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Motivation: LFUV in B, — D! decays?

Latest results from LHCb!~3 for Ra_ and R ) + other observables measured*:

[(Hp — Herry)
Ru, = —
r(Hb — Hcﬁl/g)

, P.(D*), FP*.

~ 30 away from the SM expectation.

NP should affect all b — ¢ transitions.

What about Bs — Ds(*)?

LHCb collab. 1Phys.Rev.Lett. 128, 191803;
2arXiv:2302.02886 [hep-ex] and 3arXiv:2305.01463 [hep-ex|
4HFLAV group. Eur.Phys.J.C 81(2021) 3, 226
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
https://arxiv.org/abs/2302.02886
https://arxiv.org/abs/2305.01463
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8156-7

Effective Hamiltonian

5Mandal et al. JHEP 08 (2020) 022

NP effects are introduced using an effective Hamiltonian®:

4GEVep

V2

Heff =

ViV V AV S S S S T AT

[(1 + C)O + CriOg + CRLOL + CrOp + CL O,

h ~ ~ ~ 7
(axial—)vector (pseudo—)scalar tensor

V AV V AV S S S S T AT
+ gLROLR + CrrOgr + CLROLR + CRrORR + CRRORR] + h.c.,

~
right—handed neutrinos

where Ciqu are Wilson coefficients and

Ol = (€0 xa5(0)) (ZO)N 0 (0)):
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https://link.springer.com/article/10.1007/JHEP08(2020)022

Hadronic matrix element and form factors

To describe the hadronic matrix elements

és;5>; Xo =

(DL 5", | E(0)Txgb
we will need the corresponding form factors
SM form factors (I = ~*) | NP form factors (I' = 1,0"")
BS - Ds era fb hsv ht
BS - D;k V7A07A17A2 hp7 T17 T27 T3
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NP effects in Bs — Dé &3 decays using SM-LQCD and HQET
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SM-LQCD Form factors

® |n the lattice, there are only results for the SM FF

. . A tih — G2 — \tiy — t

* They are described as power series of z(g?; tu, to) = th — 9 th — 0
Vteh — G% + \/ten — to

Bs — D} Bs — D
V, Ap, A and A f. and fy
Harrison and Davies (HPQCD) McLean, Davies, Koponen, and Lytle (HPQCD)
Phys. Rev. D 105, 094506 (2022) Phys. Rev. D 101, 074513 (2020)
O(3%)3 — 16 coeff. O(2)? — 6 coeff.
tip = (MB + MD*)z; to = (MBs — MDS*) tip = (MBs + MDs)z; to=0

And the New Physics form factors? — Heavy Quark Effective Theory (HQET)
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https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.101.074513
https://doi.org/10.1103/PhysRevD.101.074513

HQET Form factors
SBernlochner et al.

In HQET, one uses a different form-factor definition Phys.Rev.D 95(2017)11, 115008
7 Jung and Straub JHEP 01(2019) 009

{V7A07 Ala A27 f+7 fO} g {hV7 hA17 hA27 hA37 h+a h*}

hiw) = &w)  x  hiw)
\

Isgur-Wise function (3par.) Corrections:
* {(w) =1+ p?(w—1)+ * perturbative corrections matching QCD and HQET®
clw—12+dw—1>+-- * O[Agcp/mq] corrections: 3 sub-leading Isgur-Wise
* mQ — ©: functions (+5 par.)®
® hv =ha =hay = hy = hs = e O[(Agcp/me)?] constant corrections to by and 4,
hp =hr =hr, =¢ (+2 par.)’

° hAZZh,:hTzthSZO
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008
https://doi.org/10.1007/JHEP01(2019)009

Fit of the SM-LQCD form fa

to their HQET expressions.

