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LHCb detector [JINST 3 (2008) S08005]
Overview [IJMPA 30 (2015) 1530022]

@ Single-arm forward spectrometer 1 € [2; 5]

Vertex reconstruction Tracking: Muon system:

IP resolution 20pum e(tracking) ~ 96% D, :e(p— p) ~97% J

Decay time resolution 45fs || dp/p ~ 0.5% — 1% Mis-ID,, : et — ) ~1—3%
o(mp_,nn) & 22MeV[AL

[ Veﬁ

pord ' WL

RICH: particle ID e
e(K—= K)~95% % &
e(m — K) ~ 5%

it
;i

Bending power 4Tm



http://cds.cern.ch/record/1129809
https://arxiv.org/abs/1412.6352
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LHCb detector

B decays in LHCb

@ Large amount of Data
o Run 1 (2011, 2012): 3fb~ "' at 7 — 8TeV
o Run 2 (2015- 2018): 4.1fb™ " at 13TeV
(still ungoing) f=7Tev

@ B-mesons production:

o o (bb)71ev = T5ub in acceptance
[PLB 694 (2q10) 209-216] 2
e 2.3 x 1012bb pairs produced in Run 1 el

Rich B decay channels

Secondary vertex reconstruction

Challenges

e Unknown B-meson momentum
o Non clean environment



https://arxiv.org/abs/1009.2731
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Lepton flavour universality in SM

epton ' lavour ' 'niversality

3 lepton families have same coupling to gauge bosons:
9e = Gy = gr

o Difference in BR only from difference in masses
@ NP particles may couple to leptons differently
o Leptoquarks, charged Higgs, Z’, SuSy, hidden valley etc.
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Lepton flavour universality in SM

Tree level b — clv FCNC b — sl




LFU in b — clv decay

LFU in b — clv decay



LFU in b — clv decay

Tree-level b — clv decays

Ratio of branching fractions 7/u

Ratio of branching fractions R(H,)

_ BR(B—H.1v)
R(Hc) - BR(B:HCMV)

@ Cancels hadronic and experimental systematics
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Leptonic tau decay

R(J)) with Ieptonlc tau decay [PRL 120 (2018) 121801]

R(Jpp) = SRz dfirs)

Signal: Normalisation:

@ B, short decay time: helps discriminate BG from other B
@ B, reconstructed using flight vector and (J/Ap, 1) system

@ 3 muons in final state

e Background dominated by:
MisID, JA)p + i combinatorial


http://arxiv.org/abs/arXiv:1711.05623
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Leptonic tau decay

R(J)) with leptonic tau decay [PRL 120 (2018) 121801]

B. — Jjplv form factors

@ Only theoretical predictions exists

Kiselev [arXiv:hep-ph/0211021]

Ebert, Faustov, and Galkin [PRD 68 (2003) 094020]
Hernandez, Nieves, Verde-Velasco [PRD 74 (2006) 074008]
Wang, Shen and Lu [PRD 79 (2009) 054012]

o R(J)sm = 0.25 — 0.28

FF determination in R(J/))

e In B. — J/bu rich region

o By fit estimate A;(q?), A2(q?), V(¢?) (following EFG
convention)

@ In the nominal fit
o ALQ, V fixed
e Ay unconstrained



http://arxiv.org/abs/arXiv:1711.05623
http://arXiv.org/abs/hep-ph/0211021v2
http://arxiv.org/abs/hep-ph/0306306v2
https://arxiv.org/abs/hep-ph/0607150
https://arxiv.org/abs/0811.3748v2
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Leptonic tau decay

R(J/p) with leptonic tau decay [PRL 120 (2018) 121801]
3D template fit (2, Bedecay time, Z)

. D 5000 e

@ 3D template fit: g e ]

(& 4000 =

mlss,B decay time, Z = 2 ]

% Z 3000 =

(¢ E}) 7 E

. 1 _g 2000 —:

@ Using Run 1 data (3fb™") 2 1o H 3

—— Data B - Jyuty, © E
Mis-ID bkg. B J/y+ 1 comb. bkg.

