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Introduction



Introduction

- Lepton flavour universality (LFU) in the SM: T o w T
. ) arv,/Wayvﬂ i
electroweak couplings are independent of lepton W = /W > o, :
flavours W = 1v,/W — ey, et
- Verified on tree-level with EM interactions, Z and WZ* “V”ivzv_'e"* —
. = ppu/Z — ee Ferl
light quark decays Z )7 o> ce b
- New physics particles could lead to a violation of T — ee/ Iy = ppu fo
LFU T /i evy, [
T evy/p— eV, b
* At LHCb: Tests of LFU with semileptonic b — cfv T /T > ey, r
and rare b — s¢t¢~ decays in the heavy quark VS S
0.8 0.85 0.9 0.95 1 1.05 11
sector R
Lepton flavour Helicity Semileptonic Semileptonic
Strictly violation suppressed FCNC FCce
forbidden Tty B outuT b sti- b— clw .
C -- i -- i i i 5
0 ~ 10740 107° 107 102 branching fraction
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Lepton Flavour Universality at the
LHCb detector



LHCb detector (Run 1and 2)

Tracking system gcaL HCAL M4 M5

SPD/PS M3
2
Magnet __RICH2 M1 =

250mrad

- Precise b hadron
identification through

displaced vertex il |/ ST\ N et I
reconstruction _. — L
mp:15:|:29pT/mm / \
- Low transverse momentum =/ /X . e~ | | SR
triggers -5
[JINST 3 2008 S08005]

- Precise tracking detectors - T<2  [int J_Mod. Phys. A 30 2015 1530022]

with dipole magnet
Gp/p ~05% | Cherenkov detectors

4

- e: emit bremsstrahlung, high occupancy in ECAL, lower reconstruction
efficiency

| Calorimeter system || Muon system |

- PID system: calorimeters,
muon system, cherenkov

detectors
- w: negligible bremsstrahlung, low occupancy, high reco. efficiency

- 7: challenging to reconstruct because of neutrinos
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Lepton flavour universality tests
with b — c/v decays



LFU with b — c/v overview

- Allowed charged tree-level current with large
decay rates

- LHCb: study ratios Ry, with 7 and

b c
we T/
A

B(Hb — HC’T‘I/T)

R =
e B(Hp — Hepy)

with H, = B%, Bt Ay, ...
and He = D%+, D% D*, Ac, Jip, ...

- Advantages: remove dependency on |Vep|,

reduction of experimental and theoretical
uncertainties

- Possible sensitivity of Ry, to BSM couplings of

third lepton generation with, e.g., leptoquarks,
charged Higgs, W’

b

- Hp — Hervr can further decay with

- "Hadronic”: 7~ — n- ™ (70)v,
- "Muonic": 7T — pT UL

- Long standing deviation from SM prediction of Rpyo

and Rp= at 3o level [e.g. Eur. Phys. J. C77 (2017) 895]
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Simultaneous measurement of Rp- and Ryo [

(submitted to PRL)]

New: First simultaneous measurement of * Reconstruction challenges:
BB — d™r~w,) - 3 neutrinos: spread out peaks in any distribution
p(*) = 73(@ S DMa-7,) - Backgrounds: B — D**, B — DDX, mis-ID,

combinatorial
with 7 — p7, 7, and D* — D(— 7K)7

- Select muonic 7 decays only

. - Select D°ut or D* pt
- Using LHCb Run 1 data T late fit with m2 ( )
) ) - Template fit with m? ... = (pg — P, (x) — Pp)’
- Before: R(D*) with Run 1 D**n~ data with 2.10 2 (pg — % Z’;Sd £ o
deviation from SM prediction [PRL 115, 111803] & =P = Pyn) e

Now: higher branching fractions and efficiency using
D%~ sample 5x bigger than D** .~

W
=3

IS}
S
T

S
T

B°— D**u~v, D*

Candidates / (0.3 GeV?/c*)
<

Fx10° €19 .35, 12.6] GeV7/* LHCh)
Du

Candidates / (75 MeV)

S~ o w

5 2l(]
[CERN seminar talk] m2 (GeVct)

miss

30107 %€[9.35, 12.6] GeVc* LHCH
D'y

=

=)

Ex10° °E19.35, 12.6] GeV*/c* LHCH|
3 D

S = N w

2000
E% (MeV)

[arXiv:2302.02886]
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https://doi.org/10.48550/arXiv.2302.02886
https://doi.org/10.1103/PhysRevLett.115.111803
https://indico.cern.ch/event/1187939/
https://doi.org/10.48550/arXiv.2302.02886

Simultaneous measurement of Rp- and Ryo [ (submitted to PRL)]

