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• Sakharov’s II condition for baryogengesis  and  
must be violated 

• crucial to explain matter-antimatter imbalance


• only source of  violation in the SM from 
imaginary phase in Cabibbo-Kobayashi-Maskawa 
matrix 

• CKM arises from Higgs Yukawa interaction


• unitary transformation between mass and 
interaction bases


• measure angles of six unitary triangles 
• over constrained → stress test of SM consistency


• CKM induced  still way too small… 

• New Physics can significantly modify it

C CP
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Man könnte annehmen, dass ob dieser
ständigen Erfolge Zufriedenheit in der Phy-
sikgemeinde herrscht, doch das genaue
Gegenteil ist der Fall. Denn wenngleich das
Standardmodell der Teilchenphysik eine
einzigartige Beschreibung der fundamen-
talen Wechselwirkungen liefert, geht man
davon aus, dass es sich um eine effektive
Feldtheorie, also eine Approximation einer
zugrunde liegenden größeren Theorie han-
delt. Dieser Umstand spiegelt sich vor al-
lem darin wider, dass mit dem Standard-
modell der Teilchenphysik nur etwa !% des
Universums beschrieben werden können.
Eine Beschreibung der sogenannten Dun-
klen Materie, die etwa 2!% des Universums
ausmacht, oder der Dunklen Energie, die
die restlichen 70% beiträgt, kann besten-
falls von Theorien geliefert werden, die
über das Standardmodell der Teilchenphy-
sik hinausgehen. Jegliche Abweichung von
den Vorhersagen des Standardmodells der
Teilchenphysik würde daher mit Freude
nachgewiesen werden, böte sich so doch
die Möglichkeit, die aktuelle Beschreibung
der Natur zu erweitern.

3 Der Lagrangian
Die mathematische Formulierung des Stan-
dardmodells der Teilchenphysik ist kom-
plex. Es gibt aber eine kompakte mathema-
tische Darstellung als Lagrangedichte-
Funktion, der sogenannte „Lagrangian“.
Doch selbst dieser Lagrangian nimmt bei
Niederschrift noch mehrere Seiten in An-
spruch [1], weswegen sich zusätzlich auch
noch eine stark verknappte Version etabliert
hat, die mit nur vier Zeilen auskommt. Von
dem Lagrangian geht eine enorme Faszina-
tion aus und wer bei einem Ausflug nach
Genf dem CERN-Shop einen Besuch abstat-
tet, kann sich dort sogar mit T-Shirts und
Kaffeetassen (Abb. 1) eindecken, auf denen
diese Kurzform des La grangians abgedruckt
ist. Spätestens nach einem Besuch am
CERN stehen Lehrpersonen aber meistens
vor der schwer lösbaren Aufgabe, interes-
sierten Jugendlichen die Inhalte des Lag-
rangian erklären zu sollen.

Um hier Abhilfe zu leisten, wollen wir in
diesem Artikel eine qualitative Erklärung
der einzelnen Terme des Lagrangians ge-
ben und diese jeweils mit zugehörigen
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Der Lagrangian entmystifiziert
Kaffeeklatsch mit dem Standardmodell der Teilchenphysik

J. Woithe u. G. Wiener

1 Einleitung
Die bisher wichtigste Errungenschaft der
Hochenergiephysik ist die Formulierung
des sogenannten Standardmodells der
Teilchenphysik. Dabei handelt es sich um
eine äußerst elegante und bisher unüber-
troffene Theorie der Elementarteilchen
und ihrer fundamentalen Wechselwirkun-
gen, die beschreibt, wie Elementarteilchen
aufgrund ihrer jeweiligen Ladungen inter -
agieren. Dabei bezeichnet man mit Ladung
eine charakteristische Eigenschaft eines
Teilchens, die bestimmt, von welcher fun-
damentalen Wechselwirkung es beein-
flusst wird. Mit Ausnahme der Gravitation
ist im Rahmen der Quantenfeldtheorie, auf
der das Standardmodell basiert, jede fun-
damentale Wechselwirkung mit einer fun-
damentalen Ladung assoziiert: elektrisch
geladene Teilchen unterliegen der elektro-
magnetischen Wechselwirkung, schwach
geladene Teilchen der schwachen Wechsel-
wirkung, und stark geladene beziehungs-
weise farbgeladene Teilchen der starken
Wechselwirkung. Vermittelt werden diese
fundamentalen Wechselwirkungen durch
die jeweiligen Wechselwirkungsteilchen:
Photon, W–-, W+- und Z-Bosonen sowie Glu-
onen. Elementarteilchen können auch von
mehreren Wechselwirkungen beeinflusst
werden, so unterliegt zum Beispiel ein
Myon aufgrund seiner elektrischen und
schwachen Ladung sowohl der elektro-
magnetischen als auch der schwachen
Wechselwirkung.