W iy comb. bkg. B, - JyH;

B, - x(1P)'v, WEMB - gy, 5 5 40
B - gy, e . [Gevac
-£ 8000 j j — T
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http://arxiv.org/abs/arXiv:1711.05623
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Leptonic tau decay

R(J)) with leptonic tau decay [PRL 120 (2018) 121801]

Results

Fit result

e R(JA)) =0.71 4 0.17(stat) & 0.18(syst)
e Dominant systematics: B, — (c¢)lv FF
o R(Ji))sm = 0.25 —0.28

@ 20 deviation

@ First result of R(JA))



http://arxiv.org/abs/arXiv:1711.05623
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Leptonic tau decay

R(D*) with leptonic tau decay [PRL 115 (2015) 111803]

«\ _ BR(B°—»D*rv)
R(D )7 BR(BY—D*pv)

Signal: Normalisation:

+
us
7-[+

b

@ Same visible end-state for signal and normalisation

o BY reconstructed using flight vector and
(pB)z = M(preco)z

Mreco

@ Dominant backgrounds:
B — D*H.(— lvX)X, combinatorial


https://arxiv.org/abs/1506.08614
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Leptonic tau decay

R(D*) with leptonic tau decay [PRL 115 (2015) 111803]
Template fit
@ 3D template fit: mmlss,E*

o Using Run 1 data (3fb™)

:{, 6.10 < q’ < 9.35 GeV/c* LHCb 3 E 15000 6.10 < q < 9.35 GeV2/c* LHCb] ga’j‘ o
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=] 44 = ]
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g E ]
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https://arxiv.org/abs/1506.08614
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Leptonic tau decay

R(D*) with leptonic tau decay [PRL 115 (2015) 111803]

Results

R(D*) = 0.336 + 0.027(stat) £ 0.030(syst)
Dominant systematic: sim sample size

R(D*)sm = 0.252 4+ 0.003
[PRD 85 (2012) 094025]
PRD 82 (2018) 072005

@ 2.10 deviation 657x10° BB —
(Inclusive Tag) HH

BaBar
PRD 88 (2013) 072012 i
471x10° BB i e
(Hadronic Tag) i

Belle

arXiv:1507.03233 il
772x10° BB O —

(Hadronic Tag)

LHCb
PRL 115 (20152 111803
3.0fb

€= uw)

0ol 015 02 025 03 035 04 045

an(
Fajfer et a, PRD 85 (2012) 094025


https://arxiv.org/abs/1506.08614
http://arxiv.org/abs/1203.2654
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Hadronic tau decay

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
R(D*) = ERE D) o BR(B Dl3m) [PRL 120 (2018) 171802]

BR(B?— D*37) BR(BY— D* puv)

Normalisation:

Normalisation decay B — D*3r
° R(D*) _ BR(B°—=D*71v) _, BR(B°—D*3r)

~ BR(BY—D*3m) BR(BY—D*puv)
@ with known
o BR(B® — D*3m) = (7.214 £ 0.28) x 1073
o BR(B® — D*p) = (4.88 £0.11)% [EPJC 77 (2017) 895]



http://arxiv.org/abs/arXiv:1711.02505
https://arxiv.org/abs/1708.08856
https://arxiv.org/abs/1612.07233
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Hadronic tau decay

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
R(D*) = BRB oD my)  BR(B) 2 D"5m) [PRL 120 (2018) 171802]

BR(BO—D*37) ° BR(BO—D*puv)

Normalisation:

@ By and 7 reconstructible with mass hypothesis
@ Huge and complex background dominated by

e B — D* 37X - Detached 7 vertex
e B— D*"D,X — Isolated 7 vertex


http://arxiv.org/abs/arXiv:1711.02505
https://arxiv.org/abs/1708.08856
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Hadronic tau decay

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
Template fit [PRL 120 (2018) 171802]

@ 3D template fit:
rdecay time, ¢?, BDT = (lIsolation, E,, mp,etc.)
e Using Run 1 data (3fb™1)

500

- LHCb
< 0.24"F

0.14 < BDT

—+ Data

0.24 < BDT|

20F mmB - DD
I Comb. bkg

20
t. [ps]

2 [GeVv¥cd]


http://arxiv.org/abs/arXiv:1711.02505
https://arxiv.org/abs/1708.08856
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Hadronic tau decay

