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Tree-level b — c£v transitions

Semileptonic b — ¢Zv transition are clean channels from theoretical SM s/
point of view
» Powerful tests of the Standard Model (SM) and probe for New b p—s w+ NV
Physics (NP) effects! B
C
4+ Measurements of | Vcb | — see Alois’ talk D*
4+ Tests of Lepton Flavour Universality (LFU)
Two Higgs Doublet Leptoquark |
o+ /ot v /T
Some tree-level NP <
contributions that can SN\
appear in semileptonic B@
decays: — c
D*

PhysRevD.110.055023
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.055023
https://indico.in2p3.fr/event/36369/timetable/#34-status-of-v_ub-and-v_cb-mea

New Physics Framework: Eftective Field Theory (EFT)

e SM can be described as a low-energy approximation of a

heavier NP theory (with scale A > my) —> « SMEFT »
approximation

4G
Z (b = clv) = \/5 Ver(Ogy + Z CiO) B

e Inb — cfv transitions, most general effective Lagrangian (dim 6):

4G - - e '
\/gvcb{ (1 + €y )P+ € Pr| 7.PL+ |[€s|+ €p°| P+ €F 0" PLo,, P+ h.c.}

Lefr =

e C,,C,  Cg, Cp, Cp are complex NP couplings (= 0 in 5V), called Wilson Coefficients

e Different NP models (H+, LQ, . . .) = different combinations of couplings
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How to test for NP experimentally?

Lepton Flavour Universality - ratio tests

NP operators influence the
angular distributions of the
Lilnk to 2025 HFLAV avelraclge helicity angles

1 I 1 1 1 1 I 1
68% CL contours

LHCbH* m
Belle” < X

CKM2025

/

/A‘\d

L

4 HFLAV SM Prediction ;
R(D) = 0.296 + 0.004 Belle II

R(D*) = 0.254 = 0.005 R(D)=0.358+0.024, .
R(D¥) =0.281=0011,,
p=-0374
P(?) = 27%

[ [ [

s

L-QCD FLAG24 (Nf=2+1 for R(D*))
R(D) =0.2938 + 0.0054
R(D*) =0.2582 + 0.0051

1 1 1 1

1 I 1 1 1 1 I 1 1
0.2 0.3 0.4 0.5

R(D)
3.80 tension between measurements

and theory predictions!
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https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html

Angular observables as a probe of NP

Angular decay rate for B = D * (D"n)¢v:

d*T
X
d cost/pd cost;dydg?

Z Jx(q%) - fx(costOp,coslr, )
X

.. Fixed functions of the angles
Angular coefficients, encapsulate:

1. Hadronic interaction (Form Factors) Transferred 4-

t d
2.Wilson Coefficients (NP!) m°2"f" am squarze
q = (PBO _PD*)
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Angular observables as a probe of NP

Angular decay rate for B = D * (D"n)¢v:

d'T _ 2GEnpw Ve |*mpmp-

dcosfpdcosf;dydg? 274

sin® 0| cos 20

sin® 0] cos 0

sin 267, sin 20

sin ¢/, sin 20

12 Jy coefficients
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Angular observables as a probe of NP

13 Pseudovector
|
() c_’l: - ) [ :l S ] [P B ] l:
Angular decay rate for B - D * (D n){v: A a . = :
\ = | sm 5 :
d*T _ 2G5 |Ven|*mEmp- 3 | i / \-
d cosf pd cos O dydg? 274 t Toreor _
X (ch(q2) cos® 0 + Jls(q2) sin® 0, £ _
+ :ch(q2)cos2 O + Jos(g”) sin? Op] cos26; 1 . | . 1;
+ _J6c(q2) COS2 HD + J6s (q2) Sin2 GD_ COS HL B. K‘Llltensko, made with 'eg ’ (1‘_’ I\[G(,‘,d/l(‘.:]
+ [J3(q?) cos 2x + Jo(q°) sin 2| sin” 0, sin® 0,
+ [J1(q®) cos x + Js(g°) sin x| sin 26, sin 26, Studying the J, at different ¢~ values
+ [J5(q?) cos x + Jo(¢?) sin x| sin 0, sin 26, allows to identify different NP

contributions!

