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Differential measurements of b-hadron decays 2
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(EIECtI'OWEﬂk) couplings + ACD encompassed by Form Factors
Sensitive to New Physics

» Helicity angles distributions (and derived observables) are sensitive to New Physics
contributions and hadronic interactions (Form Factors)

» Angular analyses: New Physics searches, complementary to Lepton Universality tests

» Hadronic Form Factors measurements

» In this talk: latest results and ongoing H, — Hcfy studies
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Experimental datasets 3
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» Unconstrained kinematics

» Different background composition
(hadron collision environment, partial

» Constrained kinematics

reconstruction etc)
» Cleaner environment

» Larger boost
» Electrons as good as muons

» Unprecedentedly sized samples
Focus on LHCb B meson analyses

(see Anna’s talk for baryons) ’
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Full suite of hadron species available




Light leptons :

» At LHCb muons are clearly easier (results with light leptons so far use muons)

» Fewer electrons than muons @LHCb with worse resolution, but less noticeable with
unconstrained kinematics

» Partial reconstruction, but good options with just one missing particle

» Longitudinal neutrino (or B) momentum component known
up to a two-fold ambiguity BO

» Pick one solution randomly {}‘ """"""""""""

» Use linear regression prediction
G. Ciezarek et. al, JHEP 2 (2017) 021

» Used proxy variable(s) (e.g.
Phys. Rev. D101 (2020) 072004)
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Candidates per 0.1 GeV/c?

» Samples are signal dominated Mo [GEV/C>

Phys. Rev. D101 (2020) 072004
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https://arxiv.org/abs/1611.08522
https://arxiv.org/abs/2001.03225
https://arxiv.org/abs/2001.03225

Light leptons: shape & hadronic form factors measurements

5
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https://arxiv.org/abs/2003.08453

Light leptons: shape & hadronic form factors measurements ¢

decay rate

» Fully reconstruct D.~ — Dy

JHEP 12 (2020) 144

recoil parameter y = Vgo -
S

» Measure rate relative to B°
» Requires external inputs for

energy in the BY rest frame)

Phys. Rev. D101 (2020) 072004

VD:_

» Signal yield measured in bins of hadronic

Ve

pi(Dy), proxy for g2 or recoil W(D(*>_

Y

» Measurement of decay rate as a function of

» Measurement of the shape of the BY — D:_/ﬁvﬂ CLN fit

Unfolded fit p
Unfolded fit with massless leptons  p?
P

Folded fit

1.16 £ 0.05 £ 0.07
1.17 £ 0.05 £ 0.07
1.14 £ 0.04 £ 0.07

BGL fit

Unfolded fit

= —0.005 = 0.034 = 0.046

+0.00 + 0.00
= 1.00 —0.19 - 0.38

0.039 £ 0.029 £ 0.046

wk.,r—\k.,w&ﬁr—n&.,

» First measurement of |Vcb| using Bg S Dg*)_;fryu
— DW=t

Folded fit z 100+ 000 +000
Already a few analyses
sensitive to hadronic FF
parameters

Parameter Value

Veu| | 42.3 +0.8 (stat) +1.2  (ext)

G(0) 1.097 40.034 (stat) 4 0.001 (ext)

d —0.017 £0.007 (stat)40.001 (ext)

do —0.26 +0.05 (stat) £0.00 (ext)

by o/ —0.06 +0.07 (stat) £0.01 (ext)
ap 0.037 +0.009 (stat) =+ 0.001 (ext)
ay ¢ 0.28 +0.26 (stat) £0.08 (ext)

(stat) (ext)

0.0031 = 0.0022 (stat) = 0.0006 (ex

» Sensitivity to hadronic form factors also from many more measurements, e.g. LFU ratios
(dedicated measurements being worked on) LHCb-PAPER-2022-039
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https://arxiv.org/abs/2003.08453
https://arxiv.org/abs/2001.03225
https://arxiv.org/pdf/2302.02886.pdf

Tau leptons

» Partial reconstruction — large backgrounds:
need to fully exploit vertex topology information,
track isolation, available kinematic information

»  With three missing neutrinos: B rest frame approximation

(f}/BZ)B — (75Z)D*u — (pz>B — %(Z&)D*u

LHCb-PAPER-2024-007 My = (Pg— Pp—P,)?
x10°

LHCb 21fb!

~ : - - - - ]
X o03F 944 <’ <118GeVic! E
S st e
O 0025F B 5 —=D*'t v
2 002F B—D"X.X
:/ : -_ X =/
5 0.015F 5—D M-/T .
8 I Comb + mislID
S 0ol B B—D'uv
£ 0.005F- Bl B —>D*uv
S - 1
0 5 10
2 2/ 4
m?. [GeV</c?]

