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Many challenges in b — ¢ decays at present

Although there is no direct evidence for New Physics from experiments, many phenomenological puzzles need a solution:

1. CKM matrix elements puzzles
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2. Lepton Flavour Universality
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Why not doing a global fit of lattice and exp. data?

We have at our disposal both experimental data from Belle Collaboration (new data in arXiv:2301.07529 [hep-ex])

dl’ /dx, x

w, cos 0, cos b, x

Belle Coll., PRD ‘19 [arXiv:1809.03290]

and lattice data computed by FNAL/MILC Collaborations in EPJC ‘22 [arXiv:2105.14019], which have performed two fits:
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R(D*) = 0.265 + 0.013



Why not doing a global fit of lattice and exp. data?

Which value of R(D*) should we trust?
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The central role of the Form Factors (FFs) in excl. semil. B decays

* Production of a pseudoscalar meson (i.e. D, 7):
dl _ G%“|Vcb|2"7%jw 4r m?b (mp + mD)2 (’w2 _ 1)3/2

2
= w
dw 4873 (1+7)2 [+ (w)|
* Production of a vector meson (i.e. D¥):
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+ 4 sin 64(1 + cos 0y) sin 6,, cos 6, cos xH_Hp},
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 relation between the momentum transfer and the recoil | If the lepton is NOT massless? Two other FFsl
¢ = m% +m% — 2mpmpw . |fo(w)| (pseudoscalar), |P; (w)| (vector)
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The Dispersive Matrix (DM) method

i Our goal 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)]
- New developments in PRD ’21 (2105.02497)

L. Vittorio (LAPTh & CNRS, Annecy) 4
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The resulting description of the FFs - New developments in PRD ’21 (2105.02497)

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

* isindependent 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

* s universal: it can be applied to any exclusive semileptonic decays of mesons and baryons
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How does it work?
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The DM method

Let us focus on a generic FF f: we will determine f(t) with f(t;) known at positions t; (i=1, ..., N)

L. Vittorio (SNS & INFN, Pisa)
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The DM method

Let us focus on a generic FF f: we will determine f(t) with f(t;) known at positions t; (i=1, ..., N)

. / t4—t _ 1\
How? We define () = Vi
dz - ti+—_ti +1
- innerproduct  (le) = [ 5= F(2)ha(2 b = (mp £ mp)?
- auxialiary function () = 1 \_t: momentum transfer )
1 —Z(t)z
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The DM method

Let us focus on a generic FF f: we will determine f(t) with f(t;) known at positions t;(i=1, ..., N)

How? We define () = VT —
dz - ti+—_tt— +1
imerproduct  (hilha) = [ S M) | b= (et mo)?
i ¢ _ B 1 \t: momentum transf(j:'y
- auxialiary function ge(z) = 1 — 2(1)2
, _ [ (@f1of) (oflge) (flgn) -+ (&f|ge)
We build up the matrix M (geldf)  {gelge)  (gelge,) - (gilge)
of the scalar products | M = | (9ulof) (gulge) (9ulgn) -+ (9ulge.)
of ¢f, g, 81y ++0» Bin - : : : : :
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\<9tn.|¢f> <9tn'\9t> <9tn.’9t1> <9tni9tn>/

A lot of pioneering works in the past:

L. Lellouch, NPB, 479 (1996), p. 353-391

C. Bourrely, B. Machet, and E. de Rafael, NPB, 189 (1981), pp. 157 - 181

E. de Rafael and J. Taron, PRD, 50 (1994), p. 373-380 4




The DM method

CENTRAL ISSUE: since M contains only inner products, 4 EE g )
by construction its determinant is semipositive definite ="

det M > O - flO f( ) S fup(Z) \t: m:mentum transf(j:'y

_ (<¢f|¢f> (@flge)  (Dflgn) -+ (Oflge.) )
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of ¢f, 8y 81y -+ Bin : ' - - - -

\<9tn.’¢f> <9tn"9t> <9tn.’9t1> <9tni9tn>/

A lot of pioneering works in the past:
L. Lellouch, NPB, 479 (1996), p. 353-391

) ) ) C. Bourrely, B. Machet, and E. de Rafael, NPB, 189 (1981), pp. 157 - 181
L. Vittorio (SNS & INFN, Pisa) E. de Rafael and J. Taron, PRD, 50 (1994), p. 373-380 4




The DM method

CENTRAL ISSUE: since M contains only inner products, 4 EE g )
by construction its determinant is semipositive definite ="

det M > O - flO f( ) S fup(Z) \t: m:mentum transf(j:'y

DISPERSION RELATIONS: | - (Lorion] torlag (oflau) - (0flau)
) gt|@ gt| gt 9t|9t, - (9¢|9t,
0 < {(oflof) < x(q°) Mo | (@alof) (gula) (onlg) - (gnloe.)