12 Jy coefficients
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Angular observables as a probe of NP

13 Pseudovector
() - - U' S [N ! O] [ B ] ] l:
Angular decay rate for B - D * (D n){v: A P = :
) = | sm 5 5
d*T _ 2G4 ew | Veb|*m%5m p- 3 | i / \’\—
d cosf pd cos O dydg? 274 ‘) _ Toreor _
X (ch(q2) cos® 0 + Jls(q2) sin® 0, £ _
+ :ch(q2)cos2 O + Jos(g”) sin? 0p] cos26; 1 . | . 1;
+ :J6c(q2) COS2 QD + J63 (q2) Sin2 QD: COS HL B. K(L]Itensko, made with ‘eﬁ ) (I'.’ I\[G(,‘,,f‘.’/l(‘.:]
+ [J3(q?) cos 2x + Jo(q°) sin 2| sin” 0, sin® 0,
+ [J1(q®) cos x + Js(g°) sin x| sin 26, sin 26, Studying the J, at different ¢~ values
+ [J5(q?) cos x + Jo(¢?) sin x| sin 0, sin 26, allows to identify different NP

contributions!

12 Jy coefficients

The goal of our analyses is to measure these 12 J, coefficients in bins of ¢~
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The LHCb Experiment at the LHC

Total recorded luminosity — pp —31.5 fb™!

i

link

Run 3 - 22.39 /tb |

2025 (13.6 TeV): 11.64/1b
2024 (13.6 TeV): 9.56 /b
2023 (13.6 TeV): 0.37/1b
2022 (13.6 TeV): 0.82/1b

Run 2 - 5.90 /tb f

Exploits proton-proton collisions from the
Large Hadron Collider (LHC) at CERN with

30

25

2018 (13 TeV): 2.19/1b
2017 (13 TeV): 1.71/1b /
2016 (13 TeV): 1.67/1b

2015 (13 TeV): 0.33/1b

Run 1 - 3.23 /tb

2012 (8 TeV): 2.08 /1b /
2011 (7 TeV): 1.11/1b

2010 (7 TeV): 0.04/1b / LSZ

\/s = 13 TeV (Run 2),
/s = 13.6 TeV (Run 3)

20

15

10

Integrated recorded luminosity [fb™']

_
T ¢
O
|
-
%
N
N

ALICE

SPS OQ/\%“\&%b’\%QQ
ATLAS - Q,Q\ WQ\ Q,Q\ q,Q\ q,Q\ q,Q\ WQ\ (\9\ %Q\’ RV
Booster
INAC 2 S Run 1 Run 2
Proton injection Major Detector Upgrade!

X 5 instantaneous luminosity
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The LHCb Experiment at the LHC

*Run 1-2 detector

M4 M>
. M3
5m o SPDI/EPSALHC AL =
= T3 RICH2 C —
II IIII IIII IIM]‘
T1T2 | |
Verte
TT
Locator/ |/

5m 10m
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The LHCb Experiment at the LHC

e Forward arm spectrometer

covering2 <n <5

» Optimised for pp — bbX

events

Interaction point

*Run 1-2 detector

M4 M>
. M3
o SPD/PSA HCAL =
= T3 RICH2 ECAL
II IIII IIII IIM]‘
T1T2 | |
Ve
Locat
— 5m /| —
* T e
I N I A N TR I R R N I >
Sm 10m 15m 20m y/
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The LHCb Experiment at the LHC

e Forward arm spectrometer
covering2 <n <5

» Optimised for pp — bbX
events

e Tracking system

» Excellent vertex
reconstruction

*Run 1-2 detector

A
’ M4 M3
. M3
" Magnet SPD]/EPCSALHCAL —m
i el )
1112 [F2
RICH1
Verte
TT
Locat g
[ | e |
== e
O == —
I ]
\ /! —
1| =
I | A N TR I R R N I >
Sm 10m I5m 20m Z
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The LHCb Experiment at the LHC

e Forward arm spectrometer
covering2 <n<>5 A

» Optimised for pp — bbX
events

Sm —
Magnet

SPD/

T2

e Tracking system — TI
» Excellent vertex Verte
Locator

reconstruction G| e

e Hadron PID with 2 RICH
detectors, electron and muon

B

PID with ECAL/Muon chambers

—5m |—

AL

*Run 1-2 detector

M4 M>

Searches for New Physics using semileptonic BY — D * v decays at LHCb
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Angular analyses with
B - D*7£v decays