8Murgui et al. JHEP 09 (2019) 103

B, — D B — D®3 9HPQCD collab. PRD105, 094506 (2022)
e 1.26 + 0.07 1.32 4 0.06 Xz/dof =0.81 10HPQCD collab. PRD101, 074513 (2020)
c 1.20 £ 0.11 1.20 £ 0.12
d —0.91+0.10 —0.84 £ 0.17
X2(1) 0.30 £ 0.23 | —0.058 + 0.020 E
X5(1) 0.14 +0.08 0.001 + 0.020 E
X5(1) 0.08 +0.09 0.036 + 0.020 E
n(1) | 0074021 | 0.355+ 0.040 1=
7(1) | —0.51+0.25 | —0.03+0.11 ]
h(1) | 028+050 | 0.14+0.23 ]
h(1) | —2.24 +0.94 —2.00+0.30 . L5
Figure: HQET :
predictions vs. 3 ]z
LQCD Form ]
Factors®—10 ]

Neus Penalva -

IFIC (CSIC-UV)

NP effects in Bs — Dg &3 decays using SM-LQCD and HQET.

June 9th 2023 6 /15


https://link.springer.com/article/10.1007%2FJHEP09%282019%29103
https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.101.074513

Fit results: SM Decay

02 0 05 -
—— Lattice

—— HQSS

Figure: dI'/dw, < PFM > and Agg for Bs — Dy and By — D? in the SM.
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Observables |

The information of the interaction is encoded in 10 functions The 7~ particle decays very fast
of w(g?) (7 angular, spin and angular-spin asymmetries)® and we have to look into the full
decay Hp, — Hem ™ (— d7vp )iy

unpolarized 7~ Ctong. A, Ag
pOlariZed T PZ"M;}, <P$_M>’ ZL) ZQ7 ZL 8 of them obtained from d3rd
complex WC's (Pr7r), ZT dwd{yd cosby
i
. i > &4 = ratio of the energy d—
o I ~ and the 77 in the Tv; center of
/~;1i,'ﬁ’ ‘ P &/
/ & ﬁ’ z ) ! Lo 7 mass
/" ; / ,/ > 4 = angle made by the
/ 7 /,/ final-hadron and the T-decay
/ “ ’ massive product

°N.P. et al. JHEP 10 (2021) 122

Figure: Kinematics in the 70, CM reference system.
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https://link.springer.com/article/10.1007/JHEP10(2021)122

With that result, now we can predict the rest of the form factors and add NP effects to the
observables.

o — 4G\I;%/cb [OXL " Z Cioi]

Wilson coeff. are fitted to experimental data. — Different models give the same results for
RH,-

(o}

* Fit 7 from Murgui, Pefiuelas, Jung and Pich, JHEP 09 (2019) 103 (LH neutrinos, real
WCs)

® S7a from Mandal, Murgui, Pefiuelas and Pich, JHEP 08 (2020) 022 (RH neutrinos, real
WCs)

® R2 from Shi, Geng, Grinstein, Jiger and Martin Camalich, JHEP 12 (2019) 065 (LH
neutrinos, complex WCs)
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https://link.springer.com/article/10.1007%2FJHEP09%282019%29103
https://link.springer.com/article/10.1007/JHEP08(2020)022
https://link.springer.com/article/10.1007/JHEP12(2019)065

NP results: Decay

no

By — DX
Z,Sj -
A
s 2 1 &
E &
\'2
1.5 N
11 1‘1 112 1‘&
Figure: ng, < PLCM > and Arp Physics.
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(P

e Different from zero only if some of the WCs are complex

e Cannot be accessed from the triple differential decay width

e Small CP violating effects

0.03 —————————————————

0.02f ,,,/—*”—x\\\Bs"DaE

4 ——LR2
1 ——SM

oot/ mCr(1 TV <0

< PLA >
1
< PEM >

Figure: (PSMY(w) for the Bs — D¥ (left) and B; — Dy (right) decays.
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Observables Il: Partially integrated decay distributions

We can also increase the statistics by integrating the dry
decay width in some of the variables. The distributions T cos 0
will depend on the 7~ decay mode considered:*° d
ST Uy d?y
> 7': — 77:7/7 m
2
dry dry B dlsy
dwdéyd cos Oy do 9 dw
” d2ry
dwd&y
dly
dEy4
1O0N.P. et al. JHEP 04 (2022) 026
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https://link.springer.com/article/10.1007/JHEP04(2022)026

NP results: Angular distribution

[Bdl"gL]Al dly/dcos by

cosfy

0.8

0.2

[Bal'st) ™ dTu/d cos 0

T~ U,

By, — D,

Figure: The w-integrated dly/d cosfy distributions for the B; — Ds(*)T_(’]T_VT7p_l/T,/J,_D,Ll/T)DT

sequential decays.
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NP effects in

