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Introduction

Anomalies & tensions

Some interesting anomalies in
Flavour Physics:

FIAG2021
Lepton Flavour Universality 45 B-D*
. . B-D inclusive
Violation (~ 30), g — 2 (407)
’ . 4 B-tv
A persistent tension X
The tension between the =35

exclusive and inclusive
determination of the CKM
parameter Vi, is >~ 2.70

V. 36 38 40 42 44
[Veo| x 10°
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The CKM matrix

Fundamental parameters

The CKM matrix is a 3 x 3 unitary matrix which can be parametrised by
three mixing angles and one CP-violating phase. CKM elements are
fundamental parameters of SM.

Via Vi VaVio
Vud Vus Vuw Va Vi Vea Vi
Vea Ves Ve
Vi Vi Vi © !
td ts tb 00 10
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V., problem

Vebline. = 42.00(64)10~3 [HFLAV '19]
H/Cb|mc' - 42'16(51)1073 [Bordone, Capdevila, Gambino '21]

|Vebeae. = 39.48(68)1072 LA 1)

Bordone et al.
FLAV “19 e
FLAG 21

39.0 305 100 105 1.0 1.5 12.0 125

Vb
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Lattice QCD

@ systematically improvable tool
for non-perturbative QCD
calculations

@ work in a discretised 4D
Euclidean spacetime in a finite
volume L3 x T

@ The action is interpreted as the
Boltzmann weight factor which
allows for MC simulations

1 @ Extract physics from Correlation
gluon quark .
functions of operators
N
_ _ 1
©) =z [prieseertlo) ~ 3ol
i=1
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Introduction

Gauge ensembles

On the lattice we can generate lots of different gauge configs collected in
what is called an ensemble {U;}. On this ensemble one can compute
Euclidean correlators

2-Pt Correlator

For example, a correlator involving two operators can be written as:

S (0|0sln) (n]O0)e~En = 271 / [DUe=SVIG, Oy(U)

n

From the correlators one can extract the relevant physics
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ETMC ensemble

B55.32 ensemble
Uses the Twisted Mass QCD action with Ny = 2 + 1 + 1 sea quarks. J
L*xT Nentg a
323 x 64 150 0.0815(30)
mﬁzys mPhys mPhys My

3.70(17) 99.6(4.3) 1176(39) 375(13) (MeV)

aus a/lc a’lLLb
0.021 0.25 0.5

Unphysically light Bs mass

This corresponds to m,(MS = 2 GeV) = 2.4 GeV which gives a meson
mass Mp, = 3.08(11) GeV
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Introduction Exclusive semileptonic decays

Exclusive semileptonic B-decays

Exclusive strategy

Ve can be extracted from exclusive semileptonic decays:

dr 2 2

aw < [Veo| |G (w)]

One can express the relevant matrix element of the decay in terms of Form
Factors

For example:

‘ M2 _ M2
(Do) [V IB(ps)) = [ (¢*) |y + vl = —F P

, M2 — M?
+./u(q2)%q“

A. Smecca (University of Turin) LQCD Inclusive B-decays JLAB theory seminar 10 /61



Introduction Exclusive semileptonic decays

3-Pt function

In lattice QCD we can extract the Form Factors fitting the three-point
functions as a funtion of lattice time. Then one can use the experimental
result for the Exclusive decay rate together with these form factors to
obtain an estimate of V,

f,-.,r(’
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Inclusive decays formalism

© Inclusive decays formalism
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Inclusive By, — X lv

Ju = (V- A)u =yl - Y5)b
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Inclusive decays formalism

Decay rate

we start by considering the differential decay rate:

dar  GH|Val?
dq?dq®dE;, 82

L WH

with:

Wi (w, q) = (Bs(0)|J5(0)0(H —w)8*(P + q)J,| Bs(0))

2mB

s

Integrating over E:

_ GElVal?