2 Das Standardmodell der 
Teilchenphysik
Das Standardmodell der Teilchenphysik
wurde bereits in den 1970er Jahren entwi-
ckelt und hielt bisher allen experimentel-
len Überprüfungen stand. Der vorerst letz-
te Triumph war die Verifizierung des Brout-
Englert-Higgs-Feldes durch den erfolgrei-
chen Nachweis der quantisierten Anre-
gung dieses Feldes, des sogenannten
Higgs-Bosons, durch ATLAS und CMS am
LHC im Jahr 2012. Dadurch wurde der
Higgs-Mechanismus, welcher Elementar-
teilchen eine Masse zuschreibt, bestätigt.  

Abb. 1: Lagrangian auf einer Kaffeetasse.
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12. CKM Quark-Mixing Matrix

Revised March 2022 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.3)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- ,

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2 [1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.5)

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update
1st December, 2023 11:05am

1 12. CKM Quark-Mixing Matrix

12. CKM Quark-Mixing Matrix

Revised March 2022 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.3)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- ,

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2 [1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.5)

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update
1st December, 2023 11:05am

≈

https://indico.in2p3.fr/event/35255/timetable/#315-recent-highlights-in-top-q


Flavour Physics at CMS 
(excluding top, see Kai-Feng’s talk)

Rare decays 
penguin/box FCNC  

measurement of “golden”  

search for very rare  

angular analyses ,  

 

…

b → sℓℓ
Bs → μμ

D0 → μμ
B0 → K*0μμ Bs → ϕμμ

dℬ(Hb → Hsμμ)/dq2

Exotic hadrons and 
spectroscopy 

search for tetraquarks 

measurement of 
tetraquark properties 

baryon decays 

…

Production and 
properties 

differential cross sections 

associated V + HF 
production 

fragmentation fractions 

lifetimes 

…

Lepton flavour (non-) universality 
, , … 

 
Lepton flavour violation 

, …

R(K ) R(J/Ψ)

τ → 3μ

CP-violation 

measurement of in 
 

 in  
…

ϕs
Bs → J/Ψϕ

ACP D0 → KsKs

the study of exotic hadrons and QCD production processes 
represent experimental analogues of the strong-force mediated 
processes that led to hadron formation in the early Universe 
• hot quark-gluon (collision) → hadronisation / cooling


• QCD non perturbative at hadron/nuclei energy → hard from first 
principles → experiments crucial
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Rare decays 
penguin/box FCNC  

measurement of “golden”  

search for very rare  

angular analyses ,  

 

…

b → sℓℓ
Bs → μμ

D0 → μμ
B0 → K*0μμ Bs → ϕμμ

dℬ(Hb → Hsμμ)/dq2

Lepton flavour (non-) universality 
, 

, 
… 
 

Lepton flavour violation 
, …

R(K ) = ℬ(B+ → Kμμ)/ℬ(B+ → Kee)
R(J/Ψ) = ℬ(Bc → J/Ψτν)/ℬ(Bc → J/Ψμν)

τ → 3μ

Part III.

Where we are and 
where we could go
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[ From agnostic bounds to 
flavour-EW-Higgs interplay 

in concrete cases ]

• Sakharov’s III condition for baryogengesis:  
first order phase transition 

• Higgs potential symmetry breaking during  
cooling would realise for  
light Higgs 


• clearly not fulfilled   
(see Marumi, Yves’ talks), “cross-over”


• Beyond the SM particles can modify  
Higgs potential appropriately and satisfy  
Sakharov’s III condition 

• dark matter candidates? 

• precision measurements in Flavour sector 
→ indirect search for New Physics 

• Effective Field Theory: new interactions ⇔ “contact operators”

mH < 70 GeV

mH = 125 GeV

https://indico.in2p3.fr/event/35255/timetable/#315-recent-highlights-in-top-q
https://indico.in2p3.fr/event/35255/contributions/165287/attachments/97877/150767/Marumi.pdf
https://indico.in2p3.fr/event/35255/contributions/161332/attachments/97879/150771/SiroisY_ParticlesCosmology.pdf


6

LHC 	 → L1 (HW calo & mu) → full readout → HLT (SW) → offline 
  30 MHz		 	     →                        100 kHz		 	 →        few kHz

Tr
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Run3 2022-25 
 ℒ > 300 fb−1

s = 13 TeV
Run2 2015-18 

 ℒ ∼ 140 fb−1

s = 13 TeV

average pileup up to <μ> 60
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Figure 11. Tag-and-probe results for the muon efficiency erec+id in data compared to simulation. Given that
a tracker track exists, the plots show the efficiency as a function of muon pT for Soft Muons (left), Particle-
Flow Muons (middle), and Tight Muons (right) in the barrel and overlap regions (top), and in the endcaps
(bottom). The measurement is made using J/y! µ+µ� events for pT < 20GeV/c and Z! µ+µ� events for
pT > 20GeV/c. For pT < 3GeV/c, to reduce the background, only tracks with MIP signature are considered.

