axions

Neutrinos
- 0.1-2%




M.Bona, M. Ciuchini, D. Derkach, F. Ferrari, E. Franco,
V. Lubicz, G. Martinelli, D. Morgante, M. Pierini,

L. Silvestrini, S. Simula, C. Tarantino, V. Vagnoni,
M. Valli, and L. Vittorio
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Quantities used in the
Standard UT Analysis

Vun/Veb €K Amy
= = F =
T
f+ y F 0.5; | f 1[2
of B~B
| +«Bx | /A 2 T P
2 - -1 0.5 1 -0 o
p P p

Inclusive vs Exclusive

Opportunity for lattice
QCD

UT-LATTICE

levels @
68% (95%) CL

Amd/ Ams




Other Quantities used in the

UT Analysis

UT-ANGLES

Several new determinations of UT angles are now available, thanks to the results coming from the B-Factory experiments

coszﬁm a Y _WSi“(ZBJf’Y)

05
05 ‘
-1

1 1 1
0.5 0.5 1 K] 0.

s A

B

BoJIWK®  BoJWK®'  Bommpp®'  BSD'K ' BLD"m,DP

New Constraints from B and K rare decays
(not used yet)

New bounds are available from rare B and K decays. They do not still have a strong impact on the global fit and they are not used at present.

K—21mvy BTV (B—p/w Y)/(B—K*Y)




p W~ - ) - =
i) £ ] +
o o8 /\ o ot i
q
o v of of ot
! ¥+ p pa
. , | ] -
! iy e A gt R S h g
P P P [ L

In the

hadronic a=(949 + 4.7)"

sector, the sin2P = 0.688 + 0.0206

SM CKM B=(22.46 + 0.68 )

pattern —(66.1 + 3.5)°

represents Y =(66.1% 3.5)

the pr'incipal A=0.828 £0.011

part of the A =0.22519 £ 0.00083

flavor

structure Consistence on an

S;C:a?tforfp over constrained fit
of the CKM parameters

”
CKM matrix is the dominant source of flavour mixing and CP violation
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PROGRESS SINCE 1988

Experimental progress so impressive that we can fit

the hadronic matrix elements (in the SM)

|§'1

0.5

0.5

2000

1= 1
1995
0.5
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P p
0.5 1 1
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Some interesting configurations "~ "f [T

[ summen22

: :— ~10% 1_— angles
Eowr | 0=[0.161 +0.017 = .}
sk N =/0.339+0.011 o Angles only
: | ~3%

Universal Unitary Triangle
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compatibility plots
A way to “measure” the agreement of a single measurement with the

indirect determination from the fit using all the other inputs: test for the

SM description of the flavour physics
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FIG. 5. Pull plots (see text) for sin2p3 (top-left), v (top-centre), v (top-right), |Vus| (bottom-left) and |Vey| (bottom-right) inputs.
The crosses represent the input values reported in Table[ll In the case of |Vuy| and |Ve| the x and the * represent the values

extracted from. exclusive and inclusive semilentonic decaus resnectiveli.
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UT-fit Preliminary - &g large Vb
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Power corrections to the CP-violation parameter g

— — ~ ——— — —— —— e e

ex _
M. Ciuchini®, E.Franco®, V. Lubicz(, e’ = 2228 +£0.011) - 107°
G.Martinelli*?, L. Silvestrini¥. C. Tarantino(®®

2021: c%n estimatefrom the 1/mc ex = 2.00(15) x ]0-3
expansion of the effective

Hamiltonian + UTfit Computing the long-distance contributions to &

Ziyuan Bai

Columbia University, USA 20 ] 5.‘ a ]/‘ea l

bzyhty@gmail. conl

Norman Christ" exploratory calculation

Columbia University, USA .
E-mail: BRc@phys . columbia.edd MO physzcal masses, no

RBC and UKQCD Collaborations e xtrapolation to the continuum

e| = (1.806(41) +0.891(11) +0.209(6) +0.112(13)) x 107 = 3.019(45) x 10~

it utsp utrp Im(Ap),

Probability density

e’/e from RBC now in Ulfit: |
e’/ e=15.2(4.7) x107 —




Exclusive semileptonic B - {D(*), 7z} decays
through unitarity

Work in collaboration with M. Naviglio. S. Simula and L. Vittorio
(PRD °21 (2105.02497), PRD °21 (2105.07851), PRD °22 (2105.08674), 2109.15248, 2204.05925, 2202.10285)
See talk by A. Vaquero

A=(p,n)

Vauad V| | ViaVip|
Vea Vi Vea Vi
C=(00) B=(10)

Mr. Nosferatu
from Transylvania




Main Results from the Dispersive Matrix Method

to show the relevant, attractive features of the Dispersion Matrix (DM) approach [arXiv:2105.02497], which 1s a
rigorously model-independent tool for describing the hadronic form factors (FFs) in their whole kinematical range

- entirely based on first principles (i.e. lattice QCD simulations of 2- and 3-point Euclidean correlators)
- independent on any assumption about the momentum dependence of the FFs
- unitarization of the input theoretical data (including also kinematical constraints)

- no mixing among theoretical calculations and experimental data to describe the shape of the FFs