Fit to background-enriched regions

¢ decay mode

BR[%]

T — purvv | 17.39+0.04

T —evr | 17.82+0.04

T — 3rv | 9.31+0.05

T — 3rmr | 4.62+0.05

T — TV | 18.82+0.05

T — PV | 25.49+0.99
~ K

Can take advantage of the more constrained
essential to control backgrounds kinematics and tau decay vertex
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https://arxiv.org/abs/2406.03387

D* polarisation fraction

The presence of new mediators 8

Impacts the polarisation fraction

g0 e s :
2T ; PRD 95 (2017) 115038
dqdcosty, [90,(a°) +|c6, (470056 i '
q COS D 1\ T 0.7:_ CSR
Unpolarised Polarised < o 65-
OB 05}
Y 3ay(g?) + co (4P 0.4} Cs,
» Run1 + partial Run2 (5fb™!), hadronic 7 decay 3 4.5 o6 1.5 9 10
2
» Background treatment similar to R(D*¥) Bl e,
3
analysis (PRD 108,012018) ¢ Data ~ plo —
o o LHCb Run 2 (2 fb') 1
» 4D-binned templated fit to -;SWDIE?:ACI MR E
— v, - .
7 decay time, anti-D, BDT Bl 5D oy % 4 ¢ >7GeVch —
output, COS@D and -B—>D*_D0(X) g 3 _f
q*(q* S 7GeV?/c?) WD D) E E
W B-DDIX) ©
» 2 signal components: B—D" 37X 1
polarised & unpolarised I Combinatorial
-1 0 1-1 0 1
» Main systematic uncertainties from size of simulated samples, FF cost,
parameterisation and double-charm background modelling.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115038
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018

D* polarisation fraction 7

10°
—4— Data (:; 1.8 s oo '1 —
AT — Total model & 1.6 LHCb Run 1 (3 167) 3

=‘“9D(612)| +‘C0D(C]2)|C0829D Bl 5°~D Ty, 14

dqdeOSHD W B—D ttv, gl2 q>>7 GeV?/c*
1 T . M B-DD'X) § !
Unpolarised Polarised B 5—D D'X) 208
2 2 W B—D Dix) 09
o 9,847+ ¢(q7) D ey 04
- L 0.2
L 3a9D(q2) + C@D(qz) I Combinatorial

-1 0 1-1 0 1
cost

FP"(g* < 7GeV?/c*) = 0.51 £ 0.07(stat) £ 0.03(syst)

FP*(q* > 7GeV?/c*) = 0.35 % 0.08(stat) = 0.02(syst) 10’ LHCb-PAPER-2023-020

F ,{)*(whole g* range) = 0.43 + 0.06(stat) + 0.03(syst) § S LHCb Run 2 (2 fb!) _
S .
» Compatible with previous Belle result: P ¢*>7GeVct
FP* = 0.60 % 0.08(stat) = 0.04(syst) g 3 -
(arXiv:1903.03102) E E
O
» Compatible with SM predictions: .
Fl{)* =0.441 £0.006 PRD 98 (2018) 095018
FP" =0.457 £0.010 Eur. Phys. J.C 79,268 (2019) 1 0 -1 0 1
FI{)* = 0.467 £ 0.009 Eur. Phys.J. C 80,347 (2020) Run 2 Samples a factor 4-12
FP"(q* < 7GeV?/c*) = 0.51 = 0.07(stat) = 0.03(syst) ArXiv:2310.03680 g _ p 0
FP*(¢* > 7GeV?/c*) = 0.51 £ 0.07(stat) = 0.03(syst) ' : sample & selection)
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https://arxiv.org/abs/2311.05224
https://arxiv.org/abs/1903.03102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.095018
https://arxiv.org/abs/1805.08222
https://link.springer.com/article/10.1140/epjc/s10052-020-7850-9
https://arxiv.org/abs/2310.03680
https://arxiv.org/abs/2310.03680

Extending differential measurements: decay angles

10

» Natural extension: describe the fully differential decay rate
» BY > D*uv decays

» Solution of quadratic equation (solid) compared
to B rest frame approximation (dashed)
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Extending differential measurements: decay angles I

» Natural extension: describe the fully differential decay rate

» BY = D*rvdecays

» Angular resolutions (worst case: B rest

frame approximation, 7 leptons)

0.07F

Arbitrary units

0.06 F LHCb Simulation

Arbitr

R ]

0 resolution (rad)

LHCB-PUB-2018-009, arXiv:1808.08865

2

3

0 1 2 3

0, resolution (rad)

2 0.045E

n

s 0.04
oo
2 0.025
0.02
0.015
0.01
0.005
0

- LHCb Simulation

Resolutions to be modelled,
but good sensitivity with
large datasets!