⇡10GeV/c in both regions. The values of efficiencies at the plateau region obtained using
J/y ! µ+µ� and Z! µ+µ� events in data and simulation are given in table 3. The efficien-
cies are high, and data and simulation are generally in good agreement. The plateau efficiency for
Soft Muons is 1–2% higher in data than in simulation, again due to a difference in the widths of
the track-to-segment pulls. The Particle-Flow and Tight Muon selections are much less affected by
this difference because they use looser matching criteria between tracks and muon segments. The
efficiency at the plateau for the Particle-Flow Muon selection is very close to 100% because the
algorithm applies relaxed selection criteria to the high-pT muon candidates if they are isolated.

The dependency of the plateau efficiency on the pseudorapidity is measured using Z! µ+µ�

events and is shown in figure 12. The data and simulation agree to better than 2%.

To estimate the effect of pile-up on muon identification performance, the efficiency at the
plateau is measured for both J/y ! µ+µ� and Z! µ+µ� events as a function of the number
of reconstructed primary vertices. No loss of efficiency is observed for events containing up to
six reconstructed primary vertices, the maximum multiplicity for which a measurement could be
made with a statistical uncertainty below 10%.

Trigger efficiencies obtained by a similar tag-and-probe technique are described in section 9.
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• measure mixing-induced CPV phase 
  

in the the  system and several other parameters 

• accurate theoretical predictions CKMfitter, UTfit  
 

• sensitive to deviations induced by new physics


• CMS uses 2017 + 2018 dataset, 13 TeV, 96.5 fb-1 

• J/Ψ+μ & J/Ψ+φ(KK) triggers

ϕs ≈ − 2βs = − 2 arg(−VtsV*tb/VcsV*cb)
B0

s

ϕs = − 37 ± 1 mrad

CPV in  decaysB0
s → J/ψ(μμ)ϕ(KK)

8

Enrico Lusiani (UNIPD) Approval of CPV in Bs ➜J/ψϕ

Motivations

● CP violation measurements are an extremely powerful
probe to test the SM and search for new physics

● The Bs system allows us to measure the mixing-induced
CPV and several other interesting parameters:
○ CPV parameters: ϕs, |λ|
○ Bs parameters: ΔΓs, Γs, Δms

● The CPV phase is predicted very precisely by the SM to be

    ϕs ≈ -2𝛃s ≈ -37 ± 1 mrad     [CKMfitter, UFfit]

● New physics can change the value of ϕs up to ∼100% via new 
particles contributing to the   mixing

4/63

ACP(t) ∝ Γ(B̄s → J/ψϕ) − Γ(Bs → J/ψϕ) ∝ ηfs sin ϕs sin(Δmst)

CPV mixing

flavour 
oscillation

final state CP 
eigenstate

BPH-23-004 sub. to PRL

http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html
http://www.utfit.org/UTfit/
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-23-004/index.html


time-and flavour-dependent angular analysis,  
7D UML fit  

• angular analysis: to separate CP eigenstates

angular efficiencies


• flavour tagging: to infer /  flavour at production

tagging decision and mistag probability


• time analysis: to model flavour oscillations

time efficiency and resolution

m, ct, σct, ωtag, cos θT, cos ψT, φT

B0
s B̄0

s

9

→

→

Enrico Lusiani (UNIPD) Approval of CPV in Bs ➜J/ψϕ

CP asymmetry visualized

● Due to the mixture of CP eigenstates and experimental dilutions it is 
very difficult to see the asymmetry on data

● The provided plot shows the effect of direct and interference CPV on 
the               system for a CP-even final state

○ No experimental effect assumed
○ For a CP-odd state the two curves flip position
○ Note: |λ| = 1 in the SM, a value different from zero is plotted for 

visualization purposes
○ In fact, the plot has been generated with the parameters values obtained 

from this analysis

● Note: these are not the (standard) flavor mixing oscillations 
● Note: in a pure CP eigenstate one could “just” fit the difference 

between the two curves to extract the weak phase

10/63

|λ| ≠ 1 ϕs ≠ 0

2π/Δms

PV
SV

𝘣 → 𝜇−𝘟SV

same side
opposite side

𝑏
𝑏

𝐽/𝜓𝜙𝑠
𝑠𝑢

𝑥 𝑙−

𝐵0𝑠 ⇌ 𝐵0𝑠
mixing

ℎ𝑏 OS muon
OS electron

SS charge

OS jet charge

transversity basis

period 350 fs

CPV in  decaysB0
s → J/ψ(μμ)ϕ(KK)