*results for B — D((s*))f v, decays: extraction of |V, | and theoretical determination of R(D((s*))) [2105.08674, 2109.15248,

using LQCD results for the FFs (from FNAL/MILC and HPQCD) 2204.05925]
decay |V, 1IPM. 10 inclusive exclusive observable DM experiment difference
[2107.00604] [FLAG 21] R(D) 0.296 (8) 0.340(27) (13) ~ l4do
B—D 41.0x1.2 R(D*) 0.275(8) 0.295(11) (8) ~ 130
B — D* 413 £ 1.7 R(D,) 0.298 (5)
B, — D, 42.4+20 RDH)  0.250(6)
B, — Dk 41.4£2.6
average 414 +0.8 42.16 +£0.50 39.36 £ 0.68
difference ) ~(0.8¢0 ~19¢c
(0 51 ##* reduced tensions in both |V, | and R(D()) *** From S. Simula

universal: it can be applied to any exclusive semileptonic decays of mesons and baryons
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SU(3) breaking effects need further investigation

‘ | Vub|] “1U~ |

D(s) 77 M, I

D.00 \L7)

‘ D2.0D (14) ‘ .10 (LV) ‘

~

see LLudovico’s slides 1in discussion session

DM HFLAV ‘19
R(D) 0.296 (8) 0.340 (27) (13)
R(D%) 0.275 (8) 0.295 (11) (8)
R(Ds) 0.298 (5)
R(D:") 0.250 (6)

-

reduced tensions in both |V, |, | V,,,| and R(D")
when theory and experiments are not fitted simultaneously




RADIATIVE CORRECTIONS see talk by M. Di Carlo

The accuracy of lattice calculations of the hadron spectrum
(and hence of the quark masses) and of the decay constants
and form factors is such that isospin breaking and em
effects cannot be neglected anymore:

f_=130.2(0.8) MeV & =0.6% f, = 155.7(0.3) MeV € =0.2%
f/f =1.1932(19) £ =0.16% F <™(0) =0.9698(17) € =0.18%

A remark on useful and useless precision of lattice
calculations:

1) ex and long distance charm contributions

2) isospin breaking and electromagnetic corrections to fy
and [

Radiative corrections to neutron decay, the Sacred Graal



" e-Print: 2302.01298 see also talk by G. Gagliardi
Real & Vlrtual Phys.Rev.D 105 (2022) 11, 11450,

phO ton emission Phys.Rev.D 103 (2021) 5, 053005

KLOE experiment K — ev,y [EPIC "09]
E" 1 dT' (K ,.)
i e2y ; ; : )
ARP = [ dE, = T — ARPH4 ARSI 4 ARINT five bins : Ef = {10, 50, 100, 150, 200, 250} MeV
E Ku2lrl 4 p,>200 MeV (kinematical cut due to Kes decays) Ey** ~ 250 MeV
8_ ' ' ' ' ' ] 00— T T T ] ARP”i:relevantintheﬁrstbinonly
O KLOE L J
i 1 i . lattice ] INT i o
o[ | O ice 1 0.18 | 0 ] AR™"': negligible
~ 7 : KLOE i
L . ‘.\ T . 2
| | © cheT 0(e%p%) 1 0.16 ;\\\\ i ARSP x [Fv(xy) + F,(x,)
ro) | | . . -\ [ [ [ -
— = I
x 4L i _'_i(/ N RS ENEE ]
-4 (T8 - - -
< | K>evy ] 0.14 === ==="7" : \\\; ChPT O(e*p?) : Fy(x) = %
" Ips
L n |
i 8m
2T ’ 012 | Fa) =—= (L + L)
I f . d kaon Ps
o . . . . . 1 S N I S ‘
0 1 2 3 4 5 6 0.0 0.2 0.4 0.6 0.8 1.0 F+(Xy) — FV(xy) + FA(xy) ~ 0123 + 0018
b|n szEylmPS

FIG. 1. Left panel: comparison of the KLOE experimental data AR [9] (red circles) with the theoretical predictions ARM™, (blue
squares) evaluated with the vector and axial form factors of Ref. [8] given in Eqgs. (13)—(17), for the 5 bins (see Table IV). The green
diamonds correspond to the prediction of ChPT at order O(e?p*), based on the vector and axial form factors given in Eq. (53). Right
panel: comparison of the form-factor F*(x,) extracted by the KLOE collaboration in Ref. [9] and the theoretical prediction from
Eqgs. (13)—(17). The shaded areas represent uncertainties at the level of 1 standard deviation.

**%%% g00d consistency *****


https://arxiv.org/abs/2302.01298

B meson real photon emissions
Factorization at leading power 1n an expansion of the decay amplitude
in Aqgep/Ey and  Agcp/mb has been established to all orders in the strong

coupling 0. In this approximation, the branching fraction depends only on the

leading-twist B-meson light-cone distribution amplitude (LCDA)

More precisely, it is
proportional to 1/hg , the
most important LCDA
parameter 1in exclusive
decays,is uncertain by a
large factor ranging from
200 MeV favoured by
non-leptonic decays to
460 MeV from QCD
sum rules.

The radiative leptonic
decay has therefore been
suggested

as a measurement of hg

¢+(w7 ,LL)

Figure 1. Leading contribution to B — v/lv,.

For large photon energies the form factors can be written as [9]

FU(E,) = SR, )+ €(5,) + AL(E).