RD*)=0254 20005

N T T 7

g» 0'4 L HFLAV 2021 Ay? =10 contours _f

L LHCblS p

osF | . =

Result wE ——= E
+ Rpx = 0.2814 0.018 £ 0.024 0‘255 .;;-~“,,.,,s=m15

* Rpo = 0.441 4 0.060 + 0.066 E S'Z'W e ]
02f LA S §E§’> EER R

- Correlation p = —0.43 Rz

L | P

-+ 1.90 agreement with SM 0 o o4

=z
=]

T T T
A2 = 1.0 contours

R(D*)
o
2

- Largest systematic uncertainty due to limited data

D)= R oz 00145,
RO <0254 000

0.2
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035~ -

and simulation samples F LHeos E

- New preliminary average: slightly lower Rpx, »E E
slightly higher Ryp O B I - ]

- 3.30 — 3.50 agreement with SM T World Average ]
02— {-Hmvsw Pradcion R(D) = 0.351.+ 0029, -

. P(x» Z3m .

0.25 0.3 0.35 0.4 0.45 05

o
2
=)
o


https://doi.org/10.48550/arXiv.2302.02886

Rp- with hadronic 7 decays [LHcb-PAPER-2022-052 (in preparation),

- Last week: Rp+ with 7= — 7t 7~ 7~ (70)vr
- Adding 2015 + 2016 data to LHCb Run 1 analysis
[PRL 120 171802 (2018),PRD 97 072013 (2018)]

- Normalisation mode with same visible three-prong
final state : B® — D*~3nx+

K(D*) _ B(BO — D*7T+Vr) _ NS\’g, _ ENorm, 1

0 *— +
ROD*) = K(D") - B(B° — D*~3x%)
B(BY — D*—ptv,)

- 3D template fit with > = (pgo — pp+)?, 7+ decay time, 7
vs. DI BDT output

B(B® — D*—37¥) "~ Niorm. €sig. m

-+ Result: Rpx =
0.257 4 0.012(stat.) & 0.014(syst.) = 0.012(ext.)

o 04 T T T T T T T T ]
=) N HELAV Ax?=10contours
x L ]
035 BBal2 ]
o3 3
L LHCb23 1
025 * 7777777 -
Eoooder ey World Averege 1
02 $rrLAv s Predicion @i e -
I RO)-020 0004 APIBEIE (050284 20013, 1
+ Sozmiz00s [ - p 1
C 1 - Tt VR ) T 1

0.2 0.25 03 0.35 04 0.45 05 0.55

- New preliminary world average:
Rp+ = 0.284+0.013 and Rpo = 0.356 4 0.029

- Global discrepancy to the SM for Rpyo — Rp=
at 3.2¢
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https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevD.97.072013

Rys and Ry, with LHCb Run 1 data [

- B(Ay, — /\:rTfﬂr)

BB — Jrtvs) Ra. = W
b cHTVp

R = Bler = Jontvg)

with leptonic decay 7% — j* v, r with hadronic decay 7= — 7~ ot (7%)w,

- First LFU test with B} mesons
o ) - First LFU test with baryonic b — cfv decays
Finding of B} — J/i7~ 7, with 30
. - Largest systematic uncertainty from background template
- Determine form factors from fits to data

shapes
* 3D binned template fit to: Tt - Fitvariables: t,, squared invariant dilepton mass g2, BDT
Miiss. = (Pgr — Pyw — Pu)’, (B, @° = (Pg+ — P,)) output for AY — Af+~ o,
- Main systematics: sample sizes and form factors
Results Results
© Ryy = 0.714 0.17 (stat.) £ 0.18 (syst.) * Ry+ = 0.242 £ 0.026 (stat.) £ 0.040 (syst.) £ 0.059 (ext.)
C
* Ryy,sm = 0.2583 £ 0.0038 [PRL 125 222003 2020] * Ryt gy = 0.324 £ 0.004 [PRD 99 055008]
&y
* Result 20 above SM prediction - 1o agreement with SM prediction
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https://doi.org/10.1103/PhysRevLett.120.121801
https://doi.org/10.1103/PhysRevLett.128.191803

Lepton flavour universality tests
with b — s¢*¢~ decays




LFU with b — s¢t

- Rare FCNC b — s¢t¢— decays only at loop level: - Effective Hamiltonian Hesr = \/thbV?; 221 GO
sensitive to NP - Study different regions of g% = m?(£7¢7)
w
b AAAAAAA s
u, ¢t 720 - Decay spectrum of b A
)G - y sp s processes
e Was)
- Use ratios of b — s¢+¢— decays with many b—ces
possible final states photon pole ¥(25)
%)
j‘qmax dB(B—:jZ#+#7) qu
RH — mm
J‘Qmax % dq? Long distance con-
Amin tributions from c¢

