Lepton flavour universality violation and new
physics in b — ¢ semileptonic transitions

N. Penalva !, M.-L. Du !, E. H.?2 and J. Nieves !

1 Instituto de Fisica Corpuscular (IFIC), Valencia, Spain
2 Universidad de Salamanca, Salamanca, Spain

Based on:
Phys. Rev. D 100, 113007( 2019); D 101, 113004 (2020); D102, 096016 (2020)

JHEP 06 (2021) 118; 10 (2021) 122; 04 (2022) 026
arXiv 2207.10529 (PRD in print)

o ()
d#y . VNIVERSIDAD STR@N G
I P SALAMANCA

STRONG2020, Munchen, September-2022 —p. 1/22



Lepton flavour universality (LFU) is a feature of the
Standard Model (SM)

# 1V and Z bosons couple universally to all three lepton
families.

However, one finds that a combined analysis, done by the HFLAV Collaboration [HFLAV, Eur.
Phys. J. C 81, 226 (2018)], of BaBar, Belle and LHCb data on the

r _IB- DWr=p,)
D) T DB = D=y,

ratios shows a discrepancy with SM predictions at the 3.1¢ level.

LHCb [Phys. Rev. Lett 128, 191803 (2022)] has also measured R ;,, = ﬁggcj%iﬁg
c Vy
which deviates from SM predictions at the 1.8 o level.

In both cases one finds the experimental central values are above SM ones.
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On the other side one has the very recent measurement by the LHCb collaboration [Phys.

Rev. Lett. 128, 191803 (2022)] of the similar R, = ggﬁ:jﬁc;:%g ratio, which is in
c Vy

agreement with the SM prediction within errors, but with a central value below the SM one.

Here, the 7 lepton was reconstructed using the hadronic 7= — 7~ 7t 7~ (7°) v decay,
with the same technique used by LHCb to obtain a value for R o+ also in agreement with the
SM prediction. However, a higher R p« value was obtained by the same experiment when
the 7 lepton was reconstructed using its leptonic decay into a muon. It is then of great
interest to see if the above result for the A, — A, decay is confirmed or not when the
muonic reconstruction channel is used. Such an analysis is under way.

If deviations from the SM are finally confirmed they will a clear indication for the necessity of
new physics (NP).

The different deviation of the present R 5, and R (., ratios with respect to their SM values,
suppression for R . versus enhancement for R (., puts a very stringent test on NP
extensions of the SM, since scenarios leading to different deviations from SM expectations
seem to be required.
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One can address this problem in a model-independent way using an effective field-theory
approach in which one takes a low energy Hamiltonian that includes all dimension-six b — ¢
semileptonic operators with both left- and right-handed neutrino fields [see for instance R.
Mandal et al., JHEP0O8 (2020) 022],

4G gV,
Ha = AV (14 0Y,)0), + CHLOK, + 05,08, + ROy + CELOL,
+ CIRrOLR + CLrORR + CLrOL R + CRrORR + CgRogR] + h.c.,
with

Ol myr = (@b, rR)(Byuver), OFp gy = (€br,r)(Pver), OLp, = (€0 br)(Pouver),

OlL.rmyr = (V0L R)(Pvuver), O gy = (Ebr,r)(Ever), Ofp = (€0 bR)(Eouwier),

and where ¢g, 1, = 5 (1 £ v5)9.

The ten, complex in general, Wilson coefficientes parametrize the deviations from the SM.
They could be lepton and flavour dependent although they are generally assumed to be
nonzero only for the third quark and lepton generations.
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Till now, the Wilson coefficients have been fitted using the experimental values of
the R (., ratios, the 7 lepton longitudinal polarization asymmetry and the
longitudinal polarization of the D* meson, together with the upper bound for the
B. — T, leptonic decay rate.