3 2 4

.0...

1 2 3
¥ resolution (rad)
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https://arxiv.org/abs/1808.08865

Angular Coefficients ?‘ 12

» Fully differential decay rate

» Helicity angles (and derived observables) are
sensitive to New Physics contributions and
hadronic interactions (Form Factors)

q

dI'(B - D*¢v) 3mpm5.Ga ) L RS
= 1 New| Vey | Z (W)k(Oy, Op, ) c\1
dwdcosO,dcos0,dy 16(4r) i >
/O-\

i Hz(w) ki(9u7 0D7 X) g

D* — D~y D* — DnY o

1 H2 (14 cos?0p)(1 — cosb,)? sin®@p (1 — cosf,)? C:’

2  H? 2(1+ cos?0p)(1 + cosb,)? sin® @p (1 + cosf,,)? O

3 Hg 2sin? O p sin? 0, 4 cos? 6 p sin? 0, 5'

4 H, H_ sin” @p sin” 6, cos 2 —2sin® p sin” ,, cos 2 E

5 HyHy sin20psinf,(1—cosf,)cosx  —2sin20psinf,(1—cosby,)cosxy &

6 H_Hy —sin20psinf,(1+cosf,)cosx 2sin20psind, (14 cosb,)cosx =

» Full description using the possible three helicity states of the D* - measuring the angular
coefficients does not separate hadronic and NP effects, but also doesn’t make assumptions

» Measuring the 12 angular coefficients (ok to integrate in g* ? - or w - D. Hill et.al., JHEP 11
(2019) 133)

» Ongoing measurements of B" — D*/v and B? — D*£v
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https://arxiv.org/abs/2001.03225
http://D.%20Hill%20et.al.,%20JHEP%2011%20(2019)%20133
http://D.%20Hill%20et.al.,%20JHEP%2011%20(2019)%20133

D

Angular Coefficients </ OORE

BELLE

» Measurement of the angular coefficients of B — D*¢v using the full Bell dataset and
hadronic B tagging, including both charged and neutral B mesons

» The signal yield in bins of the angles, w and decay mode is

. . 2) o ) — YH _ Y€
determined using the My = (D1 — Prag — Pp+ — P¢) AX=X!-X
1 Observable x* / ndf p-value
6 _Be"e : : : 6 -ILdt = 71§1fb_ : : 64 ¢ 605, mm BGLE, e | AAFB 1 / 4 3k
- = 3, = 3, AFL(D*) 23/4 067
L= Ah. 53/4 026
; . : e : x AJic 42/4 0.38
- i . = 6 AJas 46 /4 0.33
5 e 24 A 50/4 0.28
iy = — = < 21 AJs 74 /4 0.12
6 . = e hﬂ e - ; - g
= — 0 — AJy 25/4 0.64
. - S e AJs 48 /4 031
] —— ?ﬂ“‘ —— = 0 +_+_ AJss 2.1/4 0.72
= i = = (2) L - AJse 1.1/4 0.89
. S e . e pe . SEus AJy 16/4 081
-k e F 4 =F . e b L AJg 33 /4 051
e — L T v 4 G = _+ N T A
i L : Bame o TN A 46/4 033
- T : T E T E : T T : T : B T : T : AJz 41 / 48 0.76
5 25 35 50 15 25 E) 50 15 25 35 50
¥y senis e awt 00V T s <Y G e s 2w 00 <M 5 <Y e s e
. - e arXiv:2310.20286

|V, | = (41.0 £ 0.3(stat) % 0.4(syst) £ 0.5(theo)) X 107>

» In agreement with previous analysis (PRD 108(2023) 012002) _
and HFLAV inclusive, no deviation from SM in LFU tests More in Markus talk
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https://arxiv.org/abs/2310.20286
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012002

A“g“lar COEfﬁCientS. BS — D;k//tlj F. Manganella’s thesis, courtesy M. Rotondo 14

» Building upon JHEP 12 (2020) 144 : binned folded and unfolded fit over 4-d space. Fully

differential decay rate:

d’T

dqg*dcosfdcosf,dy
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expressions, modify Ii(qz) — Ii(qz, eyp) to

include a New Physics coupling constant
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» Tension (similar with Belle J. Harrison, C.T.H. Davies, arXiv:2304.03137 but different binning)
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https://arxiv.org/abs/2003.08453
https://arxiv.org/abs/2304.03137