s 2
¥ i S0 2. /.2 § : /92—
I'= 2473 /0 Ve l:o( )
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Inclusive decays formalism

Introducing the kernel
@(l) (wmam - w) = (wmax - w)le(wmaa: - w)

We can write

z® (q2) = / dw@(l)(wmax - w)T(l) (w, q2)
0

with:

3 3
TO =W+ 3" dga, W =3 (W + W)
ij=1 i=1
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Inclusive decays formalism

Connection to hadronic tensor

— w)5*(P + q)J,| B5(0))

@) (B,(0)|7],(0)8(F

W (w,q) = 2mp,
eiqm _ _
M (£ q) = e~m5s! / B (BL(0)] 1 (2, £)J,(0,0)| Bs(0))
2mp, ’

16 /61
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Inclusive decays formalism

Inverse Problem

LQCD,\

e —tH+iP-a B
Multia) = [ g (BO1T]0,0 TP ,(0.0)|B(0)

)3 - 2 . _
) 5.(0)17)(0,0)e™ 5% (B + 4).,(0,0)| B, (0)

o0

= dw Wy (w, q) e wt

s

WHAT WE WANT
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Inclusive decays on the lattice

© Inclusive decays on the lattice
o HLT algorithm
@ Lattice computation
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Inclusive decays on the lattice

Smooth function

On the lattice we have to introduce the lattice spacing a:
o
GW(ar; q) = / dwT® (w, q)e™*"
0

If a function is infinitely differentiable (smooth) then we can approximate
it numerically:

flw) =Y gre ™"
So that:
>0 6Maria) = [ duTOw,q) 1 (w)
= 0
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Smeared kernel

Problem
The O-function is definetly NOT smooth J

Solution
We need to introduce a smeared kernel 6, J

@gl) (wmax - ’U)) = (wmax - w)lea (wmax - w)
3 (W = Winaz) /mp
- mlBs Z f]g) (U'mrzrr- (T)e_‘“” g

=1
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Inclusive decays on the lattice

Smeared spectral density

[e.e]

Z f/T(“‘nm,r« U)G(l) ((LT; Q) = / dwT(l) (w7 Q)@g) (wmaa: - w)
0

T

:/ dwOW (W — )TV (w, ¢%)
0

24 = / dwOP (wynar — w)T (w, ¢*)
0

= Z gr (wmam U)G(Z) (aT; Q)
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Inclusive decays on the lattice HLT algorithm

HLT algorithm

The details can be found in:

[Hansen, Lupo, Tantalo '19, Phys. Rev. D 99, 094508]
[hep-lat/1903.06476]

we want to reconstruct:

Tmax
®£,—I) (wmax - w) = Z .(]Te—awT
T=1

Walg] = (1 - A)jﬁ 1 ABlg

oW l[g]
a9

=0
gr :9?\
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Inclusive decays on the lattice HLT algorithm

Alg?] is the reconstruction bias

Alg] = a/ dw (—)[(,l) — Z g e T

Eo =1

B[g"] is the statistical variance

L Cov[GY(ar), GO (ar")]
= > 9:go GO

7,7'=1
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Inclusive decays on the lattice HLT algorithm

‘,")2‘
it
[
g2 defines the approximation of the il
kernel 53 OG000000000OC‘Q060B \ [
Tmax o
A A _— o8
@U — Z e awT
T_l 710 5 10 15 20 25 30
the best choice for A can be found
via:
OW (X) —0
o\
A=Ay

0 0.5 1
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Inclusive decays on the lattice HLT algorithm

g

Z(Z))‘* (qz) = / dw@(l)’\* (wmaz - w)T(l) (U), q2)
0

= Z g (wma:ra U)G(l) (CL’T; q)
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Inclusive decays on the lattice Lattice computation

© Inclusive decays on the lattice
o HLT algorithm
@ Lattice computation
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Inclusive decays on the lattice Lattice computation