6ufB'rnB

FA(E"/) = QEWAB(M)

R(E,.p) + £(E,) — A&(E,). (2.7)
The first term is equal in both expressions and represents the leading-power contribution
in the heavy-quark expansion (HQE). It originates only from photon emission from the
light spectator quark in B meson (Fig. 1). In the above, fp is the decay constant of B
meson, and the quantity A\p is the first inverse moment of the B-meson LCDA,

1 * dw
S /0 = ). (2.8)



Further applications in decays of heavy neutral B mesons:
Virtual corrections (some questions still open)

Enhanced electromagnetic correction to the rare B-meson decay B, g — pu™pu~

Martin Beneke,! Christoph Bobeth,'? and Robert Szafron'

0.05F

~0.05} «107°

3.8

|—— NN\ ——— [ | | BR(BS%H“)

is this really

reabsorbed in the
coefficient of Og?




Further applications in decays of heavy neutral B mesons:
real corrections (some questions still open)

see the talk by L. Vittorio
B? — ptp~~ from B? — ptp—

Francesco Dettori?, Diego Guadagnoli® and Méril Reboud?’c

= TR TS T Ly W caporks 91 -
§ 14 .oy 1 Full fit -
< — Bl S utu a
N 12 - Bg — utu —
— s Bgs) —h*h~ N
g 10 = B S 1ty =
ks By = (K)u*v .
;_5 Sk b T e Combinatorial —
= .
Qo 6 -
4 —
I L :
2 [ —

0 o AN, el Jd

4600 4800 5000 5200 5400 5600 5800
m .- [MeV]

Figure 3: Dimuon invariant mass distribution from LHCb’s measurement of B(B? — pu*u~) [52]
overlayed with the contribution expected from BY? — pu*pu~~ decays (ISR only). Assumes flat ef-
ficiency versus m,+,-. The line denoted as ‘BY — utp~y NP’ refers to the V — A case with
§Cy = —12% C5§M (see also Fig. 2). The two filled curves are not stacked onto each other.



‘ “(k)
Particle(s) from weak vertex with momenta g JB@}/

Hweak
- FCNC Qb= Qq (need long distance in addition) : F(¢’, k)
£t N
.< = HweakN 09’10 :Bds — Lﬂ+bﬂ—y F(q ) = F(C] 90)
¢ ’ Bobeth'’s talk
NNy Hweak ~ O7 : B, — £¥¢7y F*(k%) = F(0,k?)
flavoured  Hweak~ gy b, 04a: B, — £+¢a F(m2, k) — F*(k?)
axion Ziegler’s talk

or dark photon, scalar DM, ...
Xin-Yu Tuo et al. arXiv:2103.11331

. FCCC Qb Qq : G. Gagliardi et al. arXiv:2202.03833 [hep-lat]
Lﬂ+
.\,\,\< Hweak ~ V ity b £y'v; . B, — vy
U

- Physics: helicity suppression of B —>j§fj relieved in radiative decav!
Roman Zwicky @ Tenerife


https://inspirehep.net/authors/1712065

Beyond the SM

*for lower bound for loop-mediated contributions,
simply multiply by as (~ 0.1) or by aw (~ 0.03).

Wilson Coefficients results

Generic: C(A) = a/A?, Fi~1, arbitrary NMFV: C(A) = a x |Fsml/A?, Fi~|Fsu,
phase, o ~ 1 for strongly coupled NP arbitrary phase
S | A>4.310°TeV 2 [A>89TeV
< 10 <
o f @
v} B (1]
@ 10 @
o F o
=z B p
10t

-0 ~ aw in case of loop coupling -0 ~ aw in case of loop coupling
.through weak interactions™ .through weak interactions™

A>1310%TeV A>2.7TeV

Fabio Ferrari CKM workshop 2021 21




Reminder:
R=B(B*2>K*u*tu-) /B(B*>K*ete~)

Test of lepton universality : Ry ~1 in SM, with negligible
theoretical uncertainties

o LHCb g BaBar 4 Belle

N 2_ ||||||||||||||||||||| ]
oS L

s 1 LHCb, PRL 113 151601

Belle, PRL 103171801

i — | BaBar, PRD 86 032012

0.5

N \ &QJ
R (1< g’ <6 GeV?)=0.745"%%(stat) + 0.036(sy \6‘ S
Compatible with SM at 2.60

Experimentally challenging
- lower trigger efficiency for electrons, resolution deteriorated by bremsstrahlung

Other modes swtable for same test
BOS>K*0 | Ty , B 9¢l , Ag2A | Tl

53



Excitement

Lepton Flavour Universality (LFU) tests in b — s£7¢~
LHCb only

| [JHEP,2020,40 (2020)] | |
. . R 4 a2€l0.1,6] GevZic! ! A} —>p1K€€
4+ Coherent pattern of tension to SM in pK | © O l 47167, 1o
| JHEP08(2017) 055 | : BO %K*Oge
LFU test with b —» s¢7¢~ transition: R0 ] CElLaGVi! e ] _, 240
K* 7 ¢#e0.045,1.1] GeVe! o : 3fb 1,2.20.
I
’[PRL 128 (2022) 191802] | |
- BY = Kt
. ] ] RK*+ - ¢*€[0.045,6.0] GeV/c! p—eo— I 9fb-1. 1 4o
+ Ry ratio extremely well predicted in SM : T
[PRL 128 (2022) 191802] | 1 0 0
» Cancellation of hadronic uncertainties at 107* Ry ] #entonve : fg fb—_ﬁfgssgﬁ
I > e
> @(1%) QED correction |[Eur.ths.J.C 76 (2016) 8] | |[Nat. Phys. 18. 277-282 (2022)]| : B Ko
2,4 |
» Statistically limited Ry 4 o cl16Gevie DR 9fb™1,3.10
I
*)Ilustrati
| * |ustra.tlon Ipurposes | ; -—=SM
+ Any departure from unity is a clear 00 02 04 06 08 1.0 12

_ B(b—sutp”
~ B(b— sete™)

(*) Measurements from Belle not shown (larger statistical uncertainties)

Renato Quagliani LHC Seminar, CERN 8

sign of New Physics Rx



Harakiri!