1 0 . . . . .
i |, S0P < X \ (90.68) {guala) (gealon) - (orlge) /
z
\_ J A lot of pioneering works in the past:
L. Lellouch, NPB, 479 (1996), p. 353-391
L. Vittorio (SNS & INFN, Pisa) C. Bourrely, B. Machet, and E. de Rafael, NPB, 189 (1981), pp. 157 - 181
. Vittori ,
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How to implement the DM method in practice

In a schematic way, the steps to be implemented are:

- Generation of input data for the DM method through the mean values and the covariances associated to the LQCD data

- «Filtering» of input data: we obtain the subset of events passing the unitarity filters and the kinematical constraint(s);
- Evaluation of the FFs at several values of the momentum transfer;

- Computation of the integral of the theoretical differential decay width (d.d.w.) for each of the experimental q2-bins

- Phenomenological applications: for the LFU observables, we sum over all these integrals to cover the full g2-range

L. Vittorio (LAPTh & CNRS, Annecy)



How to implement the DM method in practice

In a schematic way, the steps to be implemented are:

- Generation of input data for the DM method through the mean values and the covariances associated to the LQCD data

- «Filtering» of input data: we obtain the subset of events passing the unitarity filters and the kinematical constraint(s);
- Evaluation of the FFs at several values of the momentum transfer;

- Computation of the integral of the theoretical differential decay width (d.d.w.) for each of the experimental q2-bins

- Phenomenological applications: for the LFU observables, we sum over all these integrals to cover the full g2-range

‘ Simple implementation!
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The simplest example: semileptonic B - D decays
In PRD ’21 (arXiv:2105.08674), our DM method has been applied to B - D decays:
* 3 FNAL/MILC data for each FF: final results contained in PRD ‘15 (arXiv:1503.07237)

f+(Z) fo(zmax) = f+(zmax)

0.8

0.6 KC at maximum recoil

for each bootstrap

0.4 :
0.00 0.01 0.02 0.03 0.04 0.05 0.06
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The simplest example: semileptonic B - D decays
In PRD ’21 (arXiv:2105.08674), our DM method has been applied to B - D decays:
* 3 FNAL/MILC data for each FF: final results contained in PRD ‘15 (arXiv:1503.07237)

Recalling that for production of a pseudoscalar meson
(i.e. D) in case of massive lepton:

f+(Z) folZmax) = flZmax) dI’ _ G%‘|Vcb|277%w 1 _ m_g 2
dg? 2473 q?
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0.6 KC at maximum recoil

for each bootstrap

0.4
0.00 0.01 0.02 0.03 0.04 0.05 0.06

R(D) = 0.296 + 0.008 -
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The simplest example: semileptonic B - D decays
In PRD ’21 (arXiv:2105.08674), our DM method has been applied to B - D decays:
* 3 FNAL/MILC data for each FF: final results contained in PRD ‘15 (arXiv:1503.07237)

Recalling that for production of a pseudoscalar meson
(i.e. D) in case of massive lepton:

f+(Z) folZmax) = flZmax) dI’ _ G%‘|‘/;b|277%w 1 _ m_g 2
dg? 2473 q?

2

2
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0.8

0.6 KC at maximum recoil

for each bootstrap
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0.00 0.01 0.02 0.03 0.04 0.05 0.06

FULLY-THEORETICAL ESTIMATE’
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The “problematic” semileptonic B - D* channel
In EPJC ‘22 (arXiv:2109.15248), we have studied the final results of the FNAL/MILC computations of the FFs

* 3 FNAL/MILC data (diamonds) for each FF: final results contained in EPJC ‘22 arXiv:2105.14019 [hep-lat]
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The “problematic” semileptonic B - D* channel
In EPJC ‘22 (arXiv:2109.15248), we have studied the final results of the FNAL/MILC computations of the FFs

* 3 FNAL/MILC data (diamonds) for each FF: final results contained in EPJC ‘22 arXiv:2105.14019 [hep-lat]
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Why not doing a global fit of lattice and exp. data
Let us come back to one of the first slide:

Note that one can use also experimental data (in addition to the LQCD ones) to constrain the shape of the FFs...

dl'/dx, x = w,cosb;,cosb,,x

Belle Coll.: arXiv:1702.01521, PRD ‘19 [arXiv:1809.03290]

Let us see this in detail: let us consider the BGL fits performed by FNAL/MILC Collaborations in EPIC 22 arXiv:2105.14019
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Belle Coll.: arXiv:1702.01521, PRD ‘19 [arXiv:1809.03290]