Euclidean 4-point Correlator

[Gambino,Hashimoto'20, Phys. Rev. Lett. 125, 032001, hep-lat/2005.13730]
Cpl/(tsnk‘a t?? t1 ; tsrc? Q) = / d3$€iq'mT<0‘q~sBs (Oa tsnk)Jl(iL'a tQ)Jl/(Oa tl)

Oh (0, t5rc)|0)
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Inclusive decays on the lattice Lattice computation

Euclidean 4-point Correlator
[Gambino,Hashimoto'20, Phys. Rev. Lett. 125, 032001, hep-lat/2005.13730]
Cpl/(tsnk‘a t?? t1 ; tsrc? Q) = / d3$€iq'mT<0‘q~sBs (Oa tsnk)Jl(iL'a tQ)Jl/(Oa tl)

615, (0, t6rc)[0)

2

%
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Inclusive decays on the lattice Lattice computation

G correlators

GO (ty —t1;q) = M, (ts — t1;q) = Z,

lim

Cw/ (tsnka t27 tl) tsrc; q)

tsnk—>+00 C(tsnk - t2)0(t1 - tsrc)

tsrc—>—00

& (el
o ] 4 16|
g 5 &GP
3 Z e
—3 <
o 1,
= A
K BN
_ < B s
10-° <
0 <8
a B
a B
a B
1077 < % 0
a B
<
0 1 6 8 10 12 14 16 18 20
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Inclusive decays on the lattice Lattice computation

Correlators and spectral density

LQCD (——\

GOt q?) = / duw) TO (w, g?) "

WHAT WE WANT

oo

> ol )6 arig) = [ a7 (w0, 9)0F (s
- 0

A A _—awT
)= gle
T=1

—U))
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Inclusive decays on the lattice Lattice computation

Three kernels
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Inclusive decays on the lattice Lattice computation

Smeared kernel reconstruction

T T T
1.25 F — target .

1.00 — reconstructed |

= 0.75
RS

0.50 - .

0.25 b

0.00 -
1 1 1
-1 0 1 2 3

(W — Winaz)/MB

Figure: A = X\,
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Inclusive decays on the lattice Lattice computation

Smeared Kernel \

T T T
135 r — target .
1.00 — reconstructed |
= 0.75F i
Wb
0.50 - |
0.25 i
0.00 -
1 1 L

(W — Winaz)/MB

Figure: A < A,
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Inclusive decays on the lattice Lattice computation

T T T
125 F — target .
— reconstructed

-1 0 1 2 3
((,d - wmax)/mB

Figure: A = A\,
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Inclusive decays on the lattice Lattice computation

T T T
125 F — target .
— reconstructed

-1 0 1 2 3
((,d - wmax)/mB

Figure: A = A\,
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G ST
Modified Sigmoid

T T T
135 r — target .
1.00 — reconstructed
S 075k |
~i
n b
@ o050F |
0.25 i
0.00 -
1 L |

-1 0 1 2 3
(w - wmam)/mB

Figure: A = X\,
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Inclusive decays on the lattice Lattice computation

Error Function

T T T
1.25 F — target .

1.00 — reconstructed

= 0.75
T o

0.50 - .

0.25 b

0.00 -
1 1 1
-1 0 1 2 3

(W — Winaz)/MB

Figure: A = X\,
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Inclusive decays on the lattice Lattice computation

g

Z(Z))‘* (qz) = / dw@(l)’\* (wmaz - w)T(l) (U), q2)
0

=" 8 (Wmaz, )GV (ar; )
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Inclusive decays on the lattice Lattice computation

Smeared Spectral Density

Now we can apply the smeared kernel to Zél)(q) which is obtained by
applying the coefficients ¢ to the correlator G (t,q*) and perform the
integral over the allowed phase space

16} B AlgM)/A[0] |
Tt
0.001 0.002 0.003 0.004 0.005 0.006 0.007

AlgM/A[0)

39/61
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Inclusive decays on the lattice Lattice computation

