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Ziirich™ Semileptonic b-hadron decays

BR(B—>XCTUT)

K= BR(Bechvf)

- remove the dependence on |V |

- partial cancellation of theoretical
uncertainties related to hadronic
effects

- reduce the impact of experimental
uncertainties

Vg

In the Standard Model, gauge
bosons couple to leptons
independently of their flavour
Lepton Flavour Universality
(LFU)




Jzme= Motivation to look at semileptonic decays %
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- Measured by three different experiments: s S et LT e
LHCb, Belle, BaBar | R(D) | 0.298 £ 0.004 0.358 +0.025+0.012 |
L L F———— e .
- Allpointin same direction ' R(D* | 0.254 + 0.005 0.285+0.010 + 0.008 |
- No definitive conclusion yet Ll ________.
- More measurements are
discrepancy from SMof = 3.2 ¢ —

needed!
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irich™ Semileptonic LFU measurements

Multiple measurements by B-factories and LHCDb using different methods, technics and decay channels

All results show a deviation from Standard Model.
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znen- Semileptonic LFU measurements at LHCb %

R(D*) muonicwith BY — D* 4y,
[PRL 115, 111803]
R(D*) hadronic with B9 —s D* ty,

[PRL 120, 171802]
[PRD 97, 072013]

R(J /1)) muonic with B;L — J/@MJFVE
[PRL 120, 121801]
R(A.) hadronicwith A, — Ajf_l/_g
[PRL 128, 191803]
Combined R(D) and R(D*) muonic
[LHCb-PAPER-2022-039 (in preparation)]
All with 3 fb~' from Run 1

2015
2018
2018
2022 Muons are favoured over electrons at
LHCDb because of their higher detection
efficiency and momentum resolution
2022

BR(B — X.7v,)
BR(B — X puv,)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
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i Zirih Different r decays THCH

BR(B — X.mv,)
BR(B — X.pv,)

R

_'___
B— X1 v;

T — 7T_7T+7T_(7T0)1/7- g —U" UV U

U T
PROS: - presence of only one neutrino PROS: - same final state as normalisation
- three charged tracks to - large signal yields
reconstruct tau vertex BR( T > - 5ﬂ ’/1) ~17.4%
CONTRAS: - lower signal yields CONTRAS: difficult to differentiate muon from
BR(z™—a~ z* 2~ v )~9.3% those originating directly from
- different final state to b-hadron decay

normalisation




) Zrc The main approach %

Complication Solution
Fit three-dimensional distributions of B rest

Normalization:

frame kinematics:
B — X:lu,@ missing mass, muon energy and invariant
“ mass of the lepton system.

Cannot be
detected

¢’ = (Ps—Py;)’

E

U
Mr?u'ss = (PB o ‘PXc+ - Plf)2 @
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Zirich The main approach of the analysis %

Signal Normalization
broad spectrum peak in lower masses
E  spectrum is soft E  spectrum is hard
2 2

= q->m: g>>0

¢* = (Ps— Py;)"

—
% Ef
)qz

Signal: Normalization: E,
/- . 2
B_>Xc+lu’ @ B_>X+ O mzss_ PB_PX+_PIL7) @
N—
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Zirich R(D*) muonic at LHCb

_ BR(B - D*ri,)

R(D*) = , T — -y D* — D(— 7K
() = BRE S D)’ T P (om)m |
- The first semileptonic LFU measurement at the hadron collider. =X [BPSbe
| | .
- Unknown rest frame -> use approximation to access rest frame v,
kinematics 28 D’
- assume VBZ,visible — Vﬁz,total g ‘ r.‘\ Vi
V.U
- ~20% resolution on B momentum sufficient to differentiatep o X M

signal/normalisation.
- Separate signal and normalisation channel with a 3D template fit to
kinematic variables:
M2 E* q2

miss n

- Simulation templates : signal, normalisation, partially reconstructed
contributions

- Data templates : Combinatorial, mis-ID —@—
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Zirich R(D*) muonic at LHCb

20000 —0.40 < q° < 2.85 GeV/c*

-0.40 < g* < 2.85 GeV/c*

s

2015
Main background: Run 1 data, 3 fb™’

[PRL 115, 111803]
, = * B — D" uv
Z 0 24 '“Gﬁ,m (vaz/cj)o 000 1500;‘* ~5200 B D* ){C( s X//LV) X