0.}
- Except different Yukawa couplings and kinematic interference
effects ratios are precisely expected to be unity
[PRD 69 (2004) 074020] —
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https://doi.org/10.1103/PhysRevD.69.074020

(submitted to PRD),

(submitted to PRL)]

- Simultaneous measurement of Rx and Ry« for all
years of LHCb data taking in two g regions

- Low: g% € [0.1,1.1] GeV?/c*
- Central: g% € [1.1,6.0] GeV?/c*

Measurement strategy to cancel systematic uncertainties

B(B — Kutp~)
Ry =

- Constrain cross-feed background between two

modes in fits to data

- Calibrate simulation with B*/% — Kjjy(— £+t47)

decays: decouple from normalisation mode and
enable cross-validation

B(B — Klfip(— ete™))

~ B(B — Kete~)

B(B = Kjjip(— ptp—))

=1

_ (Nkum—) (NKW(%@) ) . <
Niete- NKJ/¢(‘>H+H7)

€Kkete— Ky (—pt )
it p— k)b (—ete)

Mass fits to LHCb data

Calibrated simulation samples
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https://doi.org/10.48550/arXiv.2212.09153
https://doi.org/10.48550/arXiv.2212.09152

(submitted to PRD), (submitted to PRL)]

- Mis-ID background: stringent PID requirements for - Validation with charmonium modes:
leptons and hadrons p o BB (= pTaT))
T BB = K (— ete))

- Multivariate classifiers against partially

reconstructed and combinatorial background BB - Ke(2S)(— wt i) B(B > Kjb(— ete™))

. R = .
- Veto physical backgrounds )T BB = Kp(2S)(— ere)) B(B — Kjf(— ptp—))
Py Py F LHCDH RUN 2pP2 TO,SW, 4
R Ayl e w(BY) B R, w(BY)
[ ¥ !{!7'{]‘/,/,» w(BO) {Ri,((zsy w(BO) ]
ECALHCAL ECALHCAL ] v ]
Muon system Muon systen x . o N
- Trigger independent of K(w)£+ ¢~ signal as main - b - - - - -
category to align efficiencies between e and p QOQQX@Q\O @@23‘” \\@é\“ X«M @e&‘ wge@xm@%
modes W X
[arXiv:2212.09153]
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https://doi.org/10.48550/arXiv.2212.09153

(submitted to PRD), (submitted to PRL)]

- J/i bremsstrahlung tails constrained in rare

electron mode fits 14L LHCb Rk low-g® = 0.994+00%
[ -1 Ry central-g* = 0.9497)0%%
i 0 — L 9fb K 0047
Partially reconstructed K*%e*e~ background [ R lowsg? = 092700
constrained in Ktete~ fit l2p Rier contral-g? = 1027045
Z LHChH ' ' ol lovg? | z LHCh ' " R o & Lo L
Zeof 91 i Z60 < 1.0F —I—
s H ~ [ }
240 240 [
EQU 220 0.8 f
8o £ [ t  Data N =16.p=08120=02
5000 3500 6000 5000 5500 6000 ok — SM
m(K*eter) [MeV/e?) m(K*reter) [MeV/e ~L
T " Ry contralg® 2 100F LHCD T AN Ry low-¢*> R central-g° Ry low-¢° Rp- central-¢°
Data = ofb! + Da .
2 [arXiv:2212.09153]
& 50 Rk and R+ consistent with SM prediction at 0.2¢
: [ = - Highest precision of LFU test with b — s¢+¢~
— o Ry b
5000 5500 6000 5000 5500 6000
T reen) MeV/e] (e MV decays today
[arXiv2212.09153] - Measurement statistically dominated

Muon mode consistent to previous analyses Result supersedes previous LHCbh measurements
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- First LFU test in baryonic sector
R — B(A)—pK— ™)
pK= B(A)—pk—ete™)

- Test spin dependence of possible NP

u u

d af?
A k< u
u

e

b s
u,c,t 7 z° -
Vas

- Using LHCb Run 1 and 2016 data
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Candidates per 50 MeV/c?
R

=
S

Siiv

Candidates per 13 MeV/c?
283

5 55 6
m(pK ~e*e”) [GeV/e?]

54 56 58
mpKprgr) [GeVie?]