Let us see this in detail: let us consider the BGL fits performed by FNAL/MILC Collaborations in EPIC 22 arXiv:2105.14019

Basics of BGL: the hadronic FFs corresponding to definite spin-parity can be

represented as an expansion, originating from unitarity, analyticity and crossing o(l)lnltarlty:
symmetry, in terms of the conformal variable z, for instance 9
1 1 o0 E a,, <1
9(2) = 5 5 E Ay 2" n=0
\/Xl— (95) ¢g(2, q5) P1-(2) 0

Boyd, Grinstein and Lebed, Phys. Lett. B353, 306 (1995)

S ee M . B (0] rdo ne’ S ta I k Boyd, Grinstein and Lebed, Nucl. Phys. B461, 493 (1996)

Boyd, Grinstein and Lebed, Phys. Rev. D 56, 6895 (1997)
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Why not doing a global fit of lattice and exp. data

Let us come back to one of the first slide:

Note that one can use also experimental data (in addition to the LQCD ones) to constrain the shape of the FFs...

Let us see this in detail: let us consider the BGL fits performed by FNAL/MILC Collaborations in EPIC 22 arXiv:2105.14019
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3 joint fit E==<3
6.0 B OIS lattice fit zzzz
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40 b // ;
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w
12—
i joint fit ====9
1.0 %»/\\\ lattice fit z=zz=a
: /////»\\\\ FNAL/MILC data —&—
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- g7, N
0.6 | 2,0 SN\
0.4
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joint fit:
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Belle + BaBar exp. data

R(D*) = 0.2483 £ 0.0013

lattice fit:
quadratic BGL fit of LQCD
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R(D*) = 0.265 + 0.013
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joint fit:
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Why not doing a global fit of lattice and exp. data

OUR UNDERSTANDING: to avoid any bias in the description of
the final shape of the FFs, we want to first analyse the lattice
data and then compare the results with experiments!
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Why not doing a global fit of lattice and exp. data

R(D*) = 0.275

EQUAL TO THE DM result!

FULLY-THEORETICAL

0.008

0.45 T T T T T J 6.5 L T T T T T
joint fit =3 ] 3 joint fit ===3 .

0k lottice fit == ] lattice fit o=z Moreover: if all the KCs
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What’s next?

We need that FNAL/MILC data are validated/not validated by other lattice collaborations.
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2. HPQCD Coll. [arXiv:2304.03137]:
i) computation on the lattice through the HISQ action, hence valid in the whole kinematical region
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‘lattice-only’ ‘lattice4-experiment’
R(D*) | 0.279(13) 0.2471(19)

3.J LQCD Coll. [ arXi V:2305-XXXXX] . HPQCD Collaboration [arXiv:2304.03137]

i)  Three synthetic data for FF at low recoil

ii) Shapes of the FFs different from FNAL/MILC and HPQCD, more similar to exp. data (although

being affected by higher uncertainties)
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What’s next?

We need that FNAL/MILC data are validated/not validated by other lattice collaborations.

We have at our disposal results from three different groups:

1. FNAL/MILC Coll. [EPIJC 22, arXiv:2105.14019]: see previous slides

2. HPQCD Coll. [arXiv:2304.03137]:
i) computation on the lattice through the HISQ action, hence valid in the whole kinematical region
ii) Shapes of the FFs very similar to FNAL/MILC ones

‘lattice-only’ ‘lattice4-experiment’
R(D*) | 0.279(13) 0.2471(19)

3.J LQCD Coll. [ arXi V:2305-XXXXX] . HPQCD Collaboration [arXiv:2304.03137]

i)  Three synthetic data for FF at low recoil

ii) Shapes of the FFs different from FNAL/MILC and HPQCD, more similar to exp. data (although

being affected by higher uncertainties)

R(D*)HRCP = 0.252(22)

Vaquero’s talk @ Flavour@TH Workshop, CERN, May 20233
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Conclusions

The Dispersion Matrix method allows for a first-principle, non-perturbative and completely model-independent
extrapolation of the behaviour of the hadronic FFs in the whole kinematic region, starting from existing LQCD data.
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Conclusions

The Dispersion Matrix method allows for a first-principle, non-perturbative and completely model-independent
extrapolation of the behaviour of the hadronic FFs in the whole kinematic region, starting from existing LQCD data.