30000 285 <q: < 6.10 GeV2/c* LHCb ] = 12 2.85<q: < 6.10 GeVic*

Candidates / (75 MeV)

Candidates / (0.3 GeV’/c*)
g

Combinatorial background

Candidates / (0.3 GeV/c*)
Candidates / (75

Particle misidentification background

o 2 3 "5 | —— Data
0 250) — D*tv

= HtOEY) =248-H¢H VX)X
To 6.10 <q? <935 GeV/c* I B - D”'lv
3 - R(D*) = 0.336 & 0.027(stat) £ 0.030(sys)1
S [0 Misidentified p
2.10 above SM

6 800

m2. (GeV*c*)
”;:, 9.35 < g2 < 12.60 GeV/c* LHCb 7 % 4000_
i 1 & sk . .
] s Largest systematic uncertainties —
2 ° ——— the size of simulated samples and © <—— 7 misidentification

& SOU ]000]500 =

50005300
E,* (MeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Zirich R(D*) hadronic at LHCb

R(D") — BR(B — D*1v;)
- BR(B — D*uv,)

, 7= (1°)v,, D* = D(— nK)n

- B — D" nTn x" used as normalisation mode

R(D*) =

Nio  €norm 1 BR(B — D*3n™)
X X X
Nnorm €sig BR(T — 3t (FO)VT) BR(B - D*_'U+V”) external

- 3D binned template fit to kinematic variables to extract signal:

q2

T decay time
output of BDT trained to discriminate 7 from D

- Fit to the invariant mass of the D*37 system around the B mass to
extract normalisation.

- Only one neutrino emitted at the 7 vertex that allows the vertex Y
reconstruction. d -9
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) ponerstat R(D*) hadronic at LHCb 4

T T

LHCb @ =

£ o0 D 2018
g 2500 Main background: Run 1 data, 3 fb™
é 2000 N + [PRL 120, 171802],
% B — D3rX [PRD 97. 072013]]
5 ﬁ B— D'DiX
0
0.5 1 15 2
s suppressed with BDT based on kinematics and resonant structure

2500 F

suppressed by requiring the 7 vertex to be downstream wrt Bvertex
along beam direction with a 40 significance

2000 F

1500 |

1000

Candidates / ( 1.375 GeV¥/¢*)

500 F

‘ R(D*) = 0.280 & 0.018(stat) & 0.026(sys) & 0.013(ext)
10 above SM

% 5
¢ [GeV et

Candidates / 0.1

Largest systematic uncertainties —

— the size of simulated samples, double-charm background,
efficiency ratio
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
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1) priers! R(J /1) muonic at LHCDb

BR(Bf — J/¥17v;)

R(J/¢) = — , T e, I/ — pteT 2018
e BR(BS — J/4 ) Run 1 data, 3 fb-!
- LFU test with different spectator quark. [PRL 120. 121801]

- Separate signal and normalisation channel with a 3D template fit to kinematic variables:

5000

=
M? -

miss

2

q
. Z(¢* E*
E, (Brestframe ) } (@, 5))

4000 LHCb

S
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S

)
=
S
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. £ 8000
B. decay time 3 0 1000
- Main background B, — J/¥X and f <> 7 mis-ID. g . =
= 5000 E (] — e s m— ;
-_QE; 4000 5.
O

)
()
1%
e,

[R(J/¢) = 0.171 4+ 0.17(stat) + 0.18(3ys)] 2000

2 0 above SM £k — £ 3
AqE,) 2 =
Largest systematic uncertainties —  — Da W —puty, O E
. . Mis-ID bkg. B J/y + 1 comb. bkg.
——— the size of simulated samples and B, form factors. iy comb ke, W B: —JpH'
Bl = x(1P)'v, R B — y2S)'v, s
BB —Jyttv, 05 !

15 12
decay time [ps]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

Zirich R(A.) hadronic at LHCb %

BR(A, — Aj 7w,

R(A}) = =31 (n°)v,, Al - pK 7" 2022
+ ) T C
_ | BR(Ay — Alpvy) Run 1 data, 3 o' |
- First LFU test in baryonic b — clv decay. 'PRL 128. 191803]. |
- Ay — A;LW_W+7T_ used as normalisation mode. s , L
N, BR(Ay — Af3n* a :
R(A:_) _ 9 o €norm 1 % ( b ) AT >
Nnorm €sig BR(T — 3 (WO)VT) BR(Ab — Ac M V") external
- 3D binned template fit to kinematic variables to extract signal: P P
2
q

+ decay time
output of BDT trained to distinguish A, —, A D; (X) decay.

