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beauty and charm hadrons at LHCb
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CPV in the Standard 
Model (and beyond)

• The phase of the CKM matrix 
is the dominant source of CPV 
in the SM


• In extensions of the SM 
additional sources can arise 
from exchange of new particles 
(that may not be at directly 
accessible at the LHC)


• Decays of heavy-flavoured 
mesons are the best laboratory 
to test the CKM paradigm and 
look for new sources of CPV
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• The least constrained angle of the CKM matrix and only CPV 
parameter that can be measured from trees 
 
 

• Negligibly small theory 
uncertainties [JHEP 01 (2014) 051] 
→ powerful test of the SM 

• Possible to combine several 
D final states to improve precision 
[PLB 253 (1991) 483, PLB 265 (1991) 172, 
PRL 78 (1997) 3257, PRD 68 (2003) 054018]
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LHCb combination

• Constraints from several decay 
modes (85 observables, 37 
parameters) to find 
 

• To be compared with world average 
of [HFLAV] 

• Soon many more results from Run 2


• Expect ~1°(0.4°) precision after LHCb 
phase-1(2) upgrade [EPJC 73 (2013) 2373, 
CERN-LHCC-2017-003]


• Belle 2 with 50/ab will be competitive 
with LHCb phase-1 upgrade
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• Uses 2- and 4-body D decays and 
K*±→KSπ± decays 

• Constraints on rB, δB and γ from 
measurement of ratio of rates and CP 
asymmetries  
 
 

• Results in the 2-body modes 
consistent and more precise than 
BaBar [PRD 80 (2009) 092001]

B±→DK*± in Run 1+2 data

6

 

NEW

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

100

200

300
−*K) +π−K(D →−B

LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

100

200

300
*+K) −π+K(D →+B

LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

20

40
−*K) −K+K(D →−B

LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

20

40
*+K) −K+K(D →+B

LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

5

10

15

20

−*K) −π+π(D →−B
LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

5

10

15

20

*+K) −π+π(D →+B
LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

5

10
−*K) −π+K(D →−B

LHCb

]2c*) [MeV/DK(m
5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (1

0.
0 

M
eV

/

0

5

10
*+K) +π−K(D →+B

LHCb

[LHCb-PAPER-2017-030]

RCP+ = 1.18± 0.08± 0.01

ACP+ = 0.08± 0.06± 0.01

RADS = 0.011± 0.004± 0.001

AADS = �0.81± 0.17± 0.04

RCP+ = 1 + r2B + 2rB cos �B cos �

ACP+ = rB sin �B sin �/RCP+

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.092001
https://cds.cern.ch/record/2279147?ln=en
https://cds.cern.ch/record/2279147?ln=en
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[LHCb-PAPER-2017-030]

RCP+ = 1.18± 0.08± 0.01

ACP+ = 0.08± 0.06± 0.01

RADS = 0.011± 0.004± 0.001

AADS = �0.81± 0.17± 0.04

4.3σ evidence of 
suppressed ADS mode 

RCP+ = 1 + r2B + 2rB cos �B cos �

ACP+ = rB sin �B sin �/RCP+

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.092001
https://cds.cern.ch/record/2279147?ln=en
https://cds.cern.ch/record/2279147?ln=en


B±→DK*± in Run 1+2 data
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CP violation in the B0 system

• Interference between mixing and decay 
in B0→(cc̄)KS is sensitive to the angle β  
 
 

• The B-factories still dominate the world 
average [HFLAV] 
 
 
but LHCb with Run 1 data is already 
pretty close 

• LHCb is expected to reach 0.6o (0.2o) 
precision with Run 2 (phase-1 upgrade) 
[EPJC 73 (2013) 2373]
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sin(2β) from B0→(cc̄)KS decays

• Additional channels from Run 1 data

9

S(B0 ! [cc̄]K0
S) = 0.760± 0.034

C(B0 ! [cc̄]K0
S) = �0.017± 0.029

[LHCb-PAPER-2017-029]

NEW

• About 20% improvement 
in precision wrt previous 
result [PRL 115 (2015) 031601]

ACP (t) = S sin(�mt)� C cos(�mt)