Additional ideas: CPV observahles 15

: . Poluektov, arXiv:2304.009
dT(B — D*fv) P P V. Dedu and A. Poluektov, arXiv:2304.00966
= dd
dwdcos8,dcos8,dy 0
. Im(gp) = 0.1
o L ———— ~
» P_yq =0 inSM, but can have non-zero terms in NP: % 004 B
=
05 0.02 g
Amplitude term Coupling Angular function I E
0.0 0.00 %
Im (A, A}) Im((1+ g + gr)(1 + g — gr)*] —V/2sin 26, sin 20 sin x s g
Im(.A".Ai) Im[(l + g1, — gR)(l + 9L + gR)*] 2 sin? 0 sin? fp sin 2x 05 —0.02 2
Im(.Asp.A’_“L,T) Im(gpgt) —8v/2sin f sin 20 p sin '
Im(AgAj) Im[(1+ g — gr)(1 + g1 + gr)*] —2v/2sinf;sin 20p sin x =0.04
%0 o5 00 05 1.0
Right-handed vector cos b
Interference of pseudo scalar and tensor currents - _
2 0.04 'go
» Express sinx using the momenta of reconstructible decay 002 ;
products and B momentum estimate for quadratic eq. ‘;j
. _ — — _ — — _ — — _ — — 0.00 ®©
siny =81 (PP Pp)+S (P D, Pp)+S3 (DD Pp)+ S84 (P Py PB) :
—002 &
» siny is P-odd and can be used as per-event weight to
cancel out the P-even contribution in data 1o o
=1.0 -0.5 0.0 0.5 1.0
cos

» On going dedicated analysis optimised for CPV observables
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https://arxiv.org/abs/2304.00966

New Physics Wilson Coefficients 16

» What if we want to tell apart all possible NP contributions(s)

< .)\)) Wilson coefficients
C;=CM + et

quark, e.g. b

» HAMMER tool (F. Bernlochner, S. Duell, Z. Ligeti, M.
Papucci, D. Robinson, Eur. Phys. J. C 80, 883 (2020) )
to re-weight MC events and obtain “dynamic”
templates, (for-)folding in the experimental resolution

Number of experiments

» Extract Wilson Coefficients and hadronic Form Factor
parameters from a fit to data (JINST 17 T04006)
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https://gitlab.com/mpapucci/Hammer
https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/abs/2007.12605

Exploiting angular observables 17

» Measuring B® = D*uv as benchmark Gp
7 8 S ete)

eff — \/§
» Aim: extend R(D) vs R(D*) measurement to zm
include angular variables and with NP WC in G

signal parametrisation V2
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https://hammer.physics.lbl.gov/HammerManual.pdf

Exploiting angular observables: B — D*uv 18

» Extract directly Wilson Coefficients and FF parameters from fit to data

» Shape analysis - no attempt to measure ‘Vcb‘ T e e —

ésoano

»  SM fits: CLN (Nuclear Physics B 530 (1998) "=
153-181), BGL (Phys.Rev. D56 (1997)

6895-6911) and BLPR parametrisation for
hadronic FF

IIIIIIIIIIIIIIIIIlllllllllll IIIIII IIII

NS ERE RN

» NP fits: BLPR parametrisation (F. Bernlochner T I
et. al. Phys. Rev. D 95, 115008 (2017)) —

EIIIllllllllllll”lllll]lll]llll T Ié.

» High statistics B — D*uv sample(s), could _

B'—> (D/(2430)'—> DX) v
B'— (D,(2420)'>DX) u v

fit for hadronic FF parameters and NPWC at ~ § R i : {

the same time, if correlations allow cos(s) M, [GoVA]
» First sensitivity estimates B. Mitreska CERN- i~ ————— —

THESIS-2022-105

B*— (D (2460)’=DX) u v
B> D (Higher) p v
B'>D 1

rererare S e e IV ATE FELVARAY | Bal')"‘lrv
£ Combinatorial
: + -------------- MisID
- 4 ¢ T B~ D,,(2536)" u v
EE—————— e B> Ds2 (2573)' p v
- <<= .= - D combinatorial

