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[Lepton Flavour Universality

o SM predicts Lepton Flavour Universality (LFU): equal couplings between gauge bosons and
the three lepton families

o Observation of violation of LFU would be sign of new physics (NP)

o A large class of BSM models contain new interactions that involve third generations of
quarks and leptons:

* Charged Higgs

1
* Leptoquarks
° yA vl
° W'
b —>- > C
o Tensions between SM expectation and experimental results:
« Charged currents: b— c/v [n this talk ©
Lepton Flavour Universality tests in electroweak penguin decays at LHCb Carla Marin Benito
virtual conference 09:43 - 09:58
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https://indico.cern.ch/event/868940/contributions/3815646/

[LEF'U tests in semileptonic decays

Tree level decays in the SM, mediated by a W boson

B(H H.Tr,
R(Hc) = BE%S:HCWH% with

Y, = D PO Dot D A T

e — st B(t,),Ag, BY..
o Clean prediction from SM r
» Partial cancellation of hadronic form factor uncertainties in the ratio
* High rate of charged current decays: B(B—D*tv)~1.2 % in SM W= 5
e Deviation from unity due to different lepton masses (7, u) b -

At LHCb...

* Muonicmode: T - u v,v,
 Hadronic mode: T - mm*n (n%)v;

o Missing momentum of neutrinos: Missing kinematic constraints ol Ve
5 : : T SRy W

o B momentum unknown: needed approximations to reconstruct it S )

o Two reconstruction channels for T Yo
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R(D*) muonic at .LHCDb

First measurement of R(D*) in a hadron collider, using the muonic decay of T~ - u~v,v,

B(B " D*tr T,
B(B —D*tu-v,)

———————

R (D*)

T —
Features of the analysis:

o Missing Kinematic constraints: Rest frame
approximation

(VBz)B =7 (VB)D*,LL = (pz)B

o 18 % resolution on pg good enough to preserve
signal and normalization discrimination

= m(Dm P=) Dok

o Variables:
E, (B rest frame)

: =(PB =l pia
2

° :
mmlSS

* q*=(pp —pp*)
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MC truth (before detector effects)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

[PRD 115,111803 (2015)]

R(D*) muonic at .LHCDb

Result: separate t and u components via a 3D binned template fit to: E, (B rest frame)

2 2

* Mypiss = (pB == pZD* o pu )
. g% = (pB _pD*)

62.1 o from SM>

R(D") = 0.336 £+ 0.027(stat) & 0.030(syst)

[HFLAV 2019]

2 1 *
m? miss E, q°
< 70000 T T s S < Run 1 data
§ Data ] 2 30000 2 [ ]
3 60000 B B > Dt ERRC E
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

R(D*) hadronic at .LHCDb

[PRD 97,072013 (2018)]
[PRL 120,171802 (2018)]

First measurement of R(D*) using the hadronic T decay with T*->m*mn*(m%)v,

1

Birt > mers ()7

K(D*) = B(B° — D* 1ty,) 2 Nisig , Enorm
B(B® = D nem 75 ) Naorm - €sig
Overlapping signal
decay mode

* Approximations are done to reconstruct the B and T momentum
 Signal and normalization same visible state: D™~ m*m-m*

* Most of the theoretical and experimental uncertainties are cancelled

out in the ratio
« R(D") obtained from:

B(BY - D* ntn—n™)
B(B® - D*~putv,)
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R(D*) = K(D*) x

[4.0 % precision]

[2.2 % precision]

T decay mode BR (%)

[PDG-2017]

T— UV,V; 17.39 £ 0.04
- ev,V, 17.82 £ 0.04
T m'n v, 9.31+0.05
- v,/ 4.62 £ 0.05
W 10.82 + 0.05
- pV, 25.49 + 0.09
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

Candidates / ( 0.25 ps )

Result:
o N(B°-»D™n*m m*) unbinned likelihood fit to M(D™m*m-1*)
o N(B°-D™t*v,) three dimensional binned fit to data
Variables: T decay time, g4, BDT output

w
()
=
(e}

LHCb (a 3

@ Data
— Total model
B > D'ty =
B — D"ty —
B — D*D*(X) =

Candidates / ( 1.375 GeV?/¢*)