Semileptonic challenges at LHCb (1)

Neutrinos are not reconstructed at LHCb

» No final state invariant mass peak to fit = binned template fits instead of parametric fit

» Need to approximate the B/t momentum: ﬁ
' ' SV
1. Rest Frame Approximation \ Use B° flight direction, B(>
] ] ) PV .-’ B? flight direction pzo
2 Solve kinematic equation reconstructed thanks to the VELO p e p

» yields 2 solutions £ (quadratic eq.)

2.5 F
20 F .

Large resolution effects!

This causes bin migration between
true space and reconstructed space

0.0:|||||||||||||||||||

cos( 1) True — c0s(6r) cos(0L)
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Semileptonic challenges at LHCb (2)

Lots of background sources:

o B — D**¥( = D*X)¢fv: decays with a higher excited D state
(admixture of D*(2300), D,(2420), D(2430), etc.)

e B = D*D( — £1)X: double-charm meson decay
e Mis-identified final state into &

» Use m?

s = (Pgo — Pp+ — p,)* as a discriminating variable

Template-building (signal & background) needs a lot of
statistics from Monte-Carlo simulation

» Large source of systematic uncertainty

» MC is generated with a chosen model — model-
dependence

Léa Dreyfus GdR Intensity Frontier

Counts [a.u.]

400

200
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Fit methods overview

To deal with resolution and kinematic-dependent detector efficiency effects,
multiple ways of fitting are developed:

® Folding: Multiply the binned PDF by a response

: Response matrix:
matrix

R;; = P(reco bin R; | true bin T))
Built with MC sample!

> Map the PDF from true space to reconstructed space

® Unfolding: Perform the fit on unfolded data
(unfold with response matrix)

» Map the reconstructed data into true space
All 3 methods have some
degree of model dependence
and suffer from limited MC
statistics

® Reweighting: Construct a binned PDF using
weights that account for event migration in
angular space

» Build templates accounting for reconstruction effects
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Analyses status

We have 2 anqgular analvses ongoing in our group:
g y going group m2... = (Pgo— Pps — Py)°

q° = (Pgo— Pp+)”

Run 2 dataset
Decay: B — D*uv, and B’ = D*ev,

Run 3 dataset

Decay: B’ — D*ev,
Goal: Measure 12 Jy, coefficients in two g°

. . Goal: Measure 12 Jy coefficients in several
bins, test LFU with e-u

(tbd) q2 bins

Method: 4D template fit (« reweighting » Method: tbd

approach)
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Analyses status

We have 2 angular analyses ongoing in our group: )

M iss = (pBO — Pp* — pf)z

q° = (Pgo— Pp+)”

Run 2 dataset
Decay: B — D*uv, and B’ = D*ev,

Run 3 dataset

Decay: B’ — D*ev,
Goal: Measure 12 Jy, coefficients in two g°

. . Goal: Measure 12 Jy coefficients in several
bins, test LFU with e-u

(tbd) q2 bins

Method: 4D template fit (« reweighting » Method: tbd

approach)

— also measuring R(D*)_,, with same

dataset (and 7 — ev,v)

7/e
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Analyses status

We have 2 angular analyses ongoing in our group: )

M iss = (pBO — Pp* — pf)z

q° = (Pgo— Pp+)”

Run 2 dataset
Decay: B — D*uv, and B’ — D*ev,

Goal: Measure 12 Jy, coefficients in two g*
bins, test LFU with e-u

Method: 4D template fit (« reweighting »
approach)

— also measuring R(D*)_,, with same

dataset (and 7 — ev,v)

7/e
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Run 2 strategy

Goal: extract the 12 J, coefficients for # = e, it in 2 g* bins

with Run 2 data

Method: 4D template fit in the 3 helicity angles
cos(f), cos(d,), y and the reconstructed « missing
mass squared » mnz@iss