[Balsi) ™" dlu/d cos 0y

[BuTs) ™" dly/d cos 6,

T =T,

[BuT's] ™" dly/d cos 6,

T = TV, /4 =
L 4 =z
0.8 Pz 8
=
0.6 - - bl
£
04 1 T
-
02} 1 =
= Q
0 | | . | | |
-1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1
cos By cos 04

SM-LQCD and HQET.
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NP results: Energy distribution

2 T T 2 T 2
T = iyulr T =TV,
n *
15F By = D sF 15
3 = =
S S a8 af
Fo & (=S
05) 5F 05}
) 0. 0.6 0.8
E,/m.
25 25 .
T prr
2 2 M~
/ -
3 15) R B
5 g N
= f T \
&1 & 1 \
N\
05f 0.5 \
0 \ \
0 04 0.6 0.8
E,./m;
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NP effects in Bs — Dé &3 decays using SM-LQCD and HQET.

Figure: The w-integrated
drl'4/dE, distributions for
the

B, — Ds(*)T_(d_VT)DT
sequential decays.

fd — _m.  dl
0 = 2Byl dEg
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Conclusions

® We have succesfully fitted the SM-LQCD form factors to their HQET expansions

® The scalar, pseudoscalar and tensor (new physics) form factors are obtained using the
previous fit and their expressions in HQET.

 The NP results are similar to the SU(3)-analogue B — D). (see
N.P. et al. JHEP 04 (2022) 026)

¢ The analysis of this transition, as well of other CC b — ¢ decays, could then help in
establishing or ruling out LFUV.
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Conclusions

® We have succesfully fitted the SM-LQCD form factors to their HQET expansions

® The scalar, pseudoscalar and tensor (new physics) form factors are obtained using the
previous fit and their expressions in HQET.

 The NP results are similar to the SU(3)-analogue B — D). (see
N.P. et al. JHEP 04 (2022) 026)

¢ The analysis of this transition, as well of other CC b — ¢ decays, could then help in
establishing or ruling out LFUV.

Thank youl
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SM L Fit 7 R S7a L R,

Me(u) | 0.92 +0.06
Bs—Ds | T, |027+£001 0.36+0.02 0.30570%° 0.25975029
0.009 0.021 0.066 0.031
Rp, | 0.298%g00; 0.39175017 0.333%g4516 0.283%4017

Feuy | 211755

B;— Dy | I, | 052709 0.62+£0.05 0.59+0.06 0.57+0.05
Rps | 024575500 0.20375907  0.28073312  0.27 +0.01

Table: Semileptonic decay widths [, = T'(B; — Ds(*)&?g) and ratios R )
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SM-LQCD Form factors

Form factors as a power series:  Fot 5+ 2 aiz'(¢%)
P(a®) =

At —q* =/t — to

where  z(q%; te, to) =

Vit — q* + Vt — to

és — D} BS — D

V, Ao, A1 and A2 f+ and fb
Harrison and Davies (HPQCD) McLean, Davies, Koponen, and Lytle (HPQCD)
Phys. Rev. D 105, 094506 (2022) Phys. Rev. D 101, 074513 (2020)

O(2%)3 — 16 coeff. O(2)? — 6 coeff.
tip = (MB + I\/ID*)2 teph = (MBS + MD5)2
to = (MBS — MDS*) to =0
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https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.101.074513
https://doi.org/10.1103/PhysRevD.101.074513

LQCD Form factors: change of variables

We change the parametrizations to symmetrize the range of z corresponding to

0<q?< ¢ — (Mg, — /\/ID(*))2 for the two decays.
B, — D} B, — D,
tip = (MB + MD*)2 tip = (MB + MD)2
to = teth — A/ ten(ten — t*) to = teh — A/ ten(ten — t-)

* {ai} — {a}
e 352 and af fixed by ¢° = 0 constraints. — 20 independent coefficients a;
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LQCD form factors parameterization