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
Results [PRL 120 (2018) 171802
e R(D*)=0.291 £ 0.019(stat) et b 1o .
0.026(syst) £ 0.013(ext) [
@ Dominant systematics: sim sample ??J?éé%%o;001l _ BN
size s
o R(D*)SM = 0252 :I: 0003 (%23%[)1002710030 -
[PRD 85 (2012) 094025] Goie 0o 002
@ 1.10 deviation o3t 00130007 —
S. Faifer etal. (2012) i
LHCb average
e R(D*) = — oz 03~ 04
0.310 + 0.016(stat) =+ 0.022(syst) R(D")

@ 2.20 deviation



http://arxiv.org/abs/arXiv:1711.02505
https://arxiv.org/abs/1708.08856
http://arxiv.org/abs/1203.2654

LFU in b — clv decay
.

Summary for b — clv [HFLAV FPCP17]

(D) — R(D*) combined R(D*) combined

o T T ]
* 05 BaBar, PRL109,101802(2012) 5 . BaBar had. tag
e Belle, PRD92,072014(2015) Ax” = 1.0 contours 4 0.332 £ 0.024 + 0,018 T R
X LHCb, PRL115,111803(2015) 1 Bellehad
=== SM Predictions E e had. tag
0.45 Belle, PRD94,072007(2016) 3 0203+ 0,038 0015
Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) ]
LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) E;;Ze f é%ga 0+ 00 —
0.4 T Average R(D*)=0252(3) S. Faifer etl. (2012) 00300011
- E Belle (hadronic tau)
] 0270 + 0.035 + 0.0;
3 LHCb
] 0.336 + 0.027 + 0,030 T Eam—

LHCb (hadronic taui)

0285+ 0.019 £ 0,020

e ] Average
- 0304 +0.013 % 0,007 —
. J S Fafer etal. (2012)

] 0.252 + 0,003 *

L )T HFLAV
0, 06

R(D PR S I I
©® 0.2 0.3 0.4
v R(Dk)

e Combined R(D*) deviates by 3.50 from SM
e Combined R(D), R(D*) deviates by 4.1 from SM
e R(JA)) deviates by 2.10 from SM


http://www.slac.stanford.edu/xorg/hflav/semi/fpcp17/RDRDs.html

LFU in b — sll FCNC decay

LFU in b — sll FCNC decay



LFU in b — sll FCNC decay

FCNC b — sll transition

@ Forbidden at tree level: rare decays

Ratio of branching ratios R(Hy)
R(HS) _ BR(B—Hspp) _ BR(B—Hspup) BR(B—H,Jhp(—ee))

— BR(B—Hsee) — BR(B—HsJ(—pup)) BR(B—Hsee)

@ Useful to measure via double ratio w.r.t. B — H,J/)
BR(J/p — pp)/BR(JA) — ee) consistent with LFU [PDG]

o R(H,)sm =1+ 0(1073)



http://pdg.lbl.gov/
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R(K™) [JHEP 08 (2017) 055]
- BR(BY 5 K*%up BR(B°—»K*°J c
R(K") = BR(B':’(SK*OJ/Q;(}L/),W)) (BR(:_I;O~>K

BY - K*(— 7= K uu BY — K*0(— 7= K*)ee

¢ [GeVH et
¢ [GeV¥ et

- 550 6000 550(; — 6000 !
m(K*m ) [MeV/c?] m(K*mete™) [MeV/c?]
ECAL
o ¢ =m?2(ll) Moeret &
Y
o Low ¢2: [0.044,1.1]GeV? ) &
Upstream 7 Downstream
o Central ¢%: [1.1,6]GeV? %\»L\
e Y
o Challenging e reconstruction & «
Air E,

o Bremsstralung radiation


http://arxiv.org/abs/arXiv:1705.05802

LFU in b — sll FCNC decay
oeo

R(K™) [JHEP 08 (2017) 055]
Fit of m(Kll)
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http://arxiv.org/abs/arXiv:1705.05802

LFU in b — sll FCNC decay
ooe

R(K™) [JHEP 08 (2017) 055]