Main take-home messages to be highlighted again:
i) Unitarity and kinematical constraints matter!!

ii) Avoid any mixing of lattice and experimental data in determining the
shapes of the FFs (true also for [Vcb | extraction)

iii) Rely only on fully-theoretical expection values of R(D(*)), which are really
SM (we do not know whether NP effects affect experimental)

iv) Combine all the available lattice data to have a final answer for the shape
of the FFs

L. Vittorio (LAPTh & CNRS, Annecy)
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The DM method

The positivity of the original inner products guarantee that det M > (: the solution of this inequality
can be computed analitically, bringing to

s | B = VY F(2) SB+ V7| boond

1 al 1_232 _ 1 1 = - bihadid. J
P~ e 2 = T EpEE TR [N A Mk

- ij=1

UNITARITY FILTER: unitarity is satisfied if y is semipositive definite, namely if
2 2 E o o o
(1—2z7)(1—25) Unitarity iIs
1 — 2z built-in!

X > Z N fi[i®:ipjd;d;

1,7=1



Statistical and systematic uncertainties

How can we finally combine all the N, lower and upper bounds of both the FFs??

One bootstrap event case:

after a single extraction, we have one value of the lower bound f; and one value of the upper one f, for each
FF. Assuming that the true value of each FF can be everywhere inside the range (fy - f;) with equal
probability, we associate to the FFs a flat distribution

P(fors)) = :

fuo+) — from)
Many bootstrap events case:
how to mediate over the whole set of bootstrap events? Since the lower and the upper bounds of a generic FF are
deeply correlated, we will assume a multivariate Gaussian distribution:

vdet p exp [_pup,up(fU — <fU>)2 + plo,lo(fL — <fL>)2 + zplo,up(fU B <fU>)(fL B <fL>)
27 2

In conclusion, we can combine the bounds of each FF in a final mean value and a final standard deviation, defined as

@(f0(+) - fL,0(+))@(fU,0(+) - f0(+))

P(fLan) —

(f) = (fr) + {fv) PARAMENF(;IZATION

2 ’ ADOPTED!!!

1

1
Of = E(<fU> R <'fL>)2 T 5(012“10 + J%Up T ’Oloaupo-floo-fuz))




Kinematical Constraints (KCs)

REMINDER: after the unitarity filter we were left with N, < N survived events!!!

Let us focus on the pseudoscalar case. Since by construction the following kinematical constraint holds

fo(0) = f1(0)

we will filter only the Ny < N, events for which the two bands of the FFs intersect each other @ t = 0.
Namely, for each of these events we also define

From WE theorem

Plo = maX[F—I-,lo(t — O)a FO,lo(t — O)]

One then defines

fol@®) = F(@) + —5 - (¢?)

Pup = min|Fy (L = 0), Fpyp(t = 0)]

2 2
mp —Mp

(D(pp)| V¥ |B(pp)) = f+(pB+pD)"+ f-(PB—

pp)H

(D(pp) |V* | Bps)) = £+ (@) (p*,;+p;;— - q“>+f°(q2) D gl




Kinematical Constraints (KCs)

We then consider a modified matrix

[ 6f16f)  (6flg)  (Sflan) - (6flon)  (@Flge.) )

(gelof)  (agelge)  (gelgn) -+ (9el9t.)  (9¢lgtnsr)
Mg — (gtl!d)f) (gtl.lgt> <gt1!gt1> <gt1|.gtn> <gtllgtn+1>
(Gt l0f)  (9talgt)  (Gtal9t) -+ (9tal98.)  (GtalGtnis)

\<9tn+1|¢f ) (Gtni1l9t) (Gtnirlgt) 0 (Gtnir|9tn) (Gtni1lGtais) )

with t,; = 0. Hence, we compute the new lower and upper bounds of the FFs in this way. For each of the Ny events,
we extract Nyc, values of fo(0) = f4+(0) = f(0) with uniform distribution defined in the range [¢i, ¢up]. Thus, for both
the FFs and for each of the Ny events we define

Fio(t) = min[FL(t), FE(t),---, F, (1),

»*lo

Fup(t) = max[FL(t), F2,(t), - Fup O (t)]



Non-perturbative computation of the susceptibilities

In PRD ‘21 [arXiv:2105.07851], we have presented the results of the first computation on the lattice of the
susceptibilities for the b - ¢ quark transition, using the N=2+1+1 gauge ensembles generated by ETM Collaboration.

How are they defined? The starting point is the HVP tensor:

mv,(Q) = / d'z Q2 (0|T [b(z)yEe(z) 20 Eb(0)] [0)
= _QMQVHO+ (QQ) + (5/wQ2 — QMQV)Hl— (Q2)

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

0 (@)= 5z (@M (@] = [t 2@ Con (), —H— 1 [Tyt 1D (0, mpgv) + @200 0]
2 00 .