BPH-23-004 sub. to PRL

https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-23-004/index.html
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• 4 separate DNN-based taggers: 3 opposite side 
(e, μ, jet), 1 same side (first at exp w/o PID) 

• decision : ,  or untagged


• designed to be flavour invariant


• (mis-)tagging efficiency ( )  determine 
effective statistics 

• tagging power  


• 491k signal events → 28k effective

ξtag B0
s B̄0

s

ωtag εtag

Ptag = εtag(1 − ωtag)2 = 5.59 %

Flavour tagging

10

8

Table 2: Calibrated flavor tagging performance as measured in the B0
s data sample. The effective

dilution is obtained from the measured #tag and Ptag. The uncertainties are statistical only.

Category #tag [%] D2
eff Ptag [%]

Only OS muon 6.07 ± 0.05 0.212 1.29 ± 0.07
Only OS electron 2.72 ± 0.02 0.079 0.214 ± 0.004
Only OS jet 5.16 ± 0.03 0.045 0.235 ± 0.003
Only SS 33.12 ± 0.07 0.080 2.64 ± 0.01
SS + OS muon 0.62 ± 0.01 0.202 0.125 ± 0.003
SS + OS electron 2.77 ± 0.02 0.150 0.416 ± 0.005
SS + OS jet 5.40 ± 0.03 0.124 0.671 ± 0.006

Total 55.9 ± 0.1 0.100 5.59 ± 0.02

nomial are left free to float, while for the OS jet and SS tagger, the constant term is set to zero283

to preserve symmetry between the two flavor hypotheses. The calibration of DeepSameSide is284

further corrected to account for potential differences between B0
s and B+ by using the calibra-285

tions obtained in simulated B0
s ! J/y f and B+ ! J/y K+ events. The size of this correction286

is found to be of the order of 10%. When both an OS algorithm, designed to be orthogonal287

to one another, and the SS tagger provide tagging inferences, xtag and wtag are recalculated by288

combining the available information.289

The calibrated flavor tagging performance is evaluated in the B0
s data sample by integrating290

the D2 ⌘ (1 � 2wtag)
2 distribution for the signal events and is reported in Table 2. A tagging291

efficiency of ⇡56% and a tagging power of ⇡5.6% are achieved in the B0
s data sample used for292

the measurement reported in this Letter. Note that the tagging performance is affected by the293

trigger strategy, data set overlap logic, and the specific taggers applied to each dataset.294

The flavor tagging framework is validated with extensive studies on simulations and the B0 !295

J/y K⇤(892)0 ! µ+µ� K+p� control data sample (“B0 control data sample”). Using this296

sample, several ancillary measurements are performed to ensure that the tagging inference297

is reliable and does not introduce significant biases. To probe the robustness of the tagging298

framework in mixing contexts, B0 meson flavor oscillations are studied. The oscillation fre-299

quency Dmd is measured to Dmd = 0.5081 ± 0.0046 }ps�1, where the uncertainties are statis-300

tical only. This corresponds to a precision ten times higher than the one achieved for Dms in301

this Letter. The obtained value is found in excellent agreement with the world-average value302

Dmd = 0.5065 ± 0.0019 }ps�1 [43]. The time-integrated mixing asymmetry in the B0 control303

data sample is also examined, to investigate possible issues with the overall tagging calibration304

scale. The study is conducted by comparing the relationship between the measured mixing305

asymmetry and the estimated tagging dilution. All validation studies are conducted using306

each tagger independently and in each tagging category defined in Table 2, as well as using the307

tagging inference by the overall framework. Moreover, the CPV measurement in B0
s ! J/y f is308

repeated four additional times, each using only one of the four tagging algorithms, and com-309

paring the obtained results. No evidence of bias relevant to flavor-sensitive analyses has been310

found in any of the conducted studies. In particular, the SS tagger is found to produce results311

in excellent agreement with those obtained using the other algorithms in all cases investigated.312

• calibration: on self tagging 


• validation: measure  meson 
oscillations, 4 different CPV analyses, one 
per tagger, …

B+ → J/ψK+

B0

SS-tagger on B+

 mixing asymmetryB0

CPV in  decaysB0
s → J/ψ(μμ)ϕ(KK)