05 1 1.5 2

K(D*) =1.93+0

Updated by HFLAV

.12(875&?5) =

[\
(4]
[enl
(=)

0 5

Candidates / 0.1

10
¢ [GeV?/ 4]

- 0.17(syst)

R(D*) = 0.280 -

= 0.0l8(stat) =

- 0.029(syst)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

[PRL 120 (2018) 121801]

Generalization of R(D*) in the B, sector, with T*->u*v, v,

R(J/w) _ B(Bj—)]/ipT—Fl/T)

o Form factors unconstrained experimentally. B(B —J/yutv,)
Significant uncertainties from theory — —

Result: 3D binned maximum likelihood fit to data. Variables: mzmlss, decay time, Z(E , q%)

16000

|

Candidates per bin
5
(e
S

Candidates / ( 0.6 GeV?/c*)

—+— Data BB, = Jyt'v,
2] + + + +
= S W5 U yuty, BB~ y(SIY,
g0 3 B = x(IP)'v, EERB. —J yH:
0.5 1 1.5 .2 1 2 3 4 5 6 57T« B J/  +u comb. bkg. J/ ¢ comb. bkg.
decay time [ps] Zlq°E ] Mis-ID bkg.

[PLB 452 (1999) 129]

RSM(J/@D) & [025,028] [arXiv:0211021]

[PRD 73 (2006) 054024]

[PRD 74 (2006) 074008]
GZ ¢ from SM> [arXiv:2007.06956]

R(J/v) =0.71 £ 0.17(stat) £ 0.18(syst)

| T—
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https://arxiv.org/abs/1711.05623
https://arxiv.org/abs/hep-ph/9812514
https://arxiv.org/abs/hep-ph/0211021
https://arxiv.org/abs/hep-ph/0602050
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.074008
https://arxiv.org/abs/2007.06956

** R(D*) world average is in tension
with the SM at the level of 2.5 o

BaBar (2012), had. tag
0.332+0.024+£0.018

Belle (2015), had. tag

0.293 £0.038 £0.015
Belle (2017), (had. tau)

0.270£0.035 £ 0.0Z7

Belle (2019), sl.tag
0.283+0.018 £0.014

LHCb (2015), (muonic tat)
0.336 +0.027 + 0.030 ;

LHCb (2018), (had. tau) ||

E-——.+-

0.280+0.018 £0.029 |

Average
0.295+0.011 £0.008

SM pred. average

PRD 95 (2017) 115008
0.257 £0.003 -

JHEP 1711 (2017) 061
0.260 +£0.008

JHEP 1712 (2017) 060
0.257 +0.005 -

HFLAV

| | I 1 1 JL

0.258 £0.005 ]

i

|

|

0.2

0.3

0.4
R(D*)
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[ HFLAV average

Ax* = 1.0 contours

| LHCbl15 _
N BaBarl2 ]
[ 36 ]
B LHCb18 _
[ it Belle19 Bellel5 ]
B Bellel7 ]
— + Average of SM predictions HFLAV
B R(D) = 0.299 +0.003 |_Spring 2019 |
B R(D*)=0.258 £0.005 P(x?) =27% 7]
B 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] 1 1 1 B
0.2 0.3 04 0.5
R(D)

¢ WA combination of R(D) and R(D¥) is in

ICHEP 2020

tension with SM at the 3.08 o level
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

Future prospects

* New results are expected from:

