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LHCb

• Detector 

• Selected results 2019-2020 
• Rare decays 

• Lepton universality 

• Charm and beauty spectroscopy  
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~40% of heavy quarks in  <4% of 4p

10 Aug  2020/SINP Vanya Belyaev "LHCb"  3

pp-interaction point

RICH Detectors:

95% e(K±) @5% p→K misID

Tracking:

Dp/p =0.5-0.6% for 5<p<100 GeV/c

The most precise B-masses

ECAL: sm(p0)=7MeV/c2

Muon: 

e(m±)=97%@1-3% p→m misID

Vertex Locator

O(50fs)  resolution for B

The most precise t(B)



Run I+II

1fb-1@7TeV

2fb-1@8TeV

8fb-1 @13TeV

Thanks to LHC accelerator team for the excellent performance of machine  
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Trigger
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• Rare decays 
Bs →m+m-

Angular analysis B →K*m+m-

• CKM & CP violation

• CP violation in charm  

• Spectroscopy 
• O(30) new states 

• Properties of X(3982)

• Pentaquarks

• Xcc
++

• tetraquarks

• B(s) → e+e- ,  KS→ m+m-

• Lepton Universality 
RK, RK* , … 

D(s)→ h+11l2

• B→ Kp m+m-

• X(3872) mass and 
width

• New heavy baryon

• J/yJ/y structures
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2019-2020



Rare decays:  B(s)→ l+l-

• FCNC, very rare, sensitive to NP contributions 

• Br(B→l+l-) < Br(Bs→ l+l-) |Vtd| < |Vts| 

• Helicity suppressed 
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Bs→ m+m- 40 years 
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Bs→  e+e-
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LHCb-PAPER-2020-001, PRL 124(2020) 211802 



Bs→  e+e- Bremsstrahlung

•Mass resolution is limited by bremsstrahlung

• Number of emitted high-energy photons

• Bremsstrahlung recovery is important but not 
perfect  
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LHCb-PAPER-2020-001, PRL 124(2020) 211802 



Bs→ e+e-
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•Multivariate analysis, powerful particle ID

• Bremsstrahlung recovery is important 

LHCb-PAPER-2020-001, PRL 124(2020) 211802 

0g 2g



Bs→ e+e-
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LHCb-PAPER-2020-001, PRL 124(2020) 211802 

O(30) improvement



Search for KS→ m+m-

• Soft kinematics: 
• dedicated trigger & reco

• in place since 2016 

• Limited by hardware trigger 

• Only decays of KS within VELO
• (22%)

• Remove secondary interactions
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LHCb-PAPER-2019-038, arXiv:2001.10354 



Search for KS→ m+m-

Upper limit   <2.2(2.6)×10-10

Combined with Run-I

<2.1(2.4)×10-10
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LHCb-PAPER-2019-038, arXiv:2001.10354 



b→sl+l-

• “Rare” in SM 

• Sensitive to NP :

• Supersymmetry,  2HDM, 

4 generation, extra dimensions, leptoquarks, …

• Many sensitive observables
• For some of them the theory

uncertainties claimed to be under the control
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Lepton universality in b→sl+l-

• “Accidental symmetry” of gauge Lagrangian

•May be violated at some level 
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RK strategy 
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PRL 113 (2014) 151601, arXiv: 1406.6482 

2.6s

Double ratio 

→ Reduce systematic



Lepton universality  RK

• 5fb-1

• 2011, 2012 and  2016

• Trigger categories:

e± , K, rest of event

• 1.2 ×106 B+→J/y(m+m-)K+

• 3.4 ×105 B+→J/y(e+e-) K+

• The ratio for J/y modes

• 1.014 ± 0.035 

• Stable in kinematics! 

• Double ratio for y’

• 0.986 ± 0.013    OK!
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PRL 122 (2019) 191801, arXiv: 1903.09252 



Lepton universality RK

• 1 < q2 < 6 GeV2

• 1940 ±50  B+→K+m+m-

• 770 ±50    B+→K+e+e-

• 2.5s away from SM 
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PRL 122 (2019) 191801, arXiv: 1903.09252 



Lepton universality in B →K*l+l-

• Two bins

• 0.045 < q2 < 1.1 GeV2

• 1.1 < q2 <  6 GeV2

• 2-2.5s away from SM 
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JHEP 08 (2017) 055, arXiv: 1705.05802 

g

Z,g,..