Candidates / (0.17)

s 5 E E B

- Main background A, — A*37=X and A, — Af D, (— 37 X)X

‘ R(A}) = 0.242 £ 0.026(stat) + 0.040(sys) + 0.059(ext)

Candidates / (1.83 GeV/c*)

zT 28 g8
2 82 8 23
T

Agreement within 10

—»

Largest systematic uncertainties
—, the double-charm background templates

10
¢ [GeV/ct]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803

Universitat
/) Zurich™

BR(B — D¥ v,
R(D(*)) _ ( vr)

BR(B — D)y,
extend LHCb Run1 muonic measurement from 1D band to 2D ellipse via a
simultaneous fit to disjoint D%~ and D**p~ samples.

Higher branching fractions and higher efficiency due to inclusion of not fully
reconstructed D*

Using rest frame approximation, construct 3D “template” histograms for each’™
process contributing.

8-way simultaneous maximum-likelihood fit to (2x) isolated signal regions,
(2x3x) anti-isolated control regions

, T— vy, D" = D(— nK)m

MmB->Dpv
BB ->Duv
BB D uv
Il Fake muons
Combinatorial
B ->D uv
B—D’DX
B-Drv
B ->Dr1tv

Dty

Combined R(D) and R(D*) muonic at LHCb %

First joint
measurement of
$R(DA*)$ and
$R(D70)$ at
LHCb

30000f-9:35 < q” < 12.6 Gev/c* LHC prelimina

i

R(D*) = 0.281 =+ 0.018(stat) + 0.024(sys)

0 S5 10

Missing mass® (GeV / ¢?)?

Missing mass® (GeV / ¢?)?

R(D) = 0.441 + 0.060(stat) + 0.066(sys)
1.9 0 above SM

Largest systematic uncertainties
the size of simulated samples and the effects of shape parameters derived

935 <g* < 126 GeVZ/c* e prefliminary]
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https://indico.cern.ch/event/1187939/
https://indico.cern.ch/event/1187939/
https://indico.cern.ch/event/1187939/
https://indico.cern.ch/event/1187939/
https://indico.cern.ch/event/1187939/

Future prospects

- Significant reduction in statistical uncertainties. Runl + Run2 = 4 X Runl

Improvements in simulation techniques and hardware.

- Reduction in systematic uncertainties due to | Better knowledge of background channels.
Improved external uncertainties thanks to new measurements.

New theory inputs
- Future and ongoing measurements, R( A C) muonic R( D+) R( D**)
including angular analysis : A
, R(A;) R(D*)(with e -p) R(D;)
- Update of measurements with Run2
Run“2 B Run 37 Run 4 Run 5 Run 6 Run'Z ~ Run _37 ~ Run4 Run5 Run 6
’ - R(AY) 13 ' i i - R(AY)
R(J/®) 16 R(J/®)
S - R(D;) SE7 EE W W Kl
E R(D**) E \‘_\ _______ R(D**)
E 12 R(A.) £ 12 \ R(A,)
£ 100 R(DY) 210 \—= R(DH)
§ of R(D) ;5 .\ O\ N — R(D)
5 f R(B%)__ g J -z R(D")
E 6‘ 4,{_‘3 6 ............ \__\\ ‘\\\~~
g 4 A ]
oL Pessimistic oL Optimistic N S
LHCD unofficial LHCD unofficial T~F===========——___
0 0
Y © 92 QO O ¥ O 2 Q9 a9 ¥ o D2 O ¥ © © QO O ¥ O O 9O &4 ¥ O D O
&S N oy &y oy Gy Oy Oy Oyt 0y 0y 0y W NN A Oy A Sy N D D D Dy 0y W
FFFFIT T TSI F &S FFFP T TS F &S
Data sample up to year Data sample up to year
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) Ziirich™ Conclusions

- Lepton Flavour Universality tests are a clean probe to NP,

complementing the direct researches.

- Study of semileptonic B decays at LHCb very challenging due to the

missing neutrinos and no beam-energy constraint.

- The LHCb experiment has performed several b — cly; measurements
that hint on tension with SM: R(D(*)), R(J/¥), R(A.)

- More measurements to come!