0.12 T T T T
e Belle — II Rp

Belle 11 1 o Run 2 updates with a total uncertainty reduction
0.10 - TS | S
| T e o Ongoing analyses:
2T = o n . R(DY):B* - Dy
_ EU.I]U~ ‘k\ — e > R(D+) BO == D+TV
R ; | * *
§ £ o001 ' ® R(DS(' )) BS =7 DS(' )TV
S
2 | oo e R(D**): B*-> D**(2420)%v
.>c<$€ 0.00 L L L = — SR Ac( )) Ab = Ac( )TV
= T e . p+
: * RUA):B: = /bt
1 current LHCb —» Upgrade | ——» Upgrade l—» ° R(p): Ab_) pTV
2 993 PR . o] :"3 2
£ 102 1 =  Combined measurement of R(D) and R(D*)
N ¢ o Form factor measurements
£ H200 3
4 i3 & s e
g | * o e o Ap oAy
| |- e
% R 1 e B, > D, VIV [arxivi2003.08453]
2 i l | % o Angular analyses
E 0201 OI 2015 I2020I - l2025I I2030I ‘2035I

vear % In the Upgrade I, LHCb will collect ~50fb-! (luminosity X5)
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https://arxiv.org/abs/1808.08865
https://arxiv.org/pdf/2003.08453

Conclusions

LFUV road to new physics!

Intriguing tensions with SM in ratios of branching fractions in 5 — ¢ /v decays

¢ Presented the latest LHCb results on LFU using Run 1 data
% 9 fb-lrecorded at the end of Run 2. Exciting program ahead!
¢ Systematic uncertainties: e

 Many are assumed to scale with the accumulated statistics at the LHCb upgrade -l ’\“

Belle II i \\ .
* Others will be improved with external measurements < o \\\ - _adl
BESIII .- “\\ o

NS
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"T'hank you for
your attention!




Back-up slides




[Int. ]. Mod Phys. A30, 1530022 (2015)]

I .HCDb detector

TRACKING SYSTEM
Momentum resolution:
Ap/p=10.5—1%
VELO (5 GeV/c - 200 GeV/c) MUON SYSTEM
Vertex reconstruction
Decay time resolution: 46 fs
IP reconstruction: 20 um

CALORIMETERS

Energy measurement

K /7 /p separation Particle identification
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https://arxiv.org/abs/1412.6352

New scintillating fibre tracker New electronics

Side View ECAL HCAL M5
SPD/PS R
Magnet RICH2 Mg 2 g™
T3
T2 : :
q Tl ITH
RICH1 I
/40 dit g TT
Tte
ogato:
- ../y. ; \\
Q ; ‘ x 1
New pixel X N
vector detector / —a
New silicon upstream tracker New optics and photodetectors
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[PRD 115,111803 (2015)]

R(D*) muonic at .LHCDb

Systematics:
Model uncertainties Absolute size (x10~2)
Simulated sample size 2.0
Misidentified p template shape 1.6
B® — D** (7~ /u~)v form factors 0.6
B — D**H,(— prX’')X shape corrections 0.5
B(B — D*r5.)/B(B = D*u7,) 0.5
B — D**(— D*nr)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**r)u~v, form factors 0.3
B — D**(D, — 1v)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x107%)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t— = p7,v,) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

R(D*) hadronic at LHCb

Beatriz Garcia Plana (IGFAE-USC)

o Largest background due to B—» D*-m*mm*X, where 3 pions come
from the B vertex (100 higher than the signal)
* Requirement: decay topology with minimum distance between
B and T vertices: Az > 4 oy,
e Suppressed by 3 orders of magnitude

| o 2nd largest background is the double charm B— D™D*X:

Multivariate Analysis (BDT)

— 104 = T T T T T T T T T T T =
S E LHCb simulation E
ﬂ_,:f 103 :_ Prompt (D*n w7 X) _:
o E I Double-charm (D*DX) 3
§= - B signal (D*7v) ]
= B i