Analysis: results

Results

ot { T = 0994828 (sar) 2017 (sye),
Ry = 0.927 10053 (stat) 10033 (syst)

ot | = 0919 728 (tat) 4 ()
Ry« = 1.027 10082 (stat) 10057 (syst).

14

+ Most precise and accurate LFU

test in b — s€¢ transition

+ Compatible with SM with a
simple y? test on 4 measurement

at 0.2 o

Renato Quagliani

K K*

Rx  low-¢> =0.994709%
Ry central-g> = 0.94970:0%8
Ry low-¢? = 0.9277 00

Ry central-¢° = 1.0277997%

1.0
<" 1

-
|

0.8 F
[ t SD&ta Y =16,p=0812 0 =02

0.6
Rk low-¢> R central-g> Ry« low-¢>° Ry~ central-g

LHC Seminar, CERN
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absence says more than presence

FRANK HERBERT
(Dune)

THANKS FOR YOUR ATTENTION




Back up Shides



t=gq

M =

(9elof)  (gtlge)  (gtlge)

[ (oflof) (8flg) (eflgn) -
(g, |0F)  (90,19t)  (gt,l9e) -

\<Qtn.’¢f> (gtn.!gﬁ (gtn.\gh)

<</5f |gtn> \
(9t|9t.)
(9t119t,)

<gtn igt,) )

The conformal variable z is related to the momentum transfer as:

ty—t_ -

z(t) = — [0, t,t] 2z
t +—t + 1
_|_ —

max’

The Dispersive Matrix (DM) method B — [)
2

tatha) = [ 5 @RC)

g9t(2)

0]

1

1—2(t)z

det M > 0



The DM method

(pf|0f)  (Df|ge)

<¢f’gt1>

(6f]gt,)

(g:|of)  (gtlgr)

+ 14t

;- \Jt]

(9t 19t) Y{gtslgts) -+ (gt.l9t,)

<gtn.!gt> <gtnigt1> - <9tnigtn>

We also have to define the kinematical functions

3t+t_ 1 + z

bo(2,Q?) = \/ 2"””\/

in t+ (=P (ﬂ(0)+

[2n (1+ 2)?
¢+(27 Q2) - \/ + —t_ (1 _ )9/2

Thus, we need these external inputs to implement our method:

(50 +

- estimates of the FFs, computed on the lattice,

(Gtm |Df)

O (tm, Q%) S (
LQCD
data!

tm)

142\ 9 1+2 £ = by —1t
) (e 1) B = T
: from Cauchy’s theorem (for generic m)
1
9tm 19t )| = -
(Gt |912) 1 — z(t)z(tm)
Q2

- non-perturbative values of the susceptibilities, since from the dispersion relations (calling
the Euclidean quadratic momentum)

X(Q%) >

(@flef)

Since the susceptibilities are computed
on the lattice, we can in principle use
whatever value of Q2 = —q2



The DM method

The positivity of the original inner products guarantees that det M > 0 namely

ot B VS fR) SIB VY

2

(1-2)(1-2)

1-— RiRj

— Z; 1 1 al
> hodis— = EpRm I X 2 fifidididid

— ij=1

UNITARITY FILTER: unitarity is satisfied if ¥ is semipositive definite, namely if

1 — 22)(1 — 22
x>y Nfifj¢z‘¢jdz'dj( 7))~ %)

1 — 225
i,5=1 "

This is a parametrization-independent unitarity test of the LQCD input data

A detailed discussion of the treatment of statistical errors
and constraints was also presented (simplified with respect to

L. Lellouch NPB, 479 (1996))




Non-perturbative computation of the susceptibilities

The possibility to compute the ys
on the lattice allows us
to choose whatever value of Q?
(i.e. near the region of production
of the resonances)

-

NOT POSSIBLE IN PERTURBATION THEORY!!!

(mb -+ mC)AQ(jD << (mb + mc)2 — q2

POSSIBLE IMPROVEMENT IN THE STUDY OF
THE FFs through our method

Work in progress...