Bs — D} Bs — Ds
fo(q2) 2/ Z 50zn
BcO

0_n
22‘92

3
N 1 T 1_g2/M
New parametrization® F(q?) = E ak (z*)" / Bcon 0

f+(q2) = 2/M2 Za+

3
HPQCD parametrization™  F(q?) = 255
n=0

*N.P., Flynn, Nieves, Hernandez arXiv:2304.00250 [hep-ph]
"Harrison and Davies (HPQCD) Phys. Rev. D 105, 094506 (2022)
*McLean, Davies, Koponen, and Lytle (HPQCD) Phys. Rev. D 101, 074513 (2020)
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https://arxiv.org/abs/2304.00250
https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.101.074513

LQCD Form factors

12 - 0.9 - 11 T
lattice lattice lattice
11k ~ - new parametrization ~ - new parametrization 1F - - new parametrization |
s 08> 09| - B
00 N N 08 B
=1 N 07 ~ 2 o7 E|
< 08f N N =<
. . 0.6 E
0T <2 0.6 05 el
06 04l E
0.5 - s 0.5 - s 0.3 - s s s
1 11 1.3 1 11 12 1.3 1 11 12 13 14 1.5
w w w
1.7 T 1.3 T T T
—— lattice —— lattice 1
L6 new parametrization | 1.2 ~ — new parametrization —
s =
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Isgur-Wise functions

Isgur-Wise function parametrization Murgui et al. JHEP 09 (2019) 103

E(w) =1—8p?2 + (64c — 16p?)2° + (256¢ — 24p° + 512d)23

wher
°re A()_\/w—i- —\@
IV )

Sub-leading Isgur-Wise functions Bernlochner et al. Phys.Rev.D 95(2017)11, 115008

X2(w) = Xo(1) + R2(D(w — 1), K3(w) =R53(D(w—1), n(w)=mn(1)+7'(1)w-1)
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https://link.springer.com/article/10.1007%2FJHEP09%282019%29103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008

HQET form factors corrections

Bernlochner et al. Phys.Rev.D 95(2017)11, 115008
hy =1+ @SCVI + GC(LQ — L5) + €b(L1 — L4.)7

1 ~ ~w—1
i1 )
1)+6b<1 4w+17

~ ~ ~ W —
ha, =1+ G5Ca, + ec(L2 - L5

BAz = &SCAZ + 65(Z3 + Z6),
i\?A3 =1+ ds(CAl + CA3) + Ec(l,:z — [3 + Zﬁ — [5) + Gb(zl — [4),

A R w+1 A
h, =1+ aS[CV1 + T(C‘/z + CV3)] + (ec + €p) Ly,
A L w1 A

h_ = asi(CVz — CVa) + (EC — Eb)L4.

2
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Goal: Fit the SM-LQCD form factors to their HQSS expressions.

1. Expand the HQSS form factors in powers of z(*).

2. Compare them with the LQCD expansions to obtain f;, the coefficients in terms of the 10
HQET parameters p?, ¢, d, {2(1), X5(1), R5(1), (1), 7'(1), (1), h(1).

3. Minimize y? = Z PIET )CJk (ak — fx)

® block-diagonal covariance C = (Cg* é) )
D
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Covariance and err

* We expect B; — DZ and B; — D to be correlated but we don't have that information

® block-diagonal covariance C = (Cg* (.9 ) vs. no-correlated fit C = Diag(o?)
D
° — 2 Y — ¥ 2
€x ( .Ax )2 + (X — Xunc.)
fit error sist. error
B, — D | B, — DI (unc) | e[Bs — DIV | B — D®
P2 | 1264007 | 1334010 0.10 1.32 +0.06
c | 1204011 | 128+0.13 0.13 1.20 +0.12
d | -091+010| -0.97+0.12 0.11 ~0.8440.17
R(1) | 030+£023| 0184024 0.26 ~0.058 + 0.020
R5(1) | 0.14+008| —0.02+0.15 0.18 0.001 + 0.020
R5(1) | 0.08+0.09 |  0.07+0.08 0.09 0.036 + 0.020
n(1) | 0.07+021| 014+023 0.22 0.355 + 0.040
W(1) | —051+0.25 |  0.12+059 0.68 ~0.03+0.11
h(1) | 0284050 |  0.38+0.52 0.51 0.14 +0.23
h(1) | 2244094 | —266+11 1.03 —2.00 4 0.30
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