Double ratio 

→ Reduce systematic



Lepton universality in Lb →pK-l+l-
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JHEP 05 (2020) 040, arXiv: 1912.08139 

The same direction…



-> Lepton flavor violation
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B+→K+me

•Use Run-I data, 3fb-1

• multivariate selection

•No signals are found 

• Also no signals for

• B → em

• B  → tm

• D → em
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PRL  123  ( 2019) 231802, arXiv: 1909.01010 



B+→K+m-t+

• Recontruction is difficult  
• two missing neutrinos

• Idea: use Bs2
* to tag B+ mesons 

with K-

• Use momentum of  K-

• Constraint Bs2
* and B+ masses 

• known vertices

• Can reconstruct missing mass! 
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JHEP 06 (2020) 129 , arXiv: 2003.04352 



B+→K+m-t+

• MVA, 4 bins 

• Suppress background

• Normalization:

• use B+→K+J/y(mm)

• No signal is found 
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JHEP 06 (2020) 129 , arXiv: 2003.04352 



D(s) 
+ →hl1l2 modes 

• 2016 data, 1.7fb-1

• 25 modes: 

• 4  c→ul+l-

• 2 WA 

• 8 LFV 

• 9 LNV 

• Exclude h, r,w,f→l+l-

•Normalization:

• D(s)
+ →pf(l+l-)
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LHCb-PAPER-2020-007 



D(s) 
+→hl1l2 modes : no signals 
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LHCb-PAPER-2020-007, to appear soon  



D(s) 
+→hl1l2 modes: 25 best limits

• 25 best upper limits

10 Aug  2020/SINP Vanya Belyaev "LHCb"  28

LHCb-PAPER-2020-007 



Other anomalies?
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Br(b → sm+m-): too small?  
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JHEP 11 (2016) 047 JHEP 09 (2015) 179 JHEP 06 (2015) 115

JHEP 06 (2014) 133 JHEP 06 (2014) 133 JHEP 06 (2014) 133



Angular analysis B0→ Kpm+m-
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Kp:   not only K*

•Account S-wave Kp

• 15 parameters in total
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B→ Kp m+m- Run-I  

•Observables, but S5

agree with SM 

•
• local discrepancy 

• two bins

• AFB is consistent
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JHEP 02 (2016) 104, arXiv: 1512.04442 



B→ Kp m+m- Run-I  + 2016 

•Almost double dataset :

2187± 53  B →Kpm+m-

The same selection

•No large local tensions

•Overall (dis)agreement:

• 3s
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PRL 125 (2020) 011802 , arXiv: 2003.04831 



P5’ LHCb

10 Aug  2020/SINP Vanya Belyaev "LHCb"  35

PRL 125 (2020) 011802 , arXiv: 2003.04831 



P5’ summary  

10 Aug  2020/SINP Vanya Belyaev "LHCb"  36



Spectroscopy

• O(30) new charm(onium), 
beauty and exotic hadrons 
Xcc

++

Pentaquarks, 

Tetraquarks, …

quantum numbers for some of 
them

• precise masses and 
widths/lifetimes 
• Almost always the most 

precise … 

•Mass and width of 
X(3872)

•New beauty and charm 
baryons

• New puzzle  : 
structures in J/yJ/y

mass spectrum 
• 4c tetraquarks ? 
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cc1(3872) aka X(3872)  

• Discovered 17 years ago by Belle

• Quantum numbers 1++ by LHCb

• Mass close to DD* threshold

• Rather high production rate in                           hadron 
environment
Too large for “large” molecular?

• Interesting pattern of decays

J/yr0 vs J/yw0,  y’g vs J/yg , … 

• Nature is still unclear
Molecule? Compact tetraquark?

cc1(2P) ? Hybrid? Mixture? …     
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Two concurrent analyses

• Inclusive  b→X(3872)X

• Run I, 3fb-1

• Large statistics 

• Large background

• B+ → X(3872)K+

• RunI&II, 9fb-1

• Smaller statistic

• Smaller background 
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LHCb-PAPER-2020-008/009, arXiv: 2005.13419/2005.13422 



b→ (X(3872)→J/ y p+p-) X

• Calibrate detector 
resolution using large 
sample   of  

b → (y’→J/y p+p-) X 

• account  small 
data/MC difference  

s=1.03±0.01         (1%!)

•Analysis in ppp bins 

•Separately for 2011& 
2012  
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Control mode: y’→J/yp+p-
LHCb-PAPER-2020-008, arXiv: 2005.13419 



b→ (X(3872)→J/ y p+p-) X

•Using S-wave Breit-
Wigner

• Width is 5s from zero!

• Cross-check: if G=0

• s = 1.20-1.25  

• versus the  measured 
value of  s=1.03±0.01  
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LHCb-PAPER-2020-008, arXiv: 2005.13419 



B+→(X(3872)→J/yp+p-)K+

• (547.8 ±0.9)×103

• Split into :
y’ region, 

y2(3823)

X(3872)

• Simultaneous 2D fit in 
three regions
Measure masses relative to y’

mass 

Fix y’ width : 

allow to measure y2(3823) 

and X(3872) widths
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LHCb-PAPER-2020-009, arXiv: 2005.13422 



B+→(X(3872)→J/yp+p-)K+

• MC/data: 1.048± 0.004

• Precise X(3872) mass

• Large width!  5s >  0 
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LHCb-PAPER-2020-009, arXiv: 2005.13422 



X(3872) mass and width

•
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LHCb-PAPER-2020-008/009, arXiv: 2005.13419/2005.13422 

,m(K)!!!



… but Breit-Wigner cannot be correct shape 

• Make a try using Flatte-type  model    (C.Hanhart et et..)
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LHCb-PAPER-2020-008, arXiv: 2005.13419 

•Parameter interpretation is not easy:

•Flatte scaling



Flatte vs Breit-Wigner

• Equally good description: resolution is important!