2

» m’ . used to disentangle signal and background

» Templates built mostly from Monte Carlo

simulation, some data-driven (eg mis-identified
leptonic final state)

Léa Dreyfus GdR Intensity Frontier Searches for New Physics using semileptonic BY — D * v decays at LHCb



Template fit - Run 2

JHEP11(2019)133

v v

Strategy: Include all detector efficiencies and resolution eftects directly in
the signal templates
Pros: Cons:
+ Model-independent* - The g? resolution still needs to be corrected
+ No need to unfold the results to apply the through the response matrix R;; > model
detector effects dependence

Integrate the decay rate over a g° range, define I, = I‘JX(qz)a’q2 :

Léa Dreyfus

d*T
dcosfpdcosfrdy

X Z Ix - fx (COS fp,cosfy, X) Unbinned angular function
X

_)ZIX . hx(COSHD,COSHL7X)
X
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https://doi.org/10.1007/JHEP11(2019)133

Template fit - Run 2

Normalisation of /;,

1
PDF(0p,0L,x) = 5(4 — 6115 + Lo + 2155)hy, + Z Ixhx | X [fsig
X

+ D fokg X ke

backgrounds

o Extract 11 Iy from the fit, 1 constrained from total decay rate

o [, coefticients are blinded by a random scaling + random shift
e Templates are fixed shapes

e Fractions: 10 free parameters, 2 fixed

Template fit procedure has been validated and blinded I, coefficients extracted

Systematic uncertainties are almost done
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Analyses status

We have 2 angular analyses ongoing in our group: )

M, ics = (pBO — Ppx — p/)z

q° = (Pgo— Pp+)”

Run 2 dataset
Decay: B’ - D*uv, and B — D*ev,

Run 3 dataset

Decay: B’ — D*ev,
Goal: Measure 12 Jy coefficients in two g~

. . Goal: Measure 12 Jy coefficients in several
bins, test LFU with e-u

(tbd) ¢* bins

Method: 4D template fit (« reweighting » Method: tbd

approach)

— also measuring R(D*)_,, with same

dataset (and 7 — ev,v)

7/e
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The LHCb Detector Upgrade |

Run 3 Upgrade:

*
4+ Changed all trackers, Run 3 detector

4+ Replaced all readout electronics, e foar HCAL

4+ Changed to fully software trigger Magnet SciFi  RICH2 M2
(compared to hardware + software Tracker . 5

trigger in Run 1-2)

RICH] - mE
A lE UT

> Improves greatly triggering on &
decays with electrons! LS -

Vertex

4+ Already collected ~21 fb~! pp data oot /N
(~2.5X more than Run 1+2) / L. =

We expect ~7X more
statistics!
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Run 3 analysis status

e We are working on improving the template fit procedure in order to
minimise the model dependence

» Thorough study using large MC samples generated with RapidSim

» Aim to compare the different fitting methods (folding, unfolding,
reweighting) with different g2 binning

e Ongoing work with a « Fast MC » will help reduce the systematic uncertainty
inked to limited MC statistics
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Conclusion and prospects

e Long-standing tension in R(D)-R(D*) measurements encourages searches in
semileptonic b — c£v transitions

e The 12 I angular coefficients are being measured with difterent leptonic final state
to probe potential NP contributions:

» Run 2 analysis being finalised,

» Run 3 analysis ongoing with increased statistics and expecting reduced systematic
uncertainties

Thank you for your attention!