0.5 :
) B Alg]/A[0]
0.4 ]
=03 %
e
! THEREE IR Ry gty 0o 3
0.24T ¢ e 2 . ]
.bo20 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050 0.0055 0.0060
Alg)/A[0]
Alg™]/A[C
0.0200 - B Alg)/A )
£0.0175}
S
2§ 0.0150
0.0125} % } %; %; % }
0.0100 -‘ - , . o
0.00030 0.00035 0.00040 0.00045 0.00050 000055 3,
Alg)/A] QL/
R
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Inclusive decays on the lattice Lattice computation

o — 0 limit
20 =l | o [ deT O, 400w )
o—0 0
1 l O 0
;li)% mBs 2 9r (Zl max O_)G ((J,T, q)
HE - P{ 4 4 H% - P
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Inclusive decays on the lattice Lattice computation

Extrapolation to 0 =0

0.0775 T T T T T T T ]
8 or0z
0.0750 P ® 09z 4
Y = e
007250 | SSSsao__ T [ JCEY A
—~ \\\§“::~ T
N@ 00700 [ \\\ = ~ = -~ R -
é\" So ~ X
X 0.0675 F S~k ~ .
0.0650 T ~ B
0.0625 = b
0.0600 £ I I 1 1 L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30
o/mp
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Inclusive decays on the lattice Lattice computation

ZM(q?)

0.04

0.02

0.09

0.08

& 0.07

2% (q

0.06

0.0

&

0.04

A. Smecca (University of Turin)

"‘iﬁ :

S ] oMz I E 4
[ 5 oo P
Lo }
L . . L . L .
0.000 0.025 0.050 0.075 0.100 0.125 0.150
o/mp
T T T T T T T
oo 1

8 o

I ef'(Q)Zg?)

L 1 1 1 1 1 1 ]
0.000 0.025 0.050 0.075 0.100 0.125 0.150

o/mp
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Inclusive decays on the lattice Lattice computation

Differential decay rate

G2|Vy|? [Tmaz L
1 o ATAED SV ey
0

2473
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OPE comparison

@ OPE comparison
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OPE comparison

Differential Decay Rate comparison

After we take the o — 0 limit, we can confront our results with the
analytic results from the OPE

_30f ;
% 25; — V-A ETMC
5;:3 2.0? — V-AOPE
LS?H i+ o3t3 [} ) 3
i 3]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
q’ [Ge\/z]

s
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OPE comparison

Channel decomposition

One can decompose the contribution to the differential decay rate into V|,

VJ_, All, AJ_

— VV 1 OPE

— VV 1 ETMC

00 02 04
q* [GeV?

A. Smecca (University of Turin)

*/(lalGEIV

247

17/ (1| G} |Vas|*) AT /dg? [GeV?

2

LQCD Inclusive B-decays

— AA| OPE
— AA| ETMC
04r3% 3 3 i
LI
02 ¥
0.0
00 01 02 03 04 05 06 07
¢ [GeV?
1.0]
— AAL OPE
ost§
If — AAL ETMC
06 oy
d [
04 I
o
0.2 1
0.0
0.0 02 04 06 08

7" [Gev?]
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OPE comparison

Lepton Energy Moment

We also looked at the Lepton Energy Moment defined as

dl’
f dqodElEl |:dq2dqodEl }

2
Li(q°) =
quOdEl[dquqodEl}
0.6 1
b 4]
05555 5 3533 & 3 *
m
— 04— ]
3
= 03] 1
~
02f — V-AOPE 1
0.1F — V- AETMC 1
0.0F, ‘ ‘ ‘ ]
0.0 02 0.4 0.6 0.8

q* [GeV?]
A. Smecca (University of Turin) LQCD Inclusive B-decays JLAB theory seminar 48 /61