However, many different solutions are possible and in order to fix the preferred SM
extension (if any) other observables sensitive to NP should be addressed.
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The effective Hamiltonian can be rewritten as

1

H.g = 2G gV, Z [Efy“ [C’X + hXC';?fyg)]b 7_”')/NP5XI/7-
£ V2
x=L,R
_ 1 _ o 1 _
—I—C[C';? + hXC>1<D’}/5]b ETP5XI/7— + C';‘(Fca“ (I + hyys)b ETO'MVPg(I/T] + H.c.,
with b, g = —1,+1, PX = (I 4+ hys) and

CY = (Q+ClL+Ck), Ci=0+ClL—Ckp),

C; = (CZ,+C%L), CL=(Ci,—Chr), CL=Cl,,
Ch = (CLr+Ckr), Ch=—(CYr—Chr), Ci=(Cir+Cir),
Cr = —(Cir—CRr), Cg =Chkg,

The invariant amplitude reads

_ o L L af L
Mrr’;hS — Z (JHXTT" ‘]XhS,oz + ']HXT"“/']XhS - JHXTT’ ths’aﬂ) ’
x=L,R
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In the m,, — 0 limit, there is no interference between the x = L, R terms and one gets

§Z|Mm~/;hs|2 = > > Y W)EQB)(pA)Lx,hS(aB)(pA)

x=L,R (af) (pA)

With (T (ap) = I,Vas 0ag, P = 3(I + hys58)

8 1 h h
Lyns.aB)(on) = Iyns,(a) (Txns,(oa)” = 5T LH +me)Tiap Ps kAT, )10 P,

As for the hadron tensors

WA (N _ ZZ i 07 |E(0) 072 6(0) | Hs p, ) (Hip; p, [B(0)1° O 2 T2 0c(0) | Hes o/, 1),
with O = (CF + hy CE5), (CY 4 + hy Oy y5), CLaF (1+ hyys).

The hadron tensors are linear combinations of independent tensor and pseudotensor
structures, constructed out of the vectors p, ¢ = p — p’, the metric tensor g#* and the
Levi-Civita pseudotensor e#*97 with coefficients (structure functions) that depend on the
Wilson coefficients and on the genuine hadronic responses. The latter are the square of
matrix elements of the involved hadron operators that, for each particular transition, are
parametrized in terms of ¢%-dependent form factors.
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Thus, for instance

A \%4 A A \% A
W;‘p = > (He;p',r 1(Cy v + hx CY AY)|Hy;p,r) (Hesp' 1(Cy 148 + hx Cy APY|Hy;p, m) ™,
7",7"/
o, P ";‘7 o p o p_|_ P
— p=plf __ 5 3 q~qf _ p~q pFq™ _
_ ap . apdn X
= —g Wiy + Wo, — ihye€ Psq + Wy~ + 5y s
X X X O 5 r2 M2 X 2 M2 X
A / / \%4 A /7 T _ A
WPh = S (Hesp', ' [(Cy V¥ + hy OF A%) | Hysp,r) (Hesp' v |C4 €(0)0P 7 (1 4 hyv5)b(0) [ Hp py ) ™
o AT 7e o AT 7e
P Wrgy + a7 Wiy A A S
= (pPq™ — " qP) — hy P psq
2M3 [ X ° n]
PsWieyx + 35Wriry 1) A6 X pé Aas
+ . X [Z(gapg — g% gP%) — hy P ],
2M
with

Wix,2x,4x,5x (¢ ) = \CV\Q 1 2 A4, 5(q )+ \CA\Q 1,2,4 5(q 2)» ng(qQ) = Re(C;(/C;?*)W;}/A(qQ

7 74 2 T \% 2 Axx ApT 2
Wiax,15x,16x,17x (@) = C5.* (C Wii'ts. r6.07(a%) + Cs Wisrs 16,174 )) )
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From the general structure of the lepton and hadron tensors which are at most quadratic in
k, k" and p, one can generally write for the decay with a polarized charged lepton

2 Z’r’ Zr’ |Mr'r’;hS |2

= N(w,p-k)+ h{ (pMS) Ny (w,p - k)

e
+(qMS) Ny (w,p - k) + Exjp Nagg (w,p - k) }
with w = £ . 2 (related to ¢2 via g2 = M2 + M’? — 2M M’ w)
Nk ) = 2[aw+8wED owED
Ny (o kop) = Ane) +Cuw) B2
Nis(okp) = Bue) + D) E2 4 gy ) P2
Nog @ik -p) = Fruw) +Grw) p).