• Results are compatible
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LHCb-PAPER-2020-008, arXiv: 2005.13419 



Flatte poles 

• EII = (60-i130)keV: forms a peaking line shape

• EIII= (-3.58-i1.22)MeV
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Binding energy

•Switching off other 
channels except D0D*0, 
pole II moves and gives 
Eb=24keV

•Quasi-bound D0D*0

state is preferred
Eb < 100keV 90%CL

•Quasi-virtual is still 
allowed at 2sigma
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New heavy baryons
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Excited Wb states in  Xb
0K-

• Full data set  with  Xb
0→(Xc

+→ pK-p+)p-
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PRL 124  (2020) 082002 



Excited Wb states in  Xb
0K-

• Four narrow peaks

• local significances from 3.6 to 7.2s 

• Global significance : 2 peaks >6s, 2 peaks <3s

10 Aug  2020/SINP Vanya Belyaev "LHCb"  51

PRL 124  (2020) 082002 



Excited Xc
0 in LcK

-

• 5.6fb-1, “background-free” Lc→pK- p+

•Three peaks with yields 4-12k

• Two are definitely new 
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PRL 124  (2020) 082002 



Excited Lb in Lbp+p-
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PRL 123  (2019) 152001 

1 state? No! 2 states! 

Lb(1D) doublet 



Excited Lb in Lbp+p-
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JHEP 06 (2020) 136 
Lb(1D)

Lb(2S)

←Lb(1P)

Lb(2S) : the first “wide” state



Lb in Lbp+p-
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JHEP 06 (2020) 136 Lb(1P) doublet



Structures in J/yJ/y: charm tetraquark ?

• 4c tetraquarks are predicted in several models

Wide range of masses

J/yJ/y is possible decay mode  

•Was looked in LHCb in 2010 and 2015 data:
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116 J/yJ/y 1k J/yJ/y



J/yJ/y with full dataset

• Full dataset 
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LHCb-PAPER-2020-011, arXiv: 2006.16957 

Full dataset 9fb-1

(33.57±0.23) ×103 J/yJ/y



Two contributions: SPS & DPS 

• Tetraquark is special case

• Interference is possible

• Play important role for 
large masses

• Shape can be fixed from 
data 
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m(J/yJ/y)

• Spectrum is no smooth! 
• Broad structure

• Dip 

• Narrow structure

• …. 

• Peaks are needed! 
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LHCb-PAPER-2020-011, arXiv: 2006.16957 



Fits: without/with interference
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LHCb-PAPER-2020-011, arXiv: 2006.16957 



… instead of summary

•Analysis of Run-I&II data set continues

•Many important measurements to be updated for 
the full statistics 

• Many interesting “a-few-sigma” puzzles and SM 
tensions 

• More data is needed..

• We are preparing for LHC Run-III and beyond

• LHCb Upgrade progresses well 

Stay tuned!
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Thank you! 
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Heavy baryons in PDG on-line
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Lb(6146)0

Lb(6252)0

LHCb: almost for all cases)

The most precise mass

The most precise lifetime

?



Fit model

10 Aug  2020/SINP Vanya Belyaev "LHCb"  64

6 RBW*G,   resolution: 0.7-1.7МeV/c2

+3 components for Xc
’K

PRL 118(2017) 182001

http://dx.doi.org/10.1103/PhysRevLett.118.182001


Xcc
++ at LHCb
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313 33 events 

Significance: ~12s

Dm =1334.94 ±0.72 ±0.27 MeV/c2

M = 3621.40 ±0.72 ±0.27 ±0.14MeV/c2

(~ 100 MeV/c2 above Xcc
+ from SELEX)

PRL 119(2017) 112001

https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf


Xcc
++ and Lb

0
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PRL 121(2018) 052002

https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf


Extend mass region 200→600 MeV/c2

• Two new peaks!
Sb(6097)+ & Sb(6097)-

• Significance ~13s for each

(compatible with being Sb(1P))   
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PRL 122(2019) 012001

https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf


Xb(6227)-

• New peak Xb(6227)-

• Significance ~8s

• In perfect agreement for 
all three modes!

Production ratios
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PRL 121(2018) 072002

https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf


Intermediate Sb/Sb
* ? 

Select Sb/Sb
*/NR “regions”

• 2 almost degenerate peaks! 

• >7s with respect to 1-peak

• very similar widths

• Mass difference:
• 6.34 ±0.32 ±0.02 MeV/c2
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PRL 123(2019) 152001

https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf


Intermediate Sb/Sb
* ? 
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Puzzle ?

•High mass state 

decays into Sbp and Sb
*p

•Low mass state 

decays only to Sb
*p

1D dublet with inverse mass 
hierarchy?

PRL 123(2019) 152001

https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf


Bs→ m+m-

• (Di)muon trigger 

• Excellent mass resolution

• Efficient muon ID  

• Multivariate analysis

• 31 signal  Bs events

• Confirmed by CMS and 
ATLAS

• Combined LHC result for 
Run-I&II in progress 
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Bs→ m+m- 2020

Next Wednesday, August 5 at ICHEP-2020
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