S ⇡ sin(2�)

https://cds.cern.ch/record/2279148?ln=en
https://arxiv.org/abs/1503.07089


CP violation in the Bs system

• Golden channel is Bs→J/ψ𝜙, but 
additional sensitivity comes from 
other b→cc̄s transitions 

• Pioneering measurements from 
Tevatron have now been improved 
by more than a factor 10 by LHCb 
(+ Atlas and CMS)
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Experimental results CKM metrology: �, � and �s

State of art of �s

Although there has been impressive progress since the initial measurements at CDF/D0,
the uncertainty needs to be further reduced:

[HFAG Preliminary]

LHCb:

• J/ � [PRL114, 041801 (2015)]

• J/ K
+

K
- [ arXiv:1704.08217 (2017)]

• J/ ⇡+⇡- [Phys. Lett. B736, (2014) 186]

•  (2S)� [Phys. Lett. B762 (2016) 253-262]

• D
+
s D

-
s [PRL113, 211801 (2014)]

CMS:

• J/ � [Phys. Lett. B 757 (2016) 97]

ATLAS:

• J/ � [JHEP 08 (2016) 147]

�s = -21 ± 31 mrad

[HFAG Preliminary]

• ATLAS expects a significant increase in sensitivity thanks to a new innermost pixel detector

• �t ⇠ 60 fs, wrt �t ⇠ 90 fs in Run I [ATL-PHYS-PUB-2013-010] [ATLAS vertexing studies]

• LHCb sensitivity with phase-2 upgrade expected to be < 3 mrad [CERN-LHCC-2017-003 (2017)]

• Small pollution of sub-leading SM amplitudes must be taken under control (see backup).

F. Dordei (CERN) CP violation in beauty and charm 19-05-2017 11 / 21
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11

𝜙s = –2βs using Bs→J/ψKK decays [JHEP 08 (2017) 037]

• Fully exploit Run 1 data by analysing the full m(KK) spectrum of Bs→J/ψKK decays
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Previous analyses focused 
on low-mass region where 
𝜙(1020) dominates over a 

small KK S-wave 

Flavor-tagged, time-dependent 
amplitude fit to separate the 

various CP-odd/even components
Parameter Value
�s [ ps�1 ] 0.650± 0.006± 0.004
��s [ ps�1 ] 0.066± 0.018± 0.010
�s [ mrad ] 119± 107± 34
|�| 0.994± 0.018± 0.006

New LHCb average 
(including J/ψ𝜙 and J/ψππ)

�s = (1± 37)mrad

https://arxiv.org/abs/1704.08217


Experimental status for 𝜙s
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• Still far from the SM 
uncertainty (~1 mrad) 
→ plenty of room for 
new physics 

• Sensitivity with LHCb 
phase-1(2) upgrade is 
expected to be ~9(3) 
mrad [EPJC 73 (2013) 2373, 
CERN-LHCC-2017-003]

�s = (�21± 31)mrad

http://dx.doi.org/10.1140/epjc/s10052-013-2373-2
https://cds.cern.ch/record/2244311


What about the charm triangle?

• CPV practically absent in the SM (charm transitions almost 
completely decoupled from the third generation) 

• Ideal place to look for new physics (especially if couples 
preferentially to up-type quarks) 

• Very challenging: requires huge samples and control of 
systematic uncertainties below the 0.1% level

13

NB: not in scale, 
the real angle is 
much smaller
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CPV in D0→h+h– decays

• Time-dependent asymmetry between D0 and D̄0 to CP-even final 
states 
 

• Linear term due to CPV in 
interference between mixing  
and decay: A𝛤 ≈ – x sin𝜙D 

• Identify flavour at production  
with D*+→D0π+ decays 

• Two different analysis methods  
return consistent results

14

A(t) =
�(D0 ! h+h�)� �(D̄0 ! h+h�)

�(D0 ! h+h�) + �(D̄0 ! h+h�)
⇡ ACP �A�

t

⌧D

~10M

[PRL 118 (2017) 261803]

Run 1

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


Results
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[PRL 118 (2017) 261803]