To compute the susceptibilities on the lattice, we start from the Euclidean correlators:

4

X0+ (@) = 555 [Q°Tor (@] = [ dt £(Q) Coe (1)
2 00 .
xi-(Q%) = _lazan [Q°11,-(Q%)] = ‘11/0 dt t4jlgit)
X0 (@) = 557 [@T0-(@)] = [ dt £in(@) Co- (1)
x1+(Q%) = - o (Q°11,+(Q%)] = 1/OO at t4jl(Qt)
0

92 09202

Qt

W. 1. 1

S 4/0 di' ¢4 71(Qt") [(mb_

Ci- ()

Ww. 1.
_

Cr+(2)

4

o7 me2Cs(t) + Q*Cor (1)

1 /Ooo 2 4 jlgi,t) [(my + me)*Cp(t') + Q°Co-(t)]

12



Non-perturbative computation of the susceptibilities

Let us choose for the moment zero Q2

0 (@ =0)= [t ),
0
a @ == [Tadeno,

Yo (Q% = 0) = / dt  Cy- (1) |

0

X1+(Q* =0) = 112 / dt t* Cy+(t) .
Xo- (@7 = 0) = — (my — m.) /0 Tt 1 C(t)
Xo-(Q* =0) = %(mb + me)? /Ooo dt t* Cp(t)

Co+ (t) =| 22
Ci-(t) =|Z
Co-(t) =|Z3
C+(t) =|Z5
Cs(t) =|Z3
Cp(t) =|Z%

/ B2(0|T [71(x)702() G2(0)70q1(0)] 0)
3
2

Je

3
Z/ z(0|T [q1(x)vjV5q2(x) 2(0)v;v591(0)] |0) ,

/ 20T (31 (z)7;¢2(x) F2(0);41(0)] [0)

LW =
Q.
—

2{0|T [q1(%)Y07592(%) G2(0)707591(0)] |0)

CJQI)—l

d*z(0|T [q1(z)g2(z) §2(0)q1(0)] |0) ,

d°z(0|T [71(x)v5q2(2) G2(0)75q1(0)] |0)

/
/

Z: appropriate renormalization constants

N. Carrasco et al. [ETM Coll.], NPB 887 (2014) [arXiv:1403.4504]

13



Non-perturbative computation of the susceptibilities

r: (unphysical) Wilson parameter

0.030 ]
phys phy:
5 m, 0.007 , , —
0.025 ??GJQ) o — L - mcphy mbphy
¥ o o : 0.006 _—'1_3 ]
0.020 [ o - ok D]
: B25.32 P 0.005 —(1)(1)[1] 5 ol
-ic-’ -— a~0. m ®) (r,-r) ] f\,l’-\ : ]
Al T ] > o004 [ @ 0o ]
[: mud~12MeV 8 @ i O
- m =m P o (r, 1) | (D ]
0.010 - c e . »& 0.003 1) (11] .
: B25.32 o m
[ o] L : O m
0.005 g = © ] 0.002 0 o082 fm ® ]
[ e o :
[ 0@ B : ] Fioom ~12Mev : ]
0.000 HeloC A T B B B 0.001 __ m = m P 7]
1 2 3 4 5 % ’ L
m  (GeV) 0000 Lo 1 v 1w 11
h 1 2 3 4 5
m  (GeV)
. . R h
Following set of nine quark masses:
(n) = A"t mEWs  forp =1,2 1) = mPhvs
mp(n) = m, n=1,2,.. mh( )_mc

A = [mPMS mEM 10 = [5.108/1.176]/10 ~ 11602 mp(9) = 3.9 GeV =~ 0.75 mP"Y?

mp, = apn ) (Zpa) Contact terms &
Large discretisation effects



Contact terms & perturbative subtraction

In twisted mass LQCD (tmLQCD):

+r/a J4f Q Q
af _ a %8 % Q
I /_W/a oy Ty Gik + 577Gtk ~ 3) k+ S
—i17uBy + Mi(p) — ipgivs™
Gi(p) = . , =1,2
2 P + MG (p) + pgi Z —Q>
N Ti ._2 . (a
bu =~ sin(ap,), M;i(p) =m; + Eapi, p=_s n(%) b — %

.

0 = 0 2(2] + (0F = 192 + (=) + 1) 20)g"
+ (B32¥5 + B3 2Y% + a2 )™ + (28 + (1} - r3) 23 )Q - Qg™
+(zf? QP 4+ (7,1 T‘Q)ZQ QB)QQQ'B‘I_T]_TQ( 2Zr1rzgaﬂ_|_ (Zr1r2 '|‘(T'1 +T2)Zr17‘2
+ (r +75) 27" )Q - Qo™ + (325 + 43251 7*)g*") + O(a®),  conTact TeRmst

L. Vittorio (SNS & INFN, Pisa) 15



Contact terms & perturbative subtraction

In twisted mass LQCD (tmLQCD):

+r/a J4f Q Q
af _ a Y\, 8 % Q
G _/W/a i ’I‘r[’y Gi(k+ Pk~ T), k+

Thus, by separating the longitudinal and the transverse contributions, we can
compute the susceptibilities for all the spin-parity quantum numbers in the free »
theory on the lattice, i.e. at order(’)(ozg) using twisted-mass fermions!

k- §
free | . LO discr
X] _ X] —I_ X]
LO term of PT @ O(&g) contact terms and discretization effects @ O(an/m) with m > 0
Perturbative subtraction: »| Higher order corrections?

ioxi- e -x DO

Work in progress...




0.030

0.025

0.020

Xo+

0.015

0.010 |

0.005 |:

0.000

Contact terms & perturbative subtraction

B25.32
[ © 2~0.082fm

m ~ 12 MeV
ud

h
m =mPy5

— . c c

F B
(AE.08 .E||

O (r,-n

O (r,r)

11 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 1

1 2 3

L. Vittorio (SNS & INFN, Pisa)

Xo+

0.030

0.025

0.020

0.015

0.010

0.005

0.000

:I 1 1 I 1 1 1 T I 1 T 1
" m P m ]
_: ‘ perturbative subtraction ° N
B25.32 ]
[ 1 a~0.082 fm O r) |
m , ~ 12 MeV 0O (r,r) ]
m=m phys .
o O :
_‘d)CDCD o® 7]
B o) _
O] i
- E -
| 2] i
ks EIE IE | 1 1 1 1 | 1 1 1
1 2 4
(GeV)
NOT ENOUGH...