(1 − ωtag)2

BPH-23-004 sub. to PRL

https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-23-004/index.html


3.2 σ evidence of CP violation  
in  decays 

results in agreement with SM and other 
experiments


still statistically limited,  
competitive with other measurements

B0
s → J/ψϕ

Results

11

combined with 8 TeV analysis

CPV in  decaysB0
s → J/ψ(μμ)ϕ(KK)

BPH-23-004 sub. to PRL

Parameter Value Uncertainty
φs [mrad] →74 ± 23
∆Γs [ ps→1] 0.0780 ± 0.0045
Γs [ ps→1] 0.6633 ± 0.0029
∆ms [⊋ps→1] 17.759 ± 0.038
|λ| 1.011 ± 0.019
|A0|2 0.5273 ± 0.0044
|A↑|2 0.2417 ± 0.0036
|AS|2 0.0072 ± 0.0032
ε↓ [rad] 3.152 ± 0.077
ε↑ [rad] 2.940 ± 0.098
εS↑ [rad] 0.45 ± 0.14

http://dx.doi.org/10.1016/j.physletb.2016.03.046
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-23-004/index.html


CPV in up-quark sector not as well studied as in down-quark 

• only observation LHCb 



• direct CPV in decay  predicted of O(%), 
experimentally accessible and larger than other channels


• previous results: 


Belle 


LHCb 


first CPV measurement in charm sector at CMS 
2018 data, 41.6 fb-1 BParking dataset Phys. Rept. 1115 (2025) 678, 
contains O(1010) semileptonic B decays, most of type 


use sign of soft pion from  to (self-)tag flavour 
time integrated

ACP(D0 → KK) − ACP(D0 → ππ) = (−15.4 ± 2.9) × 10−4

D0 → K0
SK0

S

ACP(D0 → K0
SK0

S) = (−0.02 ± 1.53 ± 0.02 ± 0.17) %

ACP(D0 → K0
SK0

S) = (−3.1 ± 1.2 ± 0.4 ± 0.2) %

B → Dμν
D* → Dπ±

s

Search for CP violation in   decays  D0 → K0
SK0

S
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ACP =
Γ(D0 → K0

SK0
S) − Γ(D̄0 → K0

SK0
S)

Γ(D0 → K0
SK0

S) + Γ(D̄0 → K0
SK0

S)

Eur. Phys. J. C 84 (2024) 1264

http://10.1103/PhysRevLett.122.211803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054036
http://10.1103/PhysRevLett.119.171801
http://10.1103/PhysRevD.104.L031102
http://dx.doi.org/10.1016/j.physrep.2024.09.006
http://dx.doi.org/10.1140/epjc/s10052-024-13244-0


leverage topologically similar, high stats, and non-CPV (CDF)  
 channel to cancel  and D0 → K0

Sππ Apro
CP Adet

CP

Extraction of ACP

13
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Figure 1: The decay of neutral charm meson D0 (top) or D0 (bottom) to two neutral kaons:
exchange diagram (left) and penguin annihilation diagram (right).

momentum) positive pions emitted in the D⇤+ ! D0p+ decay and soft negative pions from44

the charge conjugate D⇤� ! D0p� decay. Because these three asymmetries are all small, the45

following relation can be written:46

ACP =Araw
CP � Apro

CP � Adet
CP , where (2)

Araw
CP =

N(D⇤+ ! D0p+ ! K0
SK0

S p+)� N(D⇤� ! D0p� ! K0
SK0

S p�)

N(D⇤+ ! D0p+ ! K0
SK0

S p+) + N(D⇤� ! D0p� ! K0
SK0

S p�)
, (3)

Apro
CP =

spp!D⇤+X � spp!D⇤�X

spp!D⇤+X + spp!D⇤�X
, and (4)

Adet
CP =

e(D⇤+ ! D0p+ ! K0
SK0

S p+)� e(D⇤� ! D0p� ! K0
SK0

S p�)

e(D⇤+ ! D0p+ ! K0
SK0

S p+) + e(D⇤� ! D0p� ! K0
SK0

S p�)
t

ep+ � ep�

ep+ + ep�
. (5)

When measuring the difference of ACP between the signal and reference channels, Apro
CP and47

Adet
CP cancel out:48

DACP ⌘ ACP(K
0
SK0

S)� ACP(K
0
Sp+p�) = Araw

CP (K0
SK0

S)� Araw
CP (K0

Sp+p�). (6)

The reference channel was chosen to be as similar as possible in kinematics, topology, and final-49

state signature to the signal channel, to ensure that the reconstruction efficiency asymmetries50

cancel in the measured difference of asymmetries, DACP.51

The analysis uses pp collision data recorded by the CMS detector during the LHC Run II in52

