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NP search: Direct vs Indirect
• CKM model gives a remarkably 
consistent description of experimental 
results

• The most precise tests come from either 
tree-level B decays or from B mixing

• Where is the New Physics?

 CP violation (any inconsistencies in the UT 
construction will indicate the present of NP)

 Rare decays
 new particle to be produced and observed as real particles at energy frontier

machines (e.g LHC)
 virtual new particles (in loop processes) may alter the decay rate, CP-asymmetry

and other observable quantities
 rare B decays, where penguin amplitudes play a dominate role, are excellent places

to look for NP
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NP search: Direct vs Indirect
BaBar & Belle were astonishingly
successful experiments.

Most importantly, they demonstrated
that CKM mechanism drives
CP-violation.

If the energy of the particle
collisions is high enough, we can
discover NP detecting the
production of real new particles

If the precision of the measurement
is high enough, we can discover NP
due to the effect of virtual new
particles in loops
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Indirect approach

• sensitive to NP effects

• third quark family

• Neutral current (the Z-boson discovery)

 ν + N → ν + N discovered in 1973
 Real Z-boson observed in 1983

1973

1983

1973

 inferred by Kobayashi and Maskawa (1973) to explain
small CP violation measured in kaon mixing (1964)

 directly observed in 1977 (b-quark) and 1995 (t-quark)

The Gargamelle (bubble chamber), now 
on display at CERN Microcosm museum 
science garden
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Direct vs Indirect
Particle Indirect approach Direct approach

ν β decay 1932 Reactor νCC Cowan, Reines 1956

W β decay 1932 W→eν UA1, UA2 1983

c-quark K0→µ+µ- GIM 1970 J/ψ Richter, Ting 1974

b-quark CPV 
K0→π+π-

CKM, 3е

generation
1964/
1972

ϒ Ledermann 1977

Z ν-NC Gargamelle 1973 Z→e+e- UA1 1983

t-quark B-mixing Argus 1987 t→Wb D0, CDF 1995

H e+e- EW fit, LEP 2000 H→4µ/2γ ATLAS, CMS 2012
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"For their leading role in the first demonstration of mixing in the B0 – antiB0 system. The
unexpectedly large value of the mixing parameter provided indirect evidence for a large top
quark mass and has greatly enhanced the possibility for studying CP violation in B meson
decays. This capability has encouraged a worldwide effort to determine whether the small CP
violation in K decay is a reflection of a fundamental parameter characterizing transitions of
quarks among the three generations."

W.K.H. Panofsky Prize in Experimental Particle Physics

Direct vs Indirect
ARGUS experiment

Henning Schröder                 Yuri Zaitsev
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Main players in heavy flavor physics
e+e- machines, B-factories

 BaBar, Belle experiments
 operated in the 2000’s
 mainly B0 and B+ physics

Tevatron collider

 CDF, D0 experiments
 general purpose detectors
 important early B0

s and b-hadron 
studies

LHC

 ATLAS, CMS experiments
 Their excellent instrumentation 

gives them great capabilities in 
certain b-physics channels, 
especially those with dilepton 
final states 7



LHCb – a flavour physics 
experiment at the LHC

A collaboration of ~1200 members from 
72 institutes in 16 countries

Beam1                 Beam2

An experiment to search for
physics beyond the Standard
Model, through flavour studies
of beauty- and charm- hadrons
(but also general ‘forward
physics’)
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Russian groups involved in LHCb

ITEP

INR RAS

MSUBINP

IHEP

PNPI LHCb

NRC KI

TPU
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LHCb experiment
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• Advantages of beauty physics at hadron colliders:

• Challenge:

• LHCb nominal running conditions:

• acceptance

• high value of bb cross section at LHC

• access to all quasi-stable b-flavoured hadrons : B±, B0, B0
s, B±

c, Λ0
b , …

σbb ∼ 600 (280) μb @ √s=13 (7) TeV
(е+е- machine σbb ∼ 1 nb @ ϒ(4S))

• multiplicity of tracks (~30 tracks per rapidity unit)
• rate of background events: σinel∼ 100 mb

• luminosity  limited L ~ 3-4 x 1032 cm-2 s-1 by not 
focusing the beam as much as ATLAS and CMS 
• maximize the probability of single interaction per 
bunch crossing

•2 < η < 5 → │ η │ < 2.5 @ ATLAS/CMS
• 10-300 mrad

The B mesons formed by the colliding proton 
beams (and the particles they decay into) stay 
close to the line of the beam pipe, and this is 
reflected in the design of the detector



LHCb detector

VELO:
Primary and secondary 
vertex

Tracker stations
Calorimeters:
PID: h,e,γ, π0

Muon systemRICH1, 2:
PID: K,π,p separation

Interaction 
point

Beam 1 Beam 2

flavour physics experiment at the LHC
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Bs mixing
B0

s → D-
sπ+, D-

s →φ(K+K-)π-, K*0(K+π-)K-, K+K-π-, K+π+π-, π-π+π-

~ 1.0 fb-1

LHCb, 
New JPhys 15 (2013) 053021

2π/∆ms ~ 350 fs

∆ms ~ 17.768 ± 0.023 ± 0.006 ps-1

most
precise to date

different flavour at decay 
and production
same flavour at decay and 
production
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Particle identification
RICH detectors