(@) =~ g (@) = [T a2 e |

xo- (@) = % [Q*TIo-(Q%)] = /0 T at (@) G- (1), ——s i /O at't'" ‘% [(mp +me)*Cp(t) + Q*Co- ()]
2 00 .

(@) = 5 (@ (@] = 7 [T a2 e



Contact terms & perturbative subtraction

In twisted mass LQCD:

+7/a d4k Q Q 0
H“ﬂzf Tr[aG k+ )Gy (k — = k+ %
Vv —7r/a (27r)4 7 1( 2)7 2( 2) ) 2
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 O () using twisted-mass fermions! Q
Jree __ LO 4 discr
X X5 X

LO term of PT @ O(Oég) contact terms and discretization effects @ O(agam) Wlth m Z O

Perturbative subtraction:

X = x5 — | x4 — xkO




ETMC ratio method & final results

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

a27 mud] po+(mn) = po-(mp) =1,

> p

to ensure that
Rj(n) =1

pjlmp(n)]
pjlmp(n — 1)]

Xjlmn(n);
Xilmn(n —1); a2, myq]

d) =

Rj (’I’L; (],2, My,
1 (mp) = pyr (mp) = (M)

limy, 00

All the details are deeply discussed in PRD ’21 [2105.07851]. In this way, we have obtained the first lattice QCD determination
of susceptibilities of heavy-to-heavy (and heavy-to-light, see JHEP ‘22 [2202.10285]) transition current densities:

b=c

Perturbative | With subtraction || Non-perturbative | With subtraction
xv, [1073] 6.204(81) — 7.58(59) —
XA, [1073] 24.1 19.4 25.8(1.7) 9( 9)
vy [107% GeV 2] 6.486(48) 5.131(48) 6.72(41) ( 4)
XAp[107% GeV~2] 3.894 — 4.69(30)

Differences with PT? ~4% for 1-, ~7% for 0-, ~20 % for 0* and 1*



A recent counter-check of the DM method

Results Ill: Bayesian Inference vs Dispersive Matrix Method

3.5
¢  f.(¢*) RBC/UKQCD 23 ‘
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@ Bl provides numerical value of the coefficients
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Novel lattice insights into heavy-light meson decays
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Application
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All the details of the new

Bayesian Inference (B.l.)

method can be found in:
i) arXiv:2303.11285
ii) arXiv:2303.11280
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JLQCD
(prelim.)

Future perspectives for LQCD data
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Future perspectives for LQCD data

Harrison’s talk @ “Challenges in Semileptonic B decays 2022” Workshop FNAL/MILC, arXiv:arXiv:2105.14019 [hep-lat]
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Future perspectives for LQCD data

Harrison’s talk @ “Challenges in Semileptonic B decays 2022” Workshop FNAL/MILC, arXiv:arXiv:2105.14019 [hep-lat]
0.0014 0.0014
—— HPQCD Preliminary Lattice QCD x|V,
\ 4+ Belle untagged e~ Belle untagged
0.0012 “+  Belle untagged 4~ 0.0012 BaBar
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0.0010 -1 ~ 0.0010 4 Belle untagged p -
E = ¢ BaBar synthetic
& Y
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(prelim.) &
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( " ) _ ZELW;' (mp — mp:)*mp.Vw? — 1 (w+ 1) CONCLUSION: FNAL/MILC and HPQCD have similar
0 ) shape, which is different from Belle & different from
w1 (mp —mp-)? JLQCD (which is affected by higher uncertainties...)
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Critical understanding of the results obtained so far

Does the DM method modify the mean values/the correlatlons of the FFs?
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Quick parenthesis: semileptonic B, - D.*) decays

In PRD ‘22 [arXiv:2204.05925], our DM method has been applied to semileptonic B, = D.*) decays. LQCD form factors taken
from the results of the fits preformed by the HPQCD Collaboration in PRD ‘20 [arXiv:1906.00701] (B, - D) and PRD ‘22
[arXiv:2105.11433] (B, - D.*): we extract 3 data points for the FFs at small values of the recoil and apply the DM approach.
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Quick parenthesis: semileptonic B, - D.*) decays

Without entering in the details of this analysis, phenomenological applications give the results

Vip|PM 108 =41.7+£1.9  from B, — Dy, decays R(Ds) = 0.298 (5)
R(D?) = 0.250 (6)

fully-theoretical

=40.7£24 from Bs — DXlv, decays

B, > D*¢u,
through available exps. data by LHCb Collaboration
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Quick parenthesis: semileptonic B, - D.*) decays

However, HPQCD Collaboration has recently updated their determination of
lattice data for semileptonic Bs - Ds* decays!
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