Example of fit projection for single
pseudo-experiment, courtesy H. Nur
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https://www.sciencedirect.com/science/article/pii/S0550321398003502?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321398003502?via%3Dihub
https://arxiv.org/abs/hep-ph/9705252
https://arxiv.org/abs/hep-ph/9705252
https://arxiv.org/pdf/1703.05330.pdf
https://cds.cern.ch/record/2824477
https://cds.cern.ch/record/2824477
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Exploiting angular observables: B° — D*uv 19
» Ideally no assumption about the NP structure (Eur. Phys. J. C 80, 883 (2020))
» In practice easier to search for specific NP models (e.g. Bhattacharya et. al.
JHEP 05 (2019) 191) or allowing one NP WC at a time
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4

Expanding on R(D") vs R(D"") measurement (LHCb-PAPER-2024-007)

Modify signal and normalisation models to include NP contributions

Pseudo-experiments study: no NP assumed in muon modes, NP assumed left-handed

SiLtSrL - S~ SrL
(Vig = Ver = Stp = Sgp = Trp = 0). S = » OL = 3
Confirmed no significant difference when floating or fixing FF (BLPR) parameters and
some sensitivity to NP Wilson Coefficients [preliminary study to be followed up]
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Conclusions 21

» First differential decay rate measurements of semileptonic decays performed also at LHCb

» Different advantages and challenges wrt measurements performed at the b-factories:
essential to take advantage of the complementarity

» Work on-going to perform angular analyses using different approaches

» Not many results today... stay tuned!
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» Expanding on R(D™) vs R(D"*) measurement (LHCb-PAPER-2024-007)

» Modify signal and normalisation models to include NP contributions

» Pseudo-experiments study: no NP assumed in muon modes, NP assumed left-handed

(Vig = Ver = Spp = Sgr = Trg = 0), SZF -
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» Confirmed no significant difference when floating or fixing FF (BLPR) parameters and
some sensitivity to NP Wilson Coefficients [preliminary study to be followed up]
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» Ideally shape + rate analysis, i.e. R(D) vs R(D*) determination simultaneous to WC

» Sensitivity studies need to include the full set of (at times poorly known) backgrounds

» Additional observables can be used to constrain NP contributions - while preparing/in

addition to simultaneous R(D) vs R(D*) and angular analyses (e.g. longitudinal D*
polarisation, measured by Belle FE — 0.60 £+ 0.08(stat) + 0.04(Sy8t) arXiv:1903.03102, ...)
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Becirevic et.al. arXiv:1602.03030
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» Ideally shape + rate analysis, i.e. R(D) vs R(D*) determination simultaneous to WC

» Sensitivity studies need to include the full set of (at times poorly known) backgrounds

» Better angular resolutions when using 3-prong hadronic tau decays

(my +m%0)|py| cosOpo y £+ Ey \/ (m%o — m})? — 4mZ,|py|? sin® Opo y

D. Hill et.al., JHEP 11 (2019) 133

-+ Parametric fit

to true angles s~ 23 fb~! template fit

|ﬁB°| - Y s« 9fb~! template fit to reco. angles & BDT -+~ 50 fb~! template fit
2(E2 — |py|? cos? 6o y)
Y = D*" 77, estimated up to a two-fold ambiguity el —_—
Ils, =
1 , Do ea_C— 12¢ =
o 125 e
:;—;L-q#ﬁ 1 B'"»D 131 ~ ;
‘Ll B f . B*_)—»I‘) ..... _E, ‘==" i
o 3 500000 £ 1 —=
—— B — D*3x(X) &Eo " 4o,
[ B— D" DX) 8 —=
-1.0 —0.5 0.0 0.5 1.0 —=1.0 —0.5 0.0 0.5 1.0 ( -2 0 2 I6¢ ...—.:-"——-.—‘—‘
cosfp cos By, x [rad]
16s- . 'ﬂ:.—ﬂ
JHEP 06 (2021)177 ;| competitive e
» Lower statistics than muonic decays samples, is| With Belle-l =S
. 191 - 4
large backgrounds, external inputs needed for o) (3 pm"g)‘ T |
—06 —04 —02 00 02 04 06
R(D): R( D*) g*-integrated value
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Baryons: A) = Afu o 2

» Probing baryonic decays - different spin structure Lattice Phys. Rev. D92 (2015) 034503
(grey band)

» Measurement of the shape of the Unfolded data distribution described

differential decay rate using Run-I dataset by single form factor fit (blue line)
I N S B

LHCDb

» Low background level and smooth
acceptance across decay variables

Phys. Rev. D96 (2017) 112005
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Additional ideas: CPV observables

V. Dedu and A. Poluektov, arXiv:2304.009
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Measurements of |V»|and hadronic form factors 29
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