Fit results

q? bin R(K*) R(K*)sm Deviation
[0.045,1.1] | 0.667 7 gr(stat) £ 0.03(syst) | 0.92+ O(107%) 2.1 —2.30
[1.1,6.0] | 0.697051(stat) £ 0.05(syst) | 0.99 + O(1073) 2.4 —2.50

[ T T T T T ] z“ T T T
< 1oL - =
& [ Tuee ~ 1.5+ -
08F .
[ | }; | »
n 1 »
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0.4 F [JHEP 06 (2016) 092] v cpiMy ;4 ; 1
r [PRD 95 (2017) 035029] m Eos b 0.5 ® LHC) ]
02} [JHEP 08 (2016) 98] & fiav.ic . [ 1™ BaBar |
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“ [) IS S [T S S T N T T S N S S N il (]“ RS [N T T T ST SN SN S S | PRI
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http://arxiv.org/abs/arXiv:1705.05802
https://arxiv.org/abs/1605.07633
https://arxiv.org/abs/1510.04239
https://arxiv.org/abs/1610.08761
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/1412.3183
https://arxiv.org/abs/1204.3933
https://arxiv.org/abs/0904.0770

LFU in b — sll FCNC decay
°0

R(K) [PRL 113 (2014) 151601]

R(K) = BR(BT Kt ) BR(BT KT Jip(—ee))
T BR(BT—KTJhp(—up)) BR(B+—K*tee)

¢® bin | R(KY) R(KT)sm Deviation
[1.0,6.0] | 0.74575 070 (stat) & 0.036(syst) | 0.99 + O(1073) 2.60

-e-LHCb -m-BaBar -4 Belle

S e e e B L S R B
= b LHCb
1.5 7
1: I [ ]
! 1 EE
0.5k .

o e

% 5 10 15 20

* PRL 113 (2014) 151601 ¢ [GeV¥c]

» PRD 86 (2012) 032012
« PRL 103 (2009) 171801


http://arxiv.org/abs/arXiv:1406.6482
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R(K)/R(K*) combined [PRD 96 (2017) 055008]

Wilson coeff. sz/)l

Hetr o< 325, GO + GO
04 = (57, Prb) (")

Olo = (59 PLb)(Iy"s0)

1.0 1

0.5
13
QO
* Q
o R(K)/R(K") g u
combined with Belle
arXiv:1612.05014 >
[ : ]- 05— —— LFU observables
e > 40 deviation observables
b — spp global fit
_1.0- all .
——-all, fivefold non-FF hadr. uncert.
|
-2.0 —-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

ReC¥


https://arxiv.org/abs/1704.05435
https://arxiv.org/abs/1612.05014
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Anomalies in b — sl

B — K*uu angular analysis [JHEP 02 (2016) 104]

& [GeVcl]

5.6 57
m(K* ) [GeVie?

q® = m(pp) Q = (cos by, cos Ok, d)

CP-averaged partial width
1 dir+T) 9 -
= Sifi(§2
- S

dT +T)/d® dg2dG 397

o 8 Si(¢% C7.9.10, FF) observables with m; = 0 hypothesis



https://arxiv.org/abs/1512.04442
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Anomalies in b — sl

B — K*uu angular analysis [JHEP 02 (2016) 104]

Optimized observables:

® P13, P55 — mostly independent from FF, normalized by
fraction of longitudinal polarisation F, or by \/Fr(1 — Fp)

a F T T T

* LHCb E 3 | ]
1 SM from DHMV 15 % b
L [arXiv:1407.8526]] r
0:%++ ] o 3
g - 4 — 1
k3 E o 1
F 3 b LHCb 1
,2-— —- L 4
0 5 m) 5 - 03 35 ) 5
R [Gevicd Re(Cy
B = Re(CNP) = —1.04 +0.25
Fr(1-Fr)

Deviates by 3.40 from SM


https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/1407.8526
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Conclusion

Conclusion

@ LFU remains a hot topic

@ Significant deviation from SM are observed in both b — clv
and b — sll transitions
e b— clv: 4o for R(D) and R(D*) combined
o b— clv: 2.10 for R(JA)
o b—sll: 2.1 —2.40 for R(K), R(K*), 40 combined
o Values are consistent between different experiments