N4, is proportional to the imaginary part of SFs, which requires complex Wilson
coefficients, thus incorporating violation of the CP symmetry in the NP effective Hamiltonian.

(It is generated from the interference of vector-axial with scalar-pseudoscalar terms,
scalar-pseudoscalar with tensor terms, and vector-axial with tensor terms. For it to be
nonzero, at least one of the C;?P’T coefficients must be non-zero.)
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The above can be written as

2 Zfr Zfr" ‘M’P’r‘/;hs |2
M?2

= N(w,p-k)(1+hP-S)

with (here I/ = I* — %k’”)

N ‘L
P T N kop) | M #, (@, K p) + =Ny (@0, k- p) + ———Nagy (w0, k)

the polarization vector of the 7 lepton. It can be expanded as
Pt =PL NY +Pr NE+Prp Ny, Po =—(P-Na),a=L,T,TT

with N}jmT

ir =[(k' xp') x k']/|(k' x p') x k'| and i = (k' x ') /|k’ x p’], respectively.

. polarization states corresponding to 7y, = k' /|k’,

P, is related to the helicity asymmetry

— Zr Z’r’ |M7"’I"/;—NL|2 - Zr Zr’ |M’T’T‘/;—|—NL|2
Zr Zfr’/ ‘MT?"/;—NL|2 +Z7" Z'r'/ ‘MTT‘/;—l—NL‘Q

and similar expressions apply for Pr rr

L

STRONG2020, Munchen, September-2022 —p. 10/22



In the CM of the 70 system one has that

1 'p-NL q-NL
PN = — Ny, (w,p-k Ny (w,p- k
L Nanp Ry L g alop B+ e N (@ p )
1 'p-NT q-NT
PEM = Ny, (w,p- k Ny, (w,p - k
T Nop &) L ar Malr B+ N, (@0p )]
PCM B ek"quTT _/\/’7_[3 (w,p ) k)
T —

M3 N(w,p-k)
and they are functions of w, cos 8. One can define the averages

fj_ll dcos 0 N(w, k- p)PSM(w, cos 0;)

CM W
Pa ) fjll dcos 0+ N (w, k- p)

and from there obtain the quantities

1 dl’
Py - [ gudse

o [ T PO

For a = L one gets what is called the 7 longitudinal polarization asymmetry that has been
measured by Belle for the B — D*7i decay.

N (w, k - p) and the polarization vector P encode the maximum information that can be
obtained from the semileptonic decay when one is not measuring any of the hadron’s
polarization.
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Since the 7 is very short lived, it is not directly seen at the detector and it has to be
reconstructed through its decay channels. Following others we have considered the three
decay channels 7 — nv,, pvr, boyv+ (£ = e, u). In the zero width approximation and in the
case one were able to fully reconstruct the tau momentum one can write (d = =, p, 4 and p
measured in the 7 rest frame)

d4Fd Bd d2FSL

d d CM : * *
- o P 3 0r 0
dwd cos 0rd cos 075d¢?, A1 dwd cos 0+ (g gp [ 7 (w,cosbr)sinf; cos ¢y

—|—7?%11\f[ (w,cosB;)sin @ sin ¢ + PEM (w, cos 07) cos 0} ] )

with ¢g¢ and gﬁé decay-dependent pure kinematical factors

Yﬂ / />l<
Xé -0
Py

e*
CM 7

J

O

Ea

CM
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Unfortunately the  momentum can not be fully reconstructed and one has to obtain
information only from the visible kinematics of its decay products. In this case one can write
[First introduced for - — 7v,, pv- decays by P. Asadi et al., Phys. Rev. D 102, 095028
(2020)],

d3T 4 dlsq,

— By
dwd§ gd cos 04 dw

{Fg(wa €4) + Fit(w, €q) cos 04 + FS(w, &4) Pa(cos ed)}

with p4 in the CM frame and {4 = g—f

CM
Y A
x e

CM Py
_ % T
Z ~

IlL
k’ \ 0
- - N

p p ﬁTT
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Fil(w, ) = Cp(w,€a)+ 0P, (w,€a) (PEM)(w),
Fi(w,éa) = Ch.pw,E)Arp(w)+CF, (w,€a)ZL(w) + Ch (w, &) (PFY) (w),
F2d(w7£d) — CiQ (wagd)AQ(w) +C%Q (wagd)ZQ@‘)) +C%L (wagd)ZJ_(w)°

with C¢ decay-dependent kinematical factors.

