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Lepton Flavour Universality

* Lepton Flavour Universality:
= The coupling of the gauge bosons to the leptons is flavour independent.
= The SM predictions should be the same for all 3 families of leptons except for mass effects.

Mass corrections
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LFU Violationin b = ctV;

IHFLAV group. Eur.Phys.J).C 81(2021) 3, 226

decays?

* Combined results for R(D), R(D*)
show a ~ 30 deviation from the SM.1

* Deviations alsoin R(A.) and other
observables as P,(D*) and FP".

(see Alessandra’s talk from yesterday)
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https://link.springer.com/article/10.1140%5C%2Fepjc%5C%2Fs10052-020-8156-7
https://indico.icc.ub.edu/event/325/contributions/2235/

Effective Hamiltonian

One way of adding NP effects is considering the most general effective Hamiltonian:

_ 4G rVa

H,
T2

| V NV VoAV S /S S S T AT
{(1 +gLL)OLL + CRLOR€+9LLOLL + CRLORQ+9LLOL€
(axial—)vector (pseudo—)scalar tensor

+ ?},/ROXR +CrrOkp + CLrOLR + CRrORR + CgRogRj + h.c.,

right —handed neutrinos

e R(D),R(D*) expressions depend on these Cl-l;-.

e Different sets of Cl-l;- (NP models) are fitted to the anomalies observed in the semileptonic B-meson
decays.
* //We need more observables/measures to distinguish among these models.
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Objectives

* Developing a general formalism for studying b — ¢ semileptonic decays.

* Applying the formalism to several hadronic transitions both in the meson and in the baryon
sectors.

* Looking for observables that distinguish among different NP models/fits that provide same
values for R(D) and R(D*). We’ll show some predictions using fits from several works:

 Murgui et al. JHEP 09 (2019) 103
* Mandal et al. JHEP 08 (2020) 022
e Shietal., JHEP 12 (2019) 065
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https://link.springer.com/article/10.1007/JHEP09(2019)103
https://link.springer.com/article/10.1007/JHEP08(2020)022
https://link.springer.com/article/10.1007/JHEP12(2019)065

* We want to compute decay widths and other related observables.
TeﬂSOr = Computing squared amplitudes.

formalism

e General formalism: the
hadronic tensors

* With the tensor formalism it can be done in a general way

* |t works for any hadronic decay
 Can be applied to other quark transitions (s = u £~ v,,¢c = d £ vy,
: oy~ pt
* General expressions b — ct7vy)
e Sums over the hadron spins but considers the most general
polarization state of the T

NP, Herndndez, Nieves. Phys.Rev.D 100 (2019) 11, 113007 ;
Phys.Rev.D 101 (2020) 11, 113004; JHEP 10 (2021) 122
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https://doi.org/10.1103/PhysRevD.100.113007
https://doi.org/10.1103/PhysRevD.101.113004
https://doi.org/10.1007/JHEP10(2021)122

Squared amplitude

Using the previous Hamiltonian the amplitude has the form:

M = (JHJL Ty -y L J“BJL Ly JuJb + JeP gk )

/ WL "

Hadronic matrix elements Leptonic currents

e Depend on the considered hadrons e Have into account the lepton polarization
e Difficult to compute: Form Factor parametrization e Easy to compute

The expressions for | M'|? and the observables depend on the form factors
and are different for each hadronic transition.
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Hadronic tensors

What we do: Separating the squared amplitude in leptonic and hadronic tensors

SIME= 3 [ Y Liason b K ) W0 (p )]

x=L, (af)(pA)

The hadronic tensors can be decomposed in linear combinations of Lorentz structures using Lorentz,
parity and time-reversal transformations.

* This decomposition is general for all decays.
* At most quadraticin g and p.
* The coefficients multiplying the Lorentz tensors are scalars (W;(g?)) called structure functions (SFs).

* There are 16 SFs for each neutrino chirality and are functions of g2 or w and the WCs.

The observables depend on the structure functions and are general.

10
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An example: The Standard Model

The SM hadronic tensor is given by:

y y ptp” o Ws  q¢"q” plq” + p“q"
W (p,q) = —g"" Wi+ e Wo+ie Bpaq52M2+ 72 Wi+ e W,

An therefore the square matrix element:

23 M2 1 (k- p) (k- p)’
Mz 5[“4(“) T Bw) e + W) ]
2 2 2
| q°-—m M., m
> A(C&))— N2 6{2 — +ﬁ +ME2 }a
2q° 4M,, 2m?
Bt VERE R VAR TER
Clw) =—4
11
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General expressions

N SH defines the T polarization.
In general: l - h=+1

(q-5) Sk ap

25 |M|?
Z‘ | = M NHQ(wap'k)_l_ WE

Ve N(w,p-k)+h{ (p-5)

M

N’Hl(wap'k)_i_ NHS(wap'k) }:

There are 10 combinations of the SFs.