Email: lea.dreyfus@cern.ch
CERN Mattermost: @drlea
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Angle definition

* (J,: angle between the direction of the lepton
and the direction opposite the BY hadron in the
virtual W rest frame.

e (): angle between the D* child hadron and the

direction opposite the BY hadron in the D* rest
frame.

e v: the angle between the plane formed by the

D* decay and the W decay, defined in the B"
meson rest frame
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Generator-level angles and fit to decay rate

Counts/0.13 rad

——— 3D Unbinned Fit
4 RapidSim generator-level angles

| i

[ T T | T L+qu'}' - | T T T 1"[TTHTI*}'TI _]

E AT S

- ";‘ T T IFL+I T+ T%'T .t‘ :

esnipct Sl R Tausts I .
-2 0 2

y [rad]

0.04

Counts/

300000 f
250000

200000

150000

Pulls
S W

Run 2 conditions RapidSim sample B — D*ev,

10M events, fit the 3D decay rate integrated over

the whole ¢? range

Extract 11 out of the 12 coefficients, I,

constrained with

Léa Dreyfus

1

I' = —(3]10 + 6115 — 1o, — 2.[23)

4

GdR Intensity Frontier

_ —— 3D Unbinned Fit _
—+ RapidSim generator-level angles i
: ST :
i BT R P NG O S % RS €' S
-1.0 -0.5 0.0 0.5 1.0
cos(6p)
Fit results:

name value (rounded)
I1ls 0.350739 +/-
I2c -0.531814 +/-
I2s 0.116519 +/-
16¢C -0.000309983 +/-
I16s -0.293781 +/-
I3 -0.176987 +/-
14 -0.30759 +/-
I5 0.237602 +/-
17 2.11921e-05 +/-
18 -0.000139842 +/-
19 1.01578e-05 +/-

(o B o T o T o B o B o T o T o I o B o Y

04

Counts/0

250000 F
200000
150000 |

100000 f
- — 3D Unbinned Fit

50000 E
5

O:

Pulls

-5

—+ RapidSim generator-level angles

1 1 1 1 I 1 1 1 1 I 1 1
T

Mlll"!"rl 1 I_

RIS A0
o Hlodi t LL’}‘F}:F}'W& Iw+l I

SIS S n et *

|
-1

at limit
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.0 0.5 0.0

0.5

1.0
cos(6r)

This is just to give an idea
of the true distributions :)



More angular observable (1) wxsrozs

® |ntegrate the decay rate on one or several
angles:

e 0O, distribution :

dqQ;li:I;s g, = 90:(¢) + b0,(0") cos b, + co, (¢) cos™ b,
ag,(9%) = g (J1c + 2L — I — 215s)
bo () = 5 (e + 21s.)
o, (@) = 5 (e +2D,)
e (p distribution :
d*T

(q2) + Cop (q2) cos” 0p .

=a
dg?d cosfp op

3
ag (q2) — g (3118 — 123) .
3
COD (q2) — g (3110 - 3113 — IZc + 123) .

d*T

9

dqg?d cos Opd cos 0,dx T 32r

e Y distribution :

{Ilc cos® Op + I, sin® Op

4 :]20 cos? 0p + I, sin? 91): cos 26,

+ | Is. cos? Op + Igs sin? Op | cos 6,

+ :13 cos 2x + Ig sin 2x] sin® @ sin” 0

+ |14 cos x + Iy sin x| sin 26, sin 26

+ :15 cos X + I7sin X: sin 6, sin 291)} ,

djjgx = ay(q°) + ¢ (¢°) cos 2x + ¢ (¢°) sin 2x,
a,(q°) = 8i7r (3110 + 6115 — Iy — 215;)
¢ (q7) = %I:s,
e, (q) = %IQ.
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More angular observable (2) =m0z

® From the previously defined terms, define:

e Differential decay rate

a1
dg? T4 (3L1c + 6115 — I — 21y)

e Forward-backward asymmetry

_ bs, (q°) _ §(166+2168)
dl'/d¢? 8 dI'/dg®>

Arg (qz)

e D* polarization fraction

1 3Ilc— I2c
23 (Ilc + Ils) T IZC _ IZs |

FP (g% =
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Sensitivity of observables to New Physics models

Table 1 The dependence of angular observables on combinations of Wilson coefficients. An entry of v' denotes the presence of this combination.