2018, at
p

s = 13 TeV. It utilizes the so-called B parking dataset [29], collected using a set of53

single-muon triggers with different minimum thresholds on the transverse momentum (pT) of54

the muon and its impact parameter with respect to the beamline. Different triggers were en-55

abled depending on the instantaneous luminosity: as the luminosity decreased, less restrictive56

triggers were enabled, as allowed by the limited event rate to be processed by the data acqui-57

sition system and recorded on tape. The collected integrated luminosity was approximately58

ACP = Araw
CP (K0

SK0
S) − Araw

CP (K0
Sππ) − ACP(K0

Sππ)

Search for CP violation in   decays  D0 → K0
SK0

S

ACP = Araw
CP − Apro

CP − Adet
CP

 can be broken down into different components:  
difference of raw yields,   production, detector 
ACP

D0/D̄0

Eur. Phys. J. C 84 (2024) 1264

http://10.1103/PhysRevD.86.032007
http://dx.doi.org/10.1140/epjc/s10052-024-13244-0


14

Search for CP violation in   decays  D0 → K0
SK0

S

Eur. Phys. J. C 84 (2024) 1264

2.006 2.008 2.010 2.012 2.014 2.016
) [GeV]−π

0D(m

0

20000

40000

60000

80000

C
an

di
da

te
s 

/ 0
.1

 M
eV Data

Fit
−Signal D*

Background

−π +π 0
S K→ 0D

 (13 TeV)-141.6 fbCMS

2.006 2.008 2.010 2.012 2.014 2.016
) [GeV]+π0(Dm

0

50

100

150

200

C
an

di
da

te
s 

/ 0
.1

 M
eV Data

Fit
+ D*× 0D

 bkg× 0D
 bkg×bkg 

 bkg× ±sD

 (13 TeV)-141.6 fbCMS

2.006 2.008 2.010 2.012 2.014 2.016
) [GeV]−π

0D(m

0

50

100

150

200

C
an

di
da

te
s 

/ 0
.1

 M
eV Data

Fit
− D*× 

0
D

 bkg× 
0

D
 bkg×bkg 

 bkg× ±sD

 (13 TeV)-141.6 fbCMS

1.80 1.85 1.90 1.95
) [GeV]0

S K0
S(Km

0

50

100

150

200

250

C
an

di
da

te
s 

/ 2
 M

eV Data
Fit

+ D*× 0D
 bkg× 0D
 bkg×bkg 

 bkg× ±sD

 (13 TeV)-141.6 fbCMS

1.80 1.85 1.90 1.95
) [GeV]0

S K0
S(Km

0

50

100

150

200

250

C
an

di
da

te
s 

/ 2
 M

eV Data
Fit

− D*× 
0

D
 bkg× 

0
D

 bkg×bkg 
 bkg× ±sD

 (13 TeV)-141.6 fbCMS

2.006 2.008 2.010 2.012 2.014 2.016
) [GeV]+π0(Dm

0

20000

40000

60000

80000

C
an

di
da

te
s 

/ 0
.1

 M
eV Data

Fit
+Signal D*

Comb. bkg.

 (13 TeV)-141.6 fbCMS Preliminary

Araw
CP (K0

SK0
S) = (7.1 ± 3) %

6

Table 2: Results of the simultaneous fit to the selected D⇤+ ! D0p+ and D⇤� ! D0p� can-
didates, where D0 (D0) ! K0

Sp+p�. The D⇤± signal yields N given in the second column are
used in the evaluation of Araw

CP . The uncertainties are statistical only.

Charge of pion N c2 with 100 bins
p+ 944 800 ± 3 500 78
p� 930 150 ± 3 400 93

6 ACP measurement: signal channel161

The statistical uncertainty in the signal channel is the dominant uncertainty of this analysis. In162

order to reduce this uncertainty, the signal extraction is performed using a two-dimensional163

unbinned maximum-likelihood fit to the distribution of m(Dp±) vs. m(K0
SK0

S). The fit function164

consists of the following components:165

• D0 ⇥ D⇤+, the signal component;166

• D0 ⇥ bkg, for events containing real D0 and background pion combinations;167

• bkg ⇥ bkg, for the background in both dimensions.168

Each component is a product of two one-dimensional functions. For the D⇤± signal, the John-169

son function is used with all signal shape parameters fixed to those found in the fit to the refer-170

ence channel. This approach is verified to be accurate using the simulated event samples. The171

D0 signal is modeled with a sum of two Johnson functions, as determined from the simulation.172