16



O+

Non-perturbative computation of the susceptibilities

0-030 i T T T | T T T | T T T | T T T T T ] 0.007 T r r I . . | | . . . —

[ - phys phys - - phys phys : 7

fmc My 0 - M m P

0.025 |-: wi = 0.006 _—EP B

| P 0.005 [ @ -
0.020 - B25.32 . 'q)(b & O (r,-n

- 0.082 f Ol : ] S [ )

S - > 0.004 | (DIIJ o)
0.015 - m  ~12 MeV O (1) . S o M

[ - m = m P D '

|- c ¢ : ss~ 0.003 |- [0) 1]
0.010 [ - ] - © O

[ g : a ~ 0.082 fm D

[ : - [ ~12 MeV
0005 B 8 Do 0.001 |1 MW T

. . m=m .

[ 8 8 L B ot ©
0.000 —e@‘g' T S S EN SR T S ' 0.000 LI TR T NN TN SR TR (NN TR TR TR NN SR SN SR ST

1 2 3 4 5 1 2 3 4 5

m  (GeV) m_ (GeV)

Much better using the Ward Identity



Contact terms & perturbative subtraction

0-007 :I 1 1 l T 1 1 I 1 T 1 ] 1 1 T I :I 0-007 :I T T I T T T I T T T I T T T I .
[ q Phys m Pys o] [ m Phys m phys:
L c b - | - :
0.006 ':I] - 0.006 }: perturbative subtraction
0.005 —<I> own| - 0.005 [
> 0.004 [ it O@rn| A < 0.004 [ pD (r, 1)
(3] | (D - > |
g : » ] ) g 00
. o ® - S C o 0 rn
5 0.003 |: o O D + 0.003 | d
- . O m . T P - 8
[ B25.32 O @ P - B25.32 8
0.002 - 0082 m ® : ] 0.002 [ 42-0.082fm 8 8
- ~12 b [ ~
0.001 fi Mt - 0.001 [: Mum 12N
- m =m * P e
O_OOO [ :I 1 1 ] 1 1 1 ] 1 1 1 | 1 1 1 | :I i 0.000 i 1 L . | . L \ | , \ . ] . , . |
1 2 3 4 5 1 2 3 4 5
m  (GeV) m  (GeV)

An extrapolation to the continuum limit was
implemented

16



ETMC ratio method & final results

For the extrapolation to the physical b-quark point we have used the ETMC ratio method:

to ensure that

“mud] | pilma(n)]

Xjmn(n — 1); a%, myg]| pjlma(n —1)]

pEAIULAUIIXY
R;(n; a2,mud) = ilmn(n) limy o0 R;(n) =1

po+(mn) = po-(mp) =1,

—

p1-(mp) = pr+ (my) = (Mh)?

All the details are deeply discussed in arXiv:2105.07851. In this way, we have obtained the first

lattice QCD determination of susceptibilities of heavy-to-heavy (and heavy-to-light, in prep.)
transition current densities:

b->c b->u
‘ H Perturbative ‘ With subtraction H Non-perturbative | With subtraction | Non-perturbative | With subtraction
xv, [1073] 6.204(81) — 7.58(59) — 2.04(20) —
x4, [1079] 24.1 19.4 25.8(1.7) 21.9(1.9) 2.34(13) -
v [1074 GeV~=2] || 6.486(48) 5.131(48) 6.72(41) 5.88(44) 4.88(1.16) 4.45(1.16)
XAr[107% GeV~2] 3.894 — 4.69(30) — 4.65(1.02) —

Differences with PT? ~4% for 1-, ~7% for 0-, ~20 % for 0* and 1*
Bigi, Gambino PRD '16
Bigi, Gambino, Schacht PLB ’'17
Bigi, Gambino, Schacht JHEP ’17



Exclusive Vcb determination from B -> D*

dl’ /dx x = w,cos b, cosb,,x
0.052
0.048 +
Soout Blue squares:
om0 b arXiv:1702.01521
0.036
0
Red points:
0.052 T 5
7 arXiv:1809.03290
T =X
0.048
Soout YRR B OB o D
0.040 F X AN
0036 ——t— 1 0.036 '
0 2 4 6 8 10 0 2 4 6 8 10

bin number bin number

In the w differential decay rate data systematically above the result of the fit
This problem is known and has been studied, for example, in Nucl. Instrum. Meth.
A346 (1994) 306-311

Our interpretation is that there is a problem related to the
experimental calibration and to the covariance matrix



experimental data for B — D*¢v, decays

- two sets of data from Belle collaboration arXiv:1702.01521 and arXiv:1809.03290

. . . . . total of 80 dat int;
- four different differential decay rates dI'/dx where x = {w, cos@,,cosf,, y}: 10 bins for each variable orate aka points

*¥* we do not mix theoretical calculations with experimental data to describe the shape of the FFs ***

(dT/dx)¥% .
Vo |, =4/ i = Lo Ny
(dT/dx)?