An entry of m" denotes the presence of this term, but with kinematic lepton-mass suppression o (m;/+/g?)" (n = 1, 2). The “num(-)” indicates
that only the dependence of the numerator of this observable is given. The V:* have been introduced in Ref. [30]

Observable ICal> |Cv|*> |Cp|> |Cr|* Re(C,C}) Re(C,C3) Re(C,C:) Re(C,Ch) Re(Cy,C%) Re(CpCH)

Jie =V} v ~ v v - (m) (m) _ _ _
Jis =V v v - v - - (m) - (m) -

Joe = V) v - - v - - - - _ _

Jos = Vo v v - v = - — _ _ _

J3=V] Vv Ve - v - - - - - -

Jy =T v - — Vv - - - - - _

Js =vyT m*) - - m?) (m) (m) - (m) v

Joc = V3 (m? - - - - (m) (m) - - v

Jos=Vy - - - m®) v - (m) - (m) -

dr'/dq? v v v v — (m) (m) _ (m) _ Eur. PhyS J.C 81,984 (2021)
num(Agg) (m?) - = (m?) v (m) (m) - (m) v

num(F;) v - v v — (m) (m) — _ _

num(Fr-1/3) v v v - (m) (m) - (m) —

num(fL) v (m?) v v - (m) (m) — (m) _

num(F;-1/3) v v -~ v - - _ _ _ _

num(.S3) v v = v — — — - _ _

Observable - - - - Im(CAC}) Im(C4C%) Im(CAC%) Im(Cy C%) Im(Cy C%) Im(CpC%)

I =vyT (m?) - (m) (m) - v

Jg=VvT v - - - - _

Jo =V v = - - - _
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Bremsstrahlung recovery for electrons

e Bremsstrahlung (« brem ») mainly from interaction with
detector material

e Energy loss « E/m* — mostly affects electrons

e |f a photon is emitted before the magnet, the Magnet
momentum measurement is biased

-
.
L
.
.
.
-
-
-
.
.
.
]
L]
.
.
e .
.

» Recovery procedure: find the brem photon by
extrapolating the track, add the energy back to electron

» Photon recovery efficiency ~60% (run 2)

* Electrons are categorised into:

4+ With brem photon
P Both samples require different treatment for the background
4 No brem photon suppression, MC corrections, templates, etc
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Kinematic reconstruction (1)

Two methods to reconstruct the missing momentum from the neutrino:

Rest Frame Approximation

Exploits high boost of the BY:

The longitudinal component of pgo is approximated RO SV
with boost of the visible final state PV“',' B flight direction p
pPp—roe——p
2 _ MBo .
B ey P Get B flight direction from the excellent
m PV and SV reconstruction in the VELO
BY 2
paol = 2 piy. 01+ tan?(9)
Mp=g
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Kinematic reconstruction (2)

Two methods to reconstruct the missing momentum from the neutrino:

o o ® o D*f
Quadpratic Equation solving: £
Solve the eq. of motion for p,, assume m, = 0 Ao D*
L /X
— reconstructs pgo Up to a twofold ambiguity / N
...... AL
Work in a basis || and L to BY momentum / ““““ | ',
BY .# Ve
Dpo = (|pBO|7 0)7 '¢" 1_5
'¢' B9
DPpD*¢ = (pg)*ga plL)*E)a P—>"‘_P
D, = (pﬂa pzj/_)

2
Pp+y (m230 — m2D*e — Q(PIL)*E)Z)

Solve, get: a = ”
2 ((pD*£)2 ~ E%)*e)
2
— L |
1 ((P|1|>*e)2 — EIQD*Z) ((pﬂ)*gV B Ez%*e)
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Kinematic reconstruction (3)

Resolutions on the analysis variables
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Template fit Run 2 - fit validation with Bootstrapping

The fit is validated on
bootstrapped SM signal +
background sample

Template fit is iterated 1000
times

Pulls follow a gaussian
distribution with 4 = 0 and

c=1
» Fit is robust and unbiased
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Fit methods comparison - preliminary results

B Reweighing fit method
11c 0_007060094 B Unfolding fit method (Event sampling)
0.0122 B Unfolding fit method (Event + Response matrix Sampling)

I1s

12¢C

I2s

I6C

16s

13

4

15

17

I8

19

0.000 0.005 0.010 0.015 0.020 0.025
B-D “ev,. in g% €[0, 4] GeV?/c?
Limited MC systematic uncertainty.
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