O 10°F E

10 E
1—8 -4 0 4 8 12 16 20
Az/c Ay
ICHEP 2020 18


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

R(D*) hadronic at LHCb

o Most important background after the inversion cut comes 009 — =
* + N o ; 3
from B— D™D;*X X 0.08E +++ LHCb simulation 3
o Multivariate Analysis: 18 variables combined in a BDT: o 007E ¢ Signal 3
* 3 1 variables E 0.06F ++ ++++ ¢ Background 3
¢ D371 dynamics - 005§ } i.% -
* Neutral isolation variables = UOoE b ot e, -
o 0041 * o, =
2 : o* 4 + E
SR e A STt . = 0.03F ¢ ¢ be =
i . i - + [} * e -
0.1 F LHCb simulation -0.075 +++ - "g 002 o 4 e
[ N ] S 001F . * =
' t . ] S S te, E
0.08 = +Signal " + — Omﬂ: o eelee  geed
v i -#-Back*round ** e + ] 3000 400Qx< 5000 )
2 i : & ] m(D" ") [MeV/c?]
S 0.06f * 4 ~
= i -
T . *
“ 004 . ++‘ .
5 . " ] BDT used as variable in the fit to
0.02 _— - #* o —_ = l : ld
- - o . Ot extract signal yie
0 ;—l-lldﬂ—l—ol—.‘”” P I S — .-“Ilﬁ
-0.4 -0.2 0 0.2
BDT response
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

R(D*) hadronic at LHCb

Contribution Value in %
c N P F_ o 2-( 0\ -
Systematlcs: B‘(T _) Q;III/T)/B(T — 3“(/\ )1/7-) ()i
Form factors (template shapes) 0.7
7 polarization effects 0.4

p—
_
-

Other 7 decays

B — D"y,

BY — D*7tu_ feed-down

D — 37X decay model

DY, D and D" template shape

CHcr W

DN BN BN NOfI— Do

B — D* "D X) and B — D* D"(X) decay model

D*~ 37X from B decays 8
Combmatorial background (shape + normalization) 0.7
Bias due to empty bins in templates 1.3
Size of simulation samples 4.1
Trigger acceptance 1.2
Trigger efficiency 1.0
Online selection 2.0
Offline selection 2.0
Charged-isolation algorithm 1.0
Normalization channel 1.0
Particle identification 1.3
Signal efficiencies (size of simulation samples) 1.7
Normalization channel efficiency (size of simulation samples) 1.6
Normalization channel efficiency (modeling of B" — D*~37) 2.0
Form factors (efficiency) 1.0
Total uncertainty 9.1
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

R(D*) hadronic at LHCb

Main systematic uncertainties due to:

* Size of simulated simple

* Shape of the background B— D* DX

* Dg)'-»m*m m*X decay mode. BESIII future measurement will reduce this uncertainty. Improvement as well
of the upgraded ECAL

* Branching fraction of normalisation mode B’-»D™n*mm* known with ~4% precision. Belle II can measure

it precisely

S200F T T T T T T T T T T T T 10001 x ——
L - e Data LH W = L i + ]
> 1% s = Total model cb (a) . > - LHCb D |
0 160 el = O 800 [~ .
S 3 B — D' D} E > - .
& - B> oD E o I i
- 120 = B° — DD "*(2317) E = 600 [~ f
>, 100 B’ — D*"D*,(2460) E 3 i 1
S 80F MMB: DD X = :§ 400 o I
% 60 E B - D DX = &= i g
o 7 c B . T
S 40F B Comb. bke. = S 2001 Dominated by -
O 5 ;_ . _; = DA-mmmX L
~ Talgeg" W e e — - 0 ! ! ! ! | ! ! ! ! | ! ! ! ! ]
0 4000 4500 5000 5500 500 1000 1500 2000
m(D~rwtn ) [MeV/c?] m(mtw ) [MeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

[PRL 120 (2018) 121801]

R(JAp) hadronic at LHCDb

Systematics: Source of uncertainty Size (x1072)
Finite simulation size 8.0
B} — Jhy form factors 123
BT = y(25) Torm factors G w2
Fit bias correction 5.4
Z binning strategy 5.6
Mis-ID background strategy 5.6
combinatorial background cocktail 4.5
combinatorial J/y background scaling 0.9
B} — JhyH _.X contribution 3.6
w(2S) and y. feed-down 0.9
Weighting of simulation samples 1.6
Efficiency ratio 0.6
B(z" - uty,0;) 0.2
Systematic uncertainty 17.7
Statistical uncertainty 13
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https://arxiv.org/abs/1711.05623