10 exp.
dar
* issue with the covariance matrix C;x” - of the Belle data: I'“%? = E (—) should be the same for all the variables x
i

(see D’ Agostini, arXiv: 2001.07562)

- we recover the above property by evaluating the correlation matrix of the experimental ratios

1 dar\ “7
Lexr- \ dx

i

and by considering the new covariance matrix of the experimental data given by (see arXiv:2105.08674)

Fexp. — p.r_atios CP-Cexp-
ij ij i i

0.060 T T T T 0-052 T T T T T
0.055 | e ]
+ 08t ] blue data: Belle 1702.01521

_ 0050 | 1
N Fooaa | ]

0.045 F $ ] red data: Belle 1809.03290

0.0 %W&% SO | Of ]

0.035 S — 0.036 significative improvement of

2 4 6 8 10 0 2 dof
bin number the X / ( 0.1 )l
0.052 ' ' ' ' ' 0.052 ' ' ' ' ' bands are (correlated) weighted averages
x = cosb,

0.048 | ] 0.048 [ y
B B ] V| = S (CTYi Vel
20.044 [ 1 Fooul 4] cb| = 10 — ’
= = R > i=1(C7 )iy

0.040 [ y 0.040 [ ) 1

: TVe| = {10 0
0.036 : : ' : : 0.036 : ! : - . T Xim(CTYy
0 2 4 6 8 10 0 2 4 6 8 10

bin number bin number



Exclusive Vcb determination from B — D*

experiment |Veo|(z = w) |Veo|(z = cosb) |Veo|(z = cosby) |[Veo|(z = x)
Ref. [11] 0.0404 (9) 0.0417 (13) 0.0420 (13) 0.0425 (14)
Belle 1702.01521 )
x?/(d.o.f.) 1.05 0.89 0.69 0.73
Belle 1809.03290 Ref. [12] 0.0395 (7) 0.0410 (12) 0.0400 (10) 0.0427 (13)
x%/(d.o.f.) 1.22 1.36 2.02 0.41
averaging procedure
1 al with the original covariance of Belle data
Mo = N Z Tk , -3
o |Vep| = (41.2+1.6) - 10 Vo] = (40.5 £ 1.7) - 1072
1 & 1 &
o3 = N > o+ N > (k= )’
k=1 k=1
|Veplp - 100 = 39.6%}, Gambino et al., arXiv:1905.08209
4? 1Vl , - 100 = 39.56710¢  Jaiswal et al., arXiv:2002.05726
|Vl -10° = 38.86+0.88 FLAG 21, arXiv:2111.09849

the use of exp. data to describe the
shape of the FFs leads to smaller errors,
but the use of truncated BGL fits does
not guarantee that the final error is not
underestimated

|V,

bl - 107 =42.16 £0.50 (Bordone et al: arXiv:2107.00604)



68.3 % C.L. contours

—  95.5 % C.L. contours
0_24 ] ] ] I ] 1 ] I ] ] ] I ] [ | ] I ] ] ]
0.24 0.28 0.32 0.36 0.40 0.44

R(D)

R(DY)

Is there really a problem with

Lepton Flavor Universality in
B N D(*) decays ? o Lattice-QCD-only SM predictions:

R(D*)enaLMiLc2or = 0.265 £0.013

Or 028 R(D)FNAL/MILC2015 = 0.284+£0.014
+ R(D)rLac2021 = 0.2934 40.0053

Much ado about nothing " T

300 0325 0350 0375 0400 0425 0450
R(D)
[FNAL/MILC, arXiv:2105.14019; HFLAV, arXiv:1909.12524/EPJC2021]

S M ’ l C KM2] See the talks by Judd Harrison, Shoji Hashimoto, Takashi Kaneko, Gumaro Rendon,
. elne and Silvano Simula for more lattice results on heavy—heavy decays!

11
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*
form factors for B, = D{)¢v, decays [arXiv:2204.05925]

* lattice QCD form factors from HPQCD arXiv:1906.00701(B; — D,) and arXiv:2105.11433 (B, — D) in the form of

BCL fits in the whole kinematical range

* we extract 3 data points for the FFs at small values of the recoil and we apply the DM approach

BS —>D;kfl/f

6.5 - 0.45 T
. DM f* == DM ¢* ===
6.0F (l) HPQCD input f* =S ] 0.40 [ HPQCD input ¢° ==
B s 4 Dsf l/f / HPQCD f*(tpnar) =S HPQCD g*(tnar) =S

1.3 T T T T T T

= 50F 7 / 1 Zosof Z i
1.2} DM f§ 1 Z o 7 ’
b DM f3 ] a5 F 1 0.5 [ 1
: \ HPQCD input f; —S—
HPQCD input f} ~©— 4.0 L . . . L 0.20 . . . . .

5 L0r \\\ HPOCD f(a) ] 1.0 1.1 12 13 14 L5 1.0 11 12 13 14 L5
+ s * Wmaz) * e 1 1
Soor q}’”/’//@/ \\\\\\\\\ ] 21 —— ; ; - ; ; ; . : - : .
08 W/l%%m’»’@%%;:w; \\\\\\\\\\ B 20 , DM Fie== HoF : DMPT ==
A < 7 A\ _ Z HPQCD input F; +SH 4) HPQCD input P} +G+
07} T S HPQCD Fi(wnas) = | °f 7 CI) . HPQCD P (wnar) =S4 ]
sy L\l> 8L ., ] 75
Y — 08 F / 2 B
0.6 L I L L I L \(2 1k ] é‘/ ’
10 11 1.2 13 14 15 6 = £l ]
w EE 16 ]
15 | b 0.6 | 4
- - - - 14 | -
* nice agreement in the whole kinematical range 05 f ]
13 1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 14 1.5




DM confronts BGL

two important differences in the DM method with respect to BGL parametrization

* No series expansion to describe the FFs m——————) 70 7RUNCATION ERRORS
particularly relevant for semileptonic decays characterized by a very large ¢g° range

B — mlv Maximum ¢2 = 26.46 GeV?2
Ay — ply Maximum g2 = 21.9 GeV?