All parameters are fixed from those measured in simulation, except a single free parameter that173

is used to scale the width. The background in m(Dp±) is modeled with the same function as174

in the reference channel. The background in K0
SK0

S invariant mass is described with an expo-175

nential function exp(y · b), where b is floating in the fit, plus a Gaussian with free parameters176

to describe the partially-reconstructed background from the D±
s ! K0

SK0
Sp± decay producing177

an excess at about 1.83 GeV in the K0
SK0

S invariant mass distribution.178

The full projections of the simultaneous 2D fit on both axes are shown in Fig. 3, additional179

projections in sub-ranges are given in Appendix A. The fit results are listed in Table 3.180

The measured raw asymmetry is Araw
CP (K0

SK0
S) = (7.1 ± 3.0)%, and in combination with the181

results of Section 5 the ACP difference is measured to be DACP = (6.3 ± 3.0)%, where the182

uncertainties are statistical only.183

Table 3: Results of the simultaneous 2D fit to the selected D⇤+ ! D0p+ and D⇤� ! D0p�

candidates, where D0 (D0) ! K0
SK0

S. The yields N given in the second column correspond
to the D0 ⇥ D⇤± component in the 2D fit and are used in the evaluation of Araw

CP . The c2

corresponds to the fit projection with 100 bins in the x = m(Dp±) axis and 90 bins in the
y = m(K0

SK0
S) axis, as shown in Fig 3. The uncertainties are statistical only.

Pion charge N c2 (x axis) c2 (y axis)
p+ 1095 ± 46 77 90
p� 951 ± 44 93 62

7 Systematic uncertainties184

The measured difference in the asymmetries is largely insensitive to many systematic uncer-185

tainties that would affect a measurement of ACP in a single channel, such as the hardly measur-186

able production and detection asymmetries that would need a dedicated calibration procedure.187

Araw
CP (K0

Sππ) = (0.78 ± 0.10) %

6

Table 2: Results of the simultaneous fit to the selected D⇤+ ! D0p+ and D⇤� ! D0p� can-
didates, where D0 (D0) ! K0

Sp+p�. The D⇤± signal yields N given in the second column are
used in the evaluation of Araw

CP . The uncertainties are statistical only.

Charge of pion N c2 with 100 bins
p+ 944 800 ± 3 500 78
p� 930 150 ± 3 400 93

6 ACP measurement: signal channel161

The statistical uncertainty in the signal channel is the dominant uncertainty of this analysis. In162

order to reduce this uncertainty, the signal extraction is performed using a two-dimensional163

unbinned maximum-likelihood fit to the distribution of m(Dp±) vs. m(K0
SK0

S). The fit function164

consists of the following components:165

• D0 ⇥ D⇤+, the signal component;166

• D0 ⇥ bkg, for events containing real D0 and background pion combinations;167

• bkg ⇥ bkg, for the background in both dimensions.168

Each component is a product of two one-dimensional functions. For the D⇤± signal, the John-169

son function is used with all signal shape parameters fixed to those found in the fit to the refer-170

ence channel. This approach is verified to be accurate using the simulated event samples. The171

D0 signal is modeled with a sum of two Johnson functions, as determined from the simulation.172

All parameters are fixed from those measured in simulation, except a single free parameter that173

is used to scale the width. The background in m(Dp±) is modeled with the same function as174

in the reference channel. The background in K0
SK0

S invariant mass is described with an expo-175

nential function exp(y · b), where b is floating in the fit, plus a Gaussian with free parameters176

to describe the partially-reconstructed background from the D±
s ! K0

SK0
Sp± decay producing177

an excess at about 1.83 GeV in the K0
SK0

S invariant mass distribution.178

The full projections of the simultaneous 2D fit on both axes are shown in Fig. 3, additional179

projections in sub-ranges are given in Appendix A. The fit results are listed in Table 3.180

The measured raw asymmetry is Araw
CP (K0

SK0
S) = (7.1 ± 3.0)%, and in combination with the181

results of Section 5 the ACP difference is measured to be DACP = (6.3 ± 3.0)%, where the182

uncertainties are statistical only.183

Table 3: Results of the simultaneous 2D fit to the selected D⇤+ ! D0p+ and D⇤� ! D0p�

candidates, where D0 (D0) ! K0
SK0

S. The yields N given in the second column correspond
to the D0 ⇥ D⇤± component in the 2D fit and are used in the evaluation of Araw

CP . The c2

corresponds to the fit projection with 100 bins in the x = m(Dp±) axis and 90 bins in the
y = m(K0

SK0
S) axis, as shown in Fig 3. The uncertainties are statistical only.