Results

0.1,6.0 5
- REOO = 0.86+0 1% (stat.) + 0.05 (syst)

- In agreement with unity within 1o

.r]

1T _
o = 0.96 + 0.05

* Ry(2s) compatible with unity


https://doi.org/10.1007/JHEP05(2020)040

Rg++ and Rio I

- Using Run 1+ 2 LHCb data set with
Bt — K*t(— K%W)Z+Z_, (6= p,e)

- First observation of Bt — K*tete—

- T T .
270 LHCb  § Dawofb! EES 3 Do !
2 0 — Total — Total
I Y - Boklee gl e B'— K s
= Comb. Back. Comb. Back.
2 a0 MB K 1
2 0 W Tye'e) L
E It Reco K
© 20

CE T . | o febdgd

5000 5500 600 5200 5400 5600

mtK{1'e"e) [MeVie?] m(KSm'w' g ) MeVie?]

Result

0.045,6.0 0.03
- RSSO = 0.701078 (stat) TG0 (syst.)

g Compatlble with unity within 1.40
W = 0.965 + 0.011(stat.) 4 0.032 (syst.)

¢(25) compatible with unity

Candidates / (65 MeV/c?)

- Using Run 1+ 2 LHCb data set with B® — k%¢+¢—,

(€= p,e)

- First observation of B® — k3ete~

T T T T
90
F LHCb § Data9fb E TLHCb § Data9fvo!
80
— Total = Total
woeee B Ko 4 w e B KU
Comb, Back,

Comb. Back,

. ok
5000 5500 6000
m(K{e*e") [MeV/c?|

Result

1.0,6.0 . 0.02
. RLH I — 0.6670:20 (stat.) T3 % (syst.)

- Compatible with SM within 1.5¢

e k3 + L
5200 5400 5600
mKS) [MeV/e?]

,71; = 0.977 4 0.008 (stat.) = 0.027 (syst.)

w(zs) compatible with unity
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Conclusion




Prospects and conclusion

- LFU tests with c/v transitions

- First simultaneous measurement of R0 and Rp= with muonic 7 decays at LHCb
- Very recent update of Rp« hadronic with 2015 - 2016 LHCb dataset

- Global picture for Ryo-Rp+ combination unchanged with SM tension at 3¢ level
- More measurements are in the pipeline: Rp,, Rp+,Rp= with € — 1, Rp== ..

- LFU tests with b — s¢* ¢~ transitions

* Rk and Ry are the most precise and accurate LFU tests today

- These results are compatible with the SM within 0.2

-+ Many more analyses and updates in the pipeline: Rg,Ra, Rpk, Rz -

- Anomalies in differential branching fractions and angular analyses of the muon modes remain

- Commissioning of LHCb Upgrade | detector ongoing, increased inst. lumi. by factor 5, plan to collect
~ 50fb™" of data in Run 3
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Rp- with hadronic 7 decays - Fit projections

i: 8000 - £ 10000
S b
E <
& 6000 - 2
2 g
@ S
= 4000 2
> g
8 O
g

£ 2000

2

g

[$]

10 02 04

¢ [GeV¥c Anti-D! BDT output
= T T
a0
P
g 10000 4 Dgta —— Total
g I B —>D_"r:vr — B—>§"t*’v,
g LD B8—D"DJ(X) W B—D"DI(X)
3 1 B—D"3xX I B—D"D,(X)
E 5000 [ Comb. B I Comb. D
o] [ Comb. D"

15 2
£, [ps]

[LHCb-PAPER-2022-052]

Distributions of the fit variables in the B® — D*07%1, data sample with the fit result overlaid.
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Ry, with LHCb Run 1 data - Fit projections

Candidates per bin

5

3
m? . [GeV?/c*

miss

s

0 1 2 3 4 6 5 7.
LHCb 2qE,)
—— Data W B! — Jyputv,
Mis-ID bkg. B J/) +1 comb. bkg.

B J/p comb.bkg. [ BD — JApH
B — x (IP)'v, M B — yp(2S)'v,
W B VT,

[PRL 120 121801 (2018)]

1.5 2
decay time [ps]

Alex Seuthe (LHCb) - Lepton flavour universality tests at LHCb - Moriond QCD - 28th March, 2023



R, with LHCb Run 1 data - Fit projections

g

~ Data

— Total model
| EE¥iad
A A
W10

p
=
3

W AT
[ Combinatorial

Candidates / (0.33 ps,
Candidates / (0.17)

02 04 0.6 0.8
BDT output

LHCb
3!

—Data
= Total model
| ES¥Eaa
0 A A
[
W AT
0 Combinatorial

Candidates / (1.83 GeV?/c*)
Candidates / (1.83 GeV¥/ct)

5
& [GeV?IcH] & [GeViet]

[PRL 128 191803 (2022)]
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