Invariant mass distribution for B0→h+h- (h = K, π) decays with and 
without RICH

B0→π+π-

B→K+π-

B0→π+π-

Bs→K+π-B→K+π-

Λb→pK Bs→π+π- LHCb, 
Eur Phys J C 73 (2013) 2431
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Running conditions
LHC run-I went from 2010 to 2012, during which LHCb collected 3 fb-1 of data 
(this corresponds to ~3 x 1011 b anti-b pairs being produced within LHCb)

Now embarking on second ‘production year’ of run-II (after a ‘start-up’ year in 2015).
Operating at higher energy and at 25 ns bunch - crossing (+ detector improvements).

Run-II will go to end of 2018 – expect to increase the beauty sample by x3 or more. 14



But physicists are hoping for 
something bizarre…

They have been 
stuck in that model, 
like birds in a gilded 

cage, ever since
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b-quark production
2 < η < 5

LHCb, 
LHCb-PAPER-2016-031

A striking difference between measurement and theory is observed at low η values 
corresponding to b-hadron production at larger θ angles.

Cross-section as function of η
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B0 → D*-τ+ν

|Vub| / |Vcb|
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B0 → D*-τ+ν
Measurement of R(D*) = BR(B0 → D*-τ+ν)/BR(B0 → D*-µ+ν)
Theoretically clean

BaBar ~3σ tension

difference wrt SM 
predictions at 

3.9σ level

LHCb, 
PRL 115 (2015) 111803

Sensitive to NP coupled 
dominantly to 3rd generation, 
e.g. a charged Higgs

 in CM only difference is the mass of the lepton
 R(D*) = 0.252±0.003
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Horizontal bands refer to 
R(D*)

Ellipses refer to both 
R(D*, D)

LHCb

Belle

BaBar

WA



|Vub| / |Vcb|

Inclusive

Vub (incl) = (4.40 ± 0.22) x 10-3

There has been a long standing discrepancy between the value of |Vub| determined 
from exclusive B→πlν and inclusive b→ulν decays.

19



|Vub| / |Vcb|

Inclusive

Exclusive

Vub (incl) = (4.40 ± 0.22) x 10-3 Vub (excl) = (3.69 ± 0.14) x 10-3

~2.7 σ

There has been a long standing discrepancy between the value of |Vub| determined 
from exclusive B→πlν and inclusive b→ulν decays.
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LHCb, 
Nature 10 (2015)  1038

|Vub| / |Vcb|

Λb → pµν и Λb → Λc
+µν

First time in a 
baryonic decays

LHCb

This measurement is consistent
with previous determinations of
|Vub| using B meson decays to
specific final states and confirms
the existing incompatibility with
those using an inclusive sample
of final states.

disagrees with the inclusive measurement at a significance level of 3.5σ 21



Rare decays
B0

s → µ+ µ-

B0 → K*0 µ+ µ-

B+ → K+µ+ µ- and B+ → K+e+e-

22



B0
s →µ+µ-

Very rare decay, well described in the SM

 FCNC
 Helicity suppressed ~ (mµ/MB)2

BR(B0
s → µ+ µ- ) = (3.66 ± 0.23) x 10-9

BR(B0
d → µ+ µ- ) = (1.06 ± 0.09) x 10-10

Very sensitive to NP, 
e.g. Minimal Susy Models (BR ~ tan6β)

Very clean signature
Studied by all high-energy hadron collider experiments (~30 years)
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B0
s →µ+µ-

30 years of effort!

“I’m too old for limits, I want to see signals”
Francis Halzen (EPS ‘15) 24



B0
s →µ+µ-

LHCb and CMS combination

In agreement with SM on a level 2σ

LHCb, 
Nature 552 (2015) 682015
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B0
s →µ+µ-

from 2016 also with ATLAS contribution
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B0 → K*0µ+µ-

b → sl+l- transition

 only proceeds via loops and boxes → sensitive to NP

 ideal place to look for new physics

 a lot of phenomenological work invested in defining observables
with “clean” theoretical prediction

Question: how clean?

• Supersymmetry, Any 2HDM, Fourth generation, Extra dimensions, Axions . . .

• rates, angular distributions and asymmetries sensitive to NP
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B0 → K*0µ+µ-

LHCb, 
JHEP 02 (2016) 104

arXiv 1604:040402

Local naïve significance of ~3σ using full Run 1 statistics

Belle result (di-electron mode) is in agreement with LHCb
28



B0 → K*0µ+µ-

newwith ATLAS and CMS results

ATLAS-CONF-2017-023
(March 2017)

CMS PAS BPH-15-008
(March 2017)

The measurement are 
in agreement with 

standard model 
predictions

29

LHCb, Belle and 
ATLAS show 

deviations from SM 
in 4< q2

µµ< 8 GeV



BRs too low in b → sµ+µ- decays?
LHCb, 

JHEP 09 (2015) 179
LHCb, 

JHEP 06 (2015) 115

LHCb, 
JHEP 06 (2014) 133
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B+ → K+µ+µ- and B+ → K+e+e-