* Unitarity check of FFs data completely independent of the parameterization

I The DM approach

: 1) reproduces exactly the known data

(1) allows to extrapolate the form factor in the whole kinematical range

(111) 1n a parameterization-independent way

11v) providing a band of values representing the results of all possible BGL fits
I satisfying unitarity and passing through the known points (important for

:. estimating uncertainties)

=l



Semileptonic B = m decays (in prep.)

Solid: RBC/UKQCD
Dashed: FNAL/MILC

Non- RBC/UKQCD + FNAL/MILC
perturbative ™|
susceptibility s
for the b — us £(q?
current |

fo

com{?()l'hed JACR)

f+(0) = fo(0)

RBC/UKQCD | —0.06 & 0.25

FNAL/MILC | —0.01+0.16

Combined | —0.04 £ 0.22
LCSR 0.28 = 0.03

* 3 RBC/UKQCD data (points) for each FF [arXiv:1501.05363]
* 3 FNAL/MILC data (squares) for each FF [arXiv:1503.07839]



|Vas| f+(qz)

Unitarization of the experimental data

all experiments —&—

unitarized data

o

'Vub|DMm x 10° = 3.88 +0.32

Reference Vip| % 10°

T HFLAV "18 & PDG 20 | 4.32 + 0.29

FLAG 21 3.74 =+ 0.17

Belle Coll. "21 4.10 £ 0.28

* construct the experimental values of | V,, £, (¢?) | = 1/AL;/z;

20

25

Exclusive and the inclusive
values are compatible at the
1o level

(z; = kinematical coefficient in the i-th bin)

* apply the DM method on the data points | V,,f,(¢?)| using the unitarity bound|V,, 2 x1-(0) with an initial guess for |V, |

* determine |V, | using the theoretical DM bands and iterate the procedure until consistency for |V,, | 1s reached



S. Meinel CKM21

R(D(*))
o 5 Letiona0D bt
4+~ Joint fit form factors
os Lattice-QCD-only SM predictions:
én:m R(D*)enALMILc 201 = 0.265 £0.013
. R(D)FNAL/M”_CZOIS = 0284i0014 0'34 i ] T ] I ] ] T l T T ] I ] T ] I ] ] T ]
+ R(D)riacoozs = 0.2934 +0.0053 i ]
) 0.32 | .
[FNAL/MILC, arXiv:QlOS.lzl(Z(JJlQ; HFLAV, arXiv:1909.12524/EPJC2021] 0.30 -— —-
See the talks by Judd Harrison, Shoji Hashimoto, Takashi Kaneko, Gumaro Rendon, i ]
and Silvano Simula for more lattice results on heavy—heavy decays! 7 0.28 | -
S I ]
x 0.26 | ]
CKM matrix elements ; ;
43 0.24 |- -]
T 1 | I 1 1 1 I T | 1 I T 1 T I | 1 | I 1 T T I 1 ] T = -
- T i - -~ 68.3 % C.L. contours 1
4 [ /I\ {022 DM (B,) —— 95.5 % C.L. contours
: T : 0_20 i 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 | 1 1 1 i
- - Pany - 0.24 0.28 0.32 0.36 0.40 0.44
o 41 Y -
- I O ov ] R(D(s))
= 1 : LFU observables
> 40 O FLaG 21| ]
- S - IMPORTANT: the difference between the red and the
39 L < inclusive | green area comes from the difference in the LQCD
[ @ vt 21| ] computations by FNAL/MILC and HPQCD Collaborations
38 [ L L L I L 1 L I 1 L L I L L L I L L L I L L 1 I L L 1 i
3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8

3
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Conclusions

The Dispersion Matrix approach is a powerful tool to implement unitarity in the
analysis of exclusive semileptonic decays of mesons and baryons

- it does not rely on any assumption about the momentum dependence of the hadronic
form factors

- it can be based entirely on first principles (i.e. unitarity and analiticity) using non-
perturbative lattice determinations of both the relevant form factors and the
dispersive bounds (the susceptibilities) from appropriate 2-point and 3-point
(Euclidean) correlation functions

- it predicts band of values that are equivalent to all possible BGL fits satisfying unitarity
and reproducing exactly a given set of data points. Larger but more reliable
uncertainties

- Itis not biased by the fit of the experimental data

- it is universal, namely it can be applied to any exclusive semileptonic decay e.g. baryon
decays



Conclusions 2

New insight on both:

* the |Vcb|, |Vub| puzzles (exclusive and inclusive determinations
compatible (@ the 1o level)
We found problems with the Belle covariance matrix

* the R(D(*)) anomalies (theoretical values and measurements
compatible (@) the 1.6 level)

———mm e — - - —

* No apparent deviation in the down sector, what
about the up one?