@ Prospects:

e Extension of searches to Run Il
5.7fb~ ! of additional data at end of 2018
o More H, to test LFU:
e Spin 0: D°, D*, D,
e Spin 1: D*, Jh)
e Spin 1/2: A,
e Several of analyses are ongoing



Conclusion

Thanks for your attention!
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LHCb Integrated Recorded Luminosity in pp, 2010-2018
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b — clv
R(Jh)) FF parametrisation
B. — JhpTv B. — Jhpuv

BCL! parametrisation: Expansion in z of order K
1 K

f(¢*) = T /M, k=0 akz(q*)*, where

2) — Vi —P— ==

A = e
ti = (mBC 3E mJ/w)Q

Bourrely, Caprini, Lellouch[PRD 79 (2009) 013008]


https://arxiv.org/abs/0807.2722
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b — clv

R(Jh)) Z categorical variable

e B.— JuT

LHCb simulation
o ‘ S ‘
° -

(c) Category Z

(d) ¢* Ej, distribution

° Be— Jjpp

LHCb simulation

(¢) Category Z (d) ¢*~E, distribution

0.68

115

164

E, (GeV)



Back-up slides
[eeX Yololelelele]

b — clv

R(JAp) with leptonic tau decay [PRL 120 (2018) 121801]

Systematic uncertainty

Source of uncertainty Size (x1072%)
Limited size of simulation samples 8.0
|BF — JA) form factors 12.1 |
B — 1(28) form factors 3.2
Fit bias correction 5.4
Z binning strategy 5.6
Misidentification background strategy 5.6
Combinatorial background cocktail 4.5
Combinatorial J/i) sideband scaling 0.9
Bf — Jhp H.X contribution 3.6
Semitauonic 1(25) and x. feed-down 0.9
Weighting of simulation samples 1.6
Efficiency ratio 0.6
B(rt = uty,v,) 0.2
Total systematic uncertainty 17.7

Statistical uncertainty 17.3



http://arxiv.org/abs/arXiv:1711.05623
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b — clv

R(D*) with leptonic tau decay [PRL 115 (2015) 111803]
Fit
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b — clv

R(D*) with leptonic tau decay

Systematic uncertainty

[PRL 115 (2015) 111803]

Model uncertainties

Absolute size (x107%)

simulated sample size 2.0
Misidentified 1 template shape 1.6
B — D**(r~/u~)7 form factors 0.6
B — D**H,(— pvX')X shape corrections 0.5
B(B — D*r~v,)/B(B — D*uv,) 0.5
B — D**(— D*rm)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B— D*(— D**)p~ v, form factors 0.3
B = D (D, — 7v)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x1072)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t™ — p Tuvr) <0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0



https://arxiv.org/abs/1506.08614
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b — clv

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
Rejection of B — D*31X [PRL 120 (2018) 171802]

Normalisation:

LHCb simulation

Prompt (D* rrrrX)

i . [ Double-charm (D*DX)
o Signal: detached 7 vertex : I Dostecham 0

@ Vertex inversion cut:
Az > 4o,

e S/B improves x160



http://arxiv.org/abs/arXiv:1711.02505
https://arxiv.org/abs/1708.08856
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b — clv

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
Rejection of B — D*DX [PRL 120 (2018) 171802]

Impact parameter _ K*

’7[+

DO wr

_____ .
@ Veto on additional particles 160f  LHCD I E
1of-Isolation cut inverted =

o Charged isolation:

cut on impact parameter
o Neutral isolation:

cut on calo energy

120F
100
8sof
60
40F
20 ¢
0:

D° — Krne

Candidates / (6 MeV/c?)

L L !
1600 1800 2000
m(K~ = x+) [MeV/c?]

e Efficiency for signal: ~ 80%
@ Rejection of BY = D* DK (X) : ~ 95%


http://arxiv.org/abs/arXiv:1711.02505
https://arxiv.org/abs/1708.08856

Back-up slides
000000080

b — clv

R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
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R(D*) with hadronic tau decay [PRD 97 (2018) 072013]
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R(D*) with hadronic tau decay

Systematic uncertainty

[PRD 97 (2018) 072013]

[PRL 120 (2018) 171
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[JHEP 08 (2017) 055]
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B — K*puu differential BR [JHEP 11 (2016) 047]
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@ Mild deviation in central ¢? region
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