(PS}X})(w) are spin asymmetries, Arp g (w) angular asymmetries and Z, g | (w)
angular-spin asymmetries of the parent H, — H.7v, decay. Together with dI'sy, /dw, they
are given in terms of the A(w), B(w), C(w), and Ay (w), By (w),Cx(w), Dy (w), Ex (W)
functions.

One can increase statistics by integrating in one or more of the variables w, &4, cos 64 at the
price of losing information

d2T d
d - 2By
dwdé

{060+ O, (060 (PP
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d°T dlsy, (1 -
d By —2k [— + F(w) cos g + F&(w)Pa(cos Gd)].

dwd cos 04 - dw L2
Fiw) = C4,,w) Arpw)+C%, (w) ZL(w) + Cp,. () (PFM)(w),
Fiw) = C4,w) Agw)+Cq, (W) Zow) + C§, () Z1(w),
Further integrations in w give
dI’ 1 =~ ~ ~ 1 wmax Jar ~
d ZBdFSL[—+F1d<3089d+F2dP2(0089d)], Fity == / "L P (w) dw.
dcos O, 2 ’ I'st Jq w ’
— — d W n\W, qd W, qd W 3
dEq wing(Bq) ~ ymr dw L -

observables that still could be useful to distinguish between different NP extensions of the
SM.
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NP models considered in this presentation

We shall compare results of fit 7 of Ref. C. Murgui et al, JHEP09 (2019)103 and fit 7a of

Ref. R. Mandal et al, JHEP08(2020) 022 with SM results.

Cr Ct Cr Ci
SM - - 1 1
: 10.15 10.01 10.02 10.05 10.02
LFit7 | —1.327915 _0.2270.01 1 7910.02 1 g3F0.05 _( 110.02
S _ ~P V _ A T
cs=ck cY=cA cT
10.60 10.03 10.04
RS7a | —0.1870%0  .427093 027002
with CY = C4 =1 (SM values)
SM L Fit 7 R S7a HFLAV LHCb Belle
T0.005 T0.044 T0.070
Rp 0.30010-002 0.38810-0%2 0.334;8'8%2 0.340 + 0.030
R 0.255 + 0.003 0.306 + 0.013 0.20270-0%2 0.295 + 0.014
RAL 0.332 + 0.007 0.41 + 0.02 0.38 4 0.03 0.242 + 0.076
0015 055
Pp(D*) | —o0.718T0-0%° —0.55 + 0.02 —0.49 + 0.10 —0.3879-22
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no((,o)/Z

Results: asymmetries for A, — A,
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Results: asymmetries for A, — A*(2595)[J"

—1/27]

—SM
— Fit7

1,1

02 02
— i Y
— Fit7 I — Fit7
— Fit7a — Fit7a
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Results: asymmetries for A, — A*(2625)[J" = 3/27]

0 —
L — SM
— Fit7
L — Fit7a
0,051
o
<
0,11
L . . . . | . . . . ] [ . . . . | . . . .
04y 1,05 L1 1 1,05 L1
W w
04— —— 04—
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[BdFSL} -t dFd/d COs 9d [BdPSL} -1 dI‘d/d COS 9d

[BdFSL]Al dFd/d COSs 9(1

0.8

02|
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Results: Fl = 222 Ua g — 7 5
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Summary

At present, there is at experimental evidence for LFUV in CC processes involving the
third quark and lepton generations.

R 5+ (3.10), R, (1.80)
If confirmed, it implies the existence of NP beyond the SM.

Different NP extensions of the SM can explain the data so that other observables are
required to identify the preferred one (if any).

Relying only on observables that can be obtained from visible kinematics of the hadron
decay products (for 7 — 7v., pv-, uv, v, decays) there is a total of seven
asymmetries of the parent decay that, togheter with dI" s, /dw, can be useful for that
purpose.

dl' 4 dl'y
cos 04 dE 4

between different NP scenarios that otherwise give rise so very similar R ;.

Statistically enhanced distributions like - or can also help in distinguishing

ratios.
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