LHCb

LHCb, 
PRL 113 (2014) 15160Test of lepton universality – key aspect of SM

Ratio ~1 in SM, with negligible theoretical uncertainties

Compatible with SM at 2.6σ

In agreement with 
previous measurement

most precise measurement
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B0 → K*0µ+µ- and B0 → K*0 e+e-

arXiv, 
1705.05802

Test of lepton universality – key aspect of SM
Ratio ~1 in SM, with negligible theoretical uncertainties
LU means that leptons (e.g., electrons e and muons μ) behave in the same way, i.e., 
they have the same couplings to gauge bosons

2.1-2.3σ and 2.4-2.5σ away from SM at low and central-q2, respectively.

new
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CP violation
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Bs mixing
 Several measurements at

Tevantron and LHC
 World average:              

φs = -34 ± 33 mrad
 Combination of

 Excellent agreement with SM
 Statistical limited

B0
s → J/ψK+K-

B0
s → J/ψπ+π-

B0
s → Ds

+Ds
-

34



CP-violation in baryon decays
CP-violation has been observed in K0, B0 and B0

s decays
BUT not yet in any baryon decay
First evidence for CP violation in baryon decays (Λ0

b → pπ-π+π-)

The statistical significance of these 
asymmetries differing from zero is 3.3σ

6646±105

LHCb, 
arXiv 1609.05216
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Chamonium                                                                  Charmonium-
like states

Exotic
36



Pentaquark, tetraquark …
Quark model

meson

baryon

tetraquark

pentaquark
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Pentaquarks in Λb → J/ψpK- decays

26007±166

statistical significance 9σ and 12σ

LHCb, 
PRL 115 (2015) 072001

Two pentaquark-charmonium states decaying into a J/ψ meson and a proton p
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Tetraquark Z(4430)-
B0 →ψ(2S) π-K+

LHCb, 
PRL 112 (2014) 222002

39



D0 tetraquark

PRL 117 (2016) 022003 (February 2016)
D0 announces observation of exotic state
(b,s,u,d) X(5568) → Bsπ+

N(Bs) ~ 5500

arXiv 1608:00435 (April 2016)
LHCb: 
Existence of X(5568) not confirmed
N(Bs) ~ 110 k

What we should have seen

Phys. Rev. Lett. 117, 152003 (2016)

LHCb, 
PRL 117 (2016) 152003

Bs → J/ψφ
ρX = (8.6 ± 1.9 ± 1.4)%
production rate wrt Bs

ρX (pT(Bs)> 5 GeV/c) < 0.011 (0.012)
ρX (pT(Bs)>10 GeV/c) < 0.021 (0.024)
ρX (pT(Bs)>15 GeV/c) < 0.018 (0.020)

90% (95%) CL
40



D0 tetraquark
D0 conference note 6496 (March 2017)
Confirmation of the X(5568) with 
semileptonic decays of the Bs mesons

CMS physics analysis summary 16-002
(August 2016)
Search for the X(5568) state in Bsπ+ 

decays 
N(Bs) ~ 48000

ρX (CMS) < 3.9%  @ 95 CL
41



Observation of exotic J/ψφ structures
in B+ → J/ψφK+

Amplitude analysis of B+ → J/ψφK+ decays with φ → K-K+

 Simultaneous analysis of M(J/ψφ), M(φK+) and decay angle distributions

signif M, MeV/c2 width

X(4140) 8.4σ

X(4274) 6.0σ

X(4500) 6.1σ

X(4700) 5.6σ

LHCb, 
PRL 118 (2017) 022003 

Evidence for X(4140) near 
threshold J/ψ φ mass peak 
first announced by CDF, 
later confirmed by D0 and 
CMS

Searches by Belle and 
BaBar gave negative results
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Beauty charm

LHC – new era for B+
c physics

43



 Only meson consisting of two heavy quarks of different flavours
 From the spectroscopy view system is the heavy quarkonium
 Unique probe of both strong and weak interactions
 The heaviest meson that decays through weak interactions with either c- or b-quark 

decaying or through their weak annihilation
 Discovered in 1998 by the CDF (Bc

+ → J/ψπ+)
 No possibility to study at current e+e- machine
 Lifetime is almost three times smaller than that of other beauty mesons pointing to 

the important role of the c-quark in weak Bc
+ decays

 In PDG2013 τ(Bc
+) = 0.452±0.033 ps  (while τ(B+) < 0.7% )

Features
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Lifetime measurement

fs

semileptonic decays
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Mass measurement
CDF and D0 average: 6277 ± 6 MeV/c2

MeV/c2

Mass, MeV/c2
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Новые распады B+
c мезона

Первое наблюдение 
слабого распада В мезона 

в другой В мезон

New decays
First observation of 
B meson decaying to 
another B meson via 
weak interaction
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Excited Bc
+ meson state

observed with 5.2 σ

ATLAS

ATLAS, 
PRL 113 (2014) 212004
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Search for NP
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