polari 1 (k- p) (k - p)?
Non-polarized _ _ -
case {N(w’ k p) 2 [ + M2 + M4 ?
N’H1(ka'p): T (]W—zp)’
Defined T (k p) (]f . p)2
polarization ) NHz (w, k- p) = + M2 + ML
k-

12
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Examples
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* Things that can be measured:

e Decay widths and angular or energy distributions
* Angular and spin asymmetries

* They will depend on the particles’

Observables * Energy
* Direction
* Tau kinematics * Polarization

e Visible kinematics

For example, one Can measure

14
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T kinematics

° ﬁ — ﬁ’ =0 ° ﬁ =0
e 513 depends on cos 6, e 513 depends on E,
e Angular distribution: e Energy distribution
¢ 3 non-polarized functions e 3 non-polarized functions
e 3 polarized functions ¢ 4 polarized functions
dI’
deSlg
M 1
d2T ToM3M' m2\°
= Ww2—1(1-=£ {a w,h) 4+ ai(w,h)cosby + as(w, h 00829},
dwd cos 0, 2 q2 o(w,h) + ai(w, h) ¢+ az(w, h) ¢

15
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CM (of £v,) distributions
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NP, Hernandez, Nieves. JHEP 10 (2021)122

Visible kinematics

* One would need to measure the outgoing T 4-momentum and polarization state.
* The T does not travel far and in any case determining the polarization is challenging.
* Its decay involves at least one more neutrino - Difficult to reconstruct.

* Solution: relying on the variables of the T decay charged products.
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https://doi.org/10.1007/JHEP10(2021)122

Visible kinematics in the CM frame

I\

We rely on the kinematical variables of the
visible products (u, ™ and p)

A>Ty Ao

dwd&  d cos 04

cos 6,: angle between the charged particle and the
final hadron

¢4+ proportional to the energy of the charged

o Figure: Kinematics in the 7~ v, CM reference system and
particle in the CM frame

the unit vectors (n;, ny and nyr ).

8 of the 10 (A, B, C, A4, ...) observables can be accessed from this
differential decay width.

We loose the information on the CP violating asymmetries when we
integrate on ¢ .

18
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4(5)-body distribution

The H, — H_.t(— dv,)v, differential decay rate:

A>T B
dwdégdcosy

B {Féi(wa q) + F(w, &4) cos 04 + Fiy(w, £4) Pa(cos Qd)},

where

Fy (wa gd) — C’n(wa ‘gd) + CPL (wv fd)
F (w7£d) — CAFB (W,fd) + CZL (W,fd) + OPT (wagd)
Fy(w,&q) = Can(w,8q) + Czo(w, &a) +Cz, (w,a)

The C; functions are kinematical factors that depend on the T decay mode
(1, p or puvy,).

19
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" Observables

Tau angular

asymmetries

_ Independent functions Observables

: _ dlsy,
Unpolarized t A, B, C n= ,Arg, A
i do
Polarized 7~ A, Ber, Cory Dy, Eg
Complex WC’s //CP violation Far, Gar

Tau angular-
Tau spin spin

asymmetries asymmetries
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T angular, spin and angular-spin asymmetries
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NP, Hernandez, Nieves. JHEP 04 (2022)026

Partially integrated visible distributions

We integrate some of the variables
to increase statistics

dl' 4
/+ dcos B,
42T, /
,/ dwd cos 0 -_
d°T'4 dl'g R dl'sr,
dwd€ 4d cos 0y dw Y dw
\ d*T
dwde,
dr,
dE,

22

Neus Penalva (ICC-UB) b—>c semileptonic decays: visible distributions and tests of LFU 07/02/2024


https://doi.org/10.1007/JHEP10(2021)122
https://doi.org/10.1007/JHEP04(2022)026

The normalized dI'/d E ; distribution

The only surviving term is:

Sd 1 feeew(Pa) g d d
SL J1 8

B T 1 | T T T ] T T T [ T T T [ T 1T ] (I . N B B S e — T T T T T T T T T
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SR 1 1 i |
& ; &2 | :
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i I T T T T TN I S S I S N | I | B | | | | ] ]
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E,/m, E./m,

Figure: Energy dI'/dE; distribution for the A, — A, TV, decay and
each of the T decay modes.
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The dI'/(d cos 8,) distribution

We loose the information on (fPLCM> but not in the remaining asymmetries.

dl'g 1 =~ ~
d d
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Figure: Angular dI'/d cos 6 distribution for the A, = A, decay and each of
the T decay modes.

24

Neus Penalva (ICC-UB) b—>c semileptonic decays: visible distributions and tests of LFU 07/02/2024



* We have proposed different observables that are sensitive to NP
effects, which we have computed for different extensions of the SM.

Fl nal remd rkS * If the LFU anomalies observed in semileptonic B meson decays are
confirmed, we still need to combine as many observables and decays

as possible, in order to determine the preferred NP extension of the
SM.
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