OPE comparison

Final Results

The last thing to do is to perform the integration over g°

ETMC OPE

L'/|VZ2] x 1013 (GeV) | 0.987(60) 1.20(46)
(Ey) (GeV) 0.491(15) 0.441(43)
(E?) (GeV ?) 0.263(16)  0.207(49)
(E2) — (Ep)*(GeV?) | 0.022(16) 0.020(8)
(M%) (GeV?) 3.77(9)  4.32(56)

Table: Total width and moments in the ETMC case.
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Conclusion

Future prospects

@ Perform the analysis with several values of lattice spacing, volumes
and b—quark masses in order to perform the extrapolations: a — 0,
V = o0, mp — mghys

@ Apply this method to other Semileptonic decays for which we have
good experimental results for Branching ratios, such as those

involving the D,)—meson
@ Extend this method to semileptonic decays needed to estimate V
such as B — X, lv

o Calculate quantities needed for an accurate estimate of the inclusive
value of V,
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Conclusion

BACKUP SLIDES
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Conclusion

Spectral representation

In the rest frame of the By meson, one can write the Hadronic Tensor as:

W (p,q) =y _(2m)*6 W (p—q—r) (Bs(p)]J"1(0)] Xe(r)

1
e 2Ep,(p)

(Xe(r)]J7(0)| Bs(p))

Which can also be written with respect to the QCD Hamiltonian and
momentum operators, in the spectral representation

v 3 — A A~ _
Wi (.q) = Z (B (0TI 0)8(E — ) (P + q).1,(0)]B+(0))

2mB

S
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Conclusion

Tensor Decomposition

Accoding to Lorentz invariance and time-reversal symmetry, the Hadronic
Tensor can be decomposed as follows

pHp” i Ppag
WH(p,q) = —g"' Wi(w,q?) + mTWQ(qu2) - TWW3(w,q2)
B B,
ey v UL
g +p'q
+ - Wi(w, ¢%) + 5 Ws(w, %)
B, mp,

U
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Conclusion

For convenience we will redefine these components w.r.t. a different basis:

Ao d €0 ) e ) _ g
/q2
S (a) (a)
1 a a 17
Y():_ZAZQ £; w 5
a=11,j5=1 Y(4) — Zﬁl(W(M + WZO)
=1
Y(2) — WOU
3
, Y(5) :% Z ezjkﬁsz]
Y@ = S alaiwi I
i,7=1
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Y correlators

100 4

b & > ¢ YW
O >
o & P> YO
b4 > .
1072 4 b4 Z . $|Ye)
= S Z > = ‘Y(4)‘
> 5
_ 107 gL Yol
< : Q > >
P “ 4 " >
= >
1075 1 5!
A >
8 "
5| . >
-8
10 “

0 2 4 6 8§ 10 12 14 16 18 20
t/a
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Conclusion

7O —y®@ L yG) _y®)

T _ 9y ®) _ 9y _y @

7@ — y3) _yQ
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Conclusion

Systematics
1.0 4
2. 084 I [
.
He 064
=] 0.6 g
2% §
She ®
O 0.4
&
O drA ¢ drE & dare
024 70 $ ars dar F A arl
. dr ¥ dI'H ® dJrJ
70 E darp
00 01 02 03 04 05 06 07
q* [GeV?]
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Conclusion

Extrapolation

0.090

0.085

& 0.080
o

Z(O)(

0.075

0.070

0.065

——
_——
= e

! @(571(0)

T T T T
79 B Comb. Fit Linear |

! (_.)2(0) ZS;O) I Comb. Fit Quadr.
! @3(0) Zz(TO)

1 1
0.00 0.05
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1
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A
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Conclusion

Hadronic moments

SZE ]
g
: s
4 =
L =
‘% 3F = - ]
St
5 2L ]
I — VV| OPE
't — vv | ETMC 1
0:\ L L L \7
0.0 0.2 0.4 0.6 0.8
¢ [GV?]
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Conclusion

=z

3 ]

5
2f — AA L OPE ]
IF — 441 ETMC E
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