Pion charge N c2 (x axis) c2 (y axis)
p+ 1095 ± 46 77 90
p� 951 ± 44 93 62

7 Systematic uncertainties184

The measured difference in the asymmetries is largely insensitive to many systematic uncer-185

tainties that would affect a measurement of ACP in a single channel, such as the hardly measur-186

able production and detection asymmetries that would need a dedicated calibration procedure.187

notice peak height difference 
blue vs green arrows

http://dx.doi.org/10.1140/epjc/s10052-024-13244-0


compatible with no CPV at 2σ, with LHCb at 2.7σ, with 
Belle at 1.8σ  


statistically limited, systematics primarily from variations 
on fit models


paves the way for future and more accurate measurements

Results

15

8

fit range to be m(K0
SK0

S) > 1.83 GeV. The 2D fit in the signal channel returns the value for208

Araw
CP in this case 0.04% different than for the nominal one, which is included as a systematic209

uncertainty.210

The value of DACP was calculated from MC simulated events, where its input value is zero.211

Both pT- and h-dependent asymmetries, as well as the integrated value of (�0.13 ± 0.34)%,212

were found to be consistent with zero. An uncertainty of 0.13% is assigned to the DACP mea-213

surement based on these studies, to cover potential non-cancellation of production and detec-214

tion asymmetries.215

If multiple candidates in the same event are removed by keeping only the one with the highest216

D⇤± vertex fit probability, the resulting DACP changes negligibly and no corresponding sys-217

tematic uncertainty is assigned. Pion charge misidentification was shown to have a negligible218

effect, as well.219

To assess the systematic uncertainty related to the pT reweighting, we vary the parameters of220

the reweighting function within their uncertainties. As an alternative, we consider the weights221

depending on the pT of the low-momentum pion that is used for the flavor tagging instead of222

pT(D⇤±). The largest change in the measured DACP of 0.09% is taken as a systematic uncer-223

tainty related to the reweighting.224

All systematic uncertainties described above are summarized in Table 4 together with a total225

systematic uncertainty, calculated as the sum in quadrature of the different contributions.226

Table 4: Absolute systematic uncertainties in the measurement of DACP.

Source Uncertainty, %
m(Dp±) signal model 0.10
m(Dp±) background model 0.02
m(K0

SK0
S) signal model 0.04

m(K0
SK0

S) background model 0.02
m(K0

SK0
S) fit range 0.04

Reweighting 0.09
DACP in MC 0.13

Total 0.20

8 Results227

A new measurement of CP violation in D0 decays is reported, using proton-proton collision228

data collected at
p

s = 13 TeV with a novel high-rate data stream. The difference in the CP229

asymmetries between D0 ! K0
SK0

S and D0 ! K0
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fit range to be m(K0
SK0

S) > 1.83 GeV. The 2D fit in the signal channel returns the value for208

Araw
CP in this case 0.04% different than for the nominal one, which is included as a systematic209

uncertainty.210
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• Gell-Mann and Zweig’s (1964) quark model  
allowed for “exotic” tetra and pentaquarks 
• first confirmed in 2003 discovery  

of  PRL 91 (2003)


• tens more at the LHC  
(survey by P. Koppenburg)


• tightly-bound states of diquark+diantiquark  
or loosely-bound meson molecules (or other)? 
• insight into QCD potential,  

confinement, strong force 

• all-heavy tetra quarks particularly interesting 

• excited hadron in  sector have large widths, overlaps, hard to handle


•  and  quark resonances more tractable and, in particular, 
 (and possibly ) are clean experimental signature in CMS

X(3872) → J/Ψ ππ

(u, d, s)

c b
J/Ψ → μμ Υ → μμ

Tetraquarks - motivations

16

Figure 2: Illustration of exotic hadron experimental studies.
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credit 2410.06923

https://doi.org/10.1103/PhysRevLett.91.262001
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https://arxiv.org/abs/2410.06923


Observation of structures at , 
, and  

• each confirmed at  level 
•  observed initially by LHCb and later 

by ATLAS too 
other structures seen with lower significances


• interference between three structures 
established by CMS at   
preferred by other experiments too


• implies same  quantum numbers, 
family of states with different radial 
excitation 

•  follow Regge trajectory for radial excitation


• backgrounds include DPS, NRSPS, feed 
downs, and "empirical” threshold 
enhancement


• update of Run2 analysis, to include 
2022-2024 data, more than double 
statistics

X(6600)
X(6900) X(7100)

≫ 5σ
X(6900)

> 5σ

JPC

m2
Xi

Family of all-charm tetraquarks in X → J/Ψ J/Ψ → 4μ
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Family of all-charm tetraquarks in X → J/Ψ Ψ(2S) → 4μ
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Observation of  at  
evidence of  at  

• near-threshold enhancement in this 
channel first observed by ATLAS


• interference assumed 
analogous to 


• effect of below-threshold  
as systematic


• masses and