A𝛤(K+K−) = (−0.30 ± 0.32 ± 0.10)×10−3 
A𝛤(π+π−) = (+0.46 ± 0.58 ± 0.12)×10−3

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


Results

• Combining the two final states  

• And with the result based on B→D0µ–X decays [JHEP 04 (2015) 043]  

• Consistent with CP symmetry. World’s most precise measurement to date  
(Belle 2 would need to collect 50/ab to reach this precision)
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[PRL 118 (2017) 261803]

A𝛤(K+K−) = (−0.30 ± 0.32 ± 0.10)×10−3 
A𝛤(π+π−) = (+0.46 ± 0.58 ± 0.12)×10−3

A𝛤 = (–0.13 ± 0.28 ± 0.10)×10−3

A𝛤 = (–0.29 ± 0.28)×10−3

https://link.springer.com/article/10.1007/JHEP04(2015)043
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803
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Figure 2.5: A projection of the improvement in the knowledge of the charm sector that will come from
the Phase-II Upgrade: (a) mixing parameters (in a study that allows for CP violation); (b) the quantities
� and |q/p|, which parametrise indirect CP -violation in charm.

LHCb has a unique reach for rare decays of strange hadrons, and has already produced
world-best results in the search for K

0
S ! µ

+
µ
� [68] and made studies of the decay ⌃+

!

pµ
+
µ
� [69]. The Phase-II Upgrade and the Phase-I/-II software trigger will allow LHCb to

observe K
0
S ! µ

+
µ
� down to its SM decay rate and make similarly sensitive measurements

for the decays of other charged hadrons. Possible improvements from augmenting the trigger
with additional downstream capabilities (see Sec. 5.7) may bring further gains in performance
over what is expected from the baseline Phase-I system. One additional very interesting physics
possibility [70] is to study the spin precision of particles in the dipole magnet and hence determine
the electric dipole moment (EDM) of the ⇤ baryon, and to measure the magnetic dipole moment
(MDM) of both ⇤ and ⇤̄ baryons as a test of CPT symmetry. Sensitivities at 10�19

e cm and
100 ppm will be achievable for the EDM measurement and CPT test, respectively, at the Phase-II
Upgrade. Even higher precision may be achievable by adding new tracking stations in the magnet
region, as discussed in Sec. 4.2.3.

2.5 Exotic hadrons and spectroscopy

The LHC is an extremely rich laboratory for the study of exotic hadrons, and this opportunity
has been exploited by LHCb to great e↵ect during Run 1. Highlights include the demonstration
of the four-quark nature of the Zc(4430)+ resonance [71] and the observation of the Pc(4380)+

and Pc(4450)+ pentaquark states [10]. These examples also show the need for a ‘critical mass’
of signal events, to allow for the thorough amplitude analyses which are essential to gain full
understanding of the observed resonant structures. A key priority for future LHCb data taking
is to establish other possible exotic multiplets, which can contain a large number of states in the
pentaquark picture. Neutral isospin partners of the P

+
c resonances, however, cannot be detected

in J/ n final states, implying the need for studying the fully hadronic decay modes ⇤+
c D

(⇤)�

accessible through ⇤0
b ! ⇤

+
c D

(⇤)�
K

⇤0 decays.
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[CERN-LHCC-2017-003]

Global fit to all charm mixing+CPV data
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world-best results in the search for K
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pµ
+
µ
� [69]. The Phase-II Upgrade and the Phase-I/-II software trigger will allow LHCb to
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� down to its SM decay rate and make similarly sensitive measurements

for the decays of other charged hadrons. Possible improvements from augmenting the trigger
with additional downstream capabilities (see Sec. 5.7) may bring further gains in performance
over what is expected from the baseline Phase-I system. One additional very interesting physics
possibility [70] is to study the spin precision of particles in the dipole magnet and hence determine
the electric dipole moment (EDM) of the ⇤ baryon, and to measure the magnetic dipole moment
(MDM) of both ⇤ and ⇤̄ baryons as a test of CPT symmetry. Sensitivities at 10�19

e cm and
100 ppm will be achievable for the EDM measurement and CPT test, respectively, at the Phase-II
Upgrade. Even higher precision may be achievable by adding new tracking stations in the magnet
region, as discussed in Sec. 4.2.3.

2.5 Exotic hadrons and spectroscopy

The LHC is an extremely rich laboratory for the study of exotic hadrons, and this opportunity
has been exploited by LHCb to great e↵ect during Run 1. Highlights include the demonstration
of the four-quark nature of the Zc(4430)+ resonance [71] and the observation of the Pc(4380)+

and Pc(4450)+ pentaquark states [10]. These examples also show the need for a ‘critical mass’
of signal events, to allow for the thorough amplitude analyses which are essential to gain full
understanding of the observed resonant structures. A key priority for future LHCb data taking
is to establish other possible exotic multiplets, which can contain a large number of states in the
pentaquark picture. Neutral isospin partners of the P
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c resonances, however, cannot be detected
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Conclusions

• Flavour/CP violation plays a key role in unravelling what lies beyond the 
SM, providing access to energy scales and couplings unaccessible at 
the energy frontier 

• LHCb is the ideal place where to study flavour/CP violation 

• Many measurements (based on Run 1 data only) have already 
exceeded those from the B-factories and the Tevatron 

• Could not cover many other interesting results (e.g. evidence of 
CPV in beauty baryons [Nature Physics 13 (2017) 391], search for strong 
CPV [PLB 764 (2017) 233], …) 

• All consistent with SM expectations and limited by statistics  

• Need to exploit Run 2 data and be prepared for the upgrades
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LHCb phase-1 upgrade
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Muons: 
‣ remove M1 
‣ replace FE electronics

Letter of Intent for the LHCb Upgrade 
CERN-LHCC-2011-001

Framework TDR for the LHCb Upgrade 
CERN-LHCC-2012-007

Calorimeters: 
‣ remove SPD & PS 
‣ reduce HV & PMT gain 
‣ replace FE electronics

Trigger & DAQ: 
‣ read-out full detector at 40 

MHz 
‣ replace FE and BE 

electronics 
‣ replace all detectors with 

embedded electronics 
‣ remove L0 bottleneck and 

have an all software trigger

RICH detectors: 
‣ remove aerogel radiator and re-

design optics for RICH1 
‣ replace photo-detectors

Tracking system: 
‣ Replace all detectors 
‣ VELO (Si pixels) 
‣ upstream tracker (Si strips) 
‣ downstream tracker (Sci-Fi)

https://cds.cern.ch/record/1333091
https://cds.cern.ch/record/1443882


LHCb phase-2 upgrade
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Figure 4.1: Schematic side view of the Phase-II detector.

within the LHCb acceptance from the initial interactions alone. These high multiplicities lead to
challenging conditions for track and vertex reconstruction. Using the Phase-I Upgrade VELO
detector design as a baseline, the performance of a number of potential modifications to the
detector geometry and materials has been evaluated at the proposed Phase-II luminosity, and their
e↵ects on the final physics performance studied using full Monte Carlo simulations. Figure 4.2
summarises the tracking performance of the baseline (Phase-I) design under luminosities expected
in the Phase-I and Phase-II Upgrade eras. The mean rate of reconstructing ghost tracks in the
VELO alone from spurious hit combinations increases dramatically from 1.6% to 40% for the
increased luminosity, even after tight track-quality requirements are imposed to limit the rate of
these ghosts. There is a corresponding reduction in tracking e�ciency, with the integrated value
within the LHCb acceptance falling from ⇠99% to ⇠96%. There is also a modest degradation in
the impact parameter (IP) resolution, driven by the e↵ect of the lowered tracking e�ciency on
the primary vertex (PV) resolution.

These losses in performance can be almost entirely recovered with a small number of design
improvements. Most notably, by decreasing the pixel pitch from 55µm to 27.5µm and reducing
the sensor silicon thickness from 200µm to 100µm, the ghost rate can be reduced back down to
2% while retaining a tracking e�ciency of 96%, to choose one working point. Another potential
design improvement would be the reduction of material. In the current and Phase-I Upgrade
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CP observables in B±→DK± 
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• Gronau-London-Wyler uses (quasi-)CP-even final states

• Atwood-Dunietz-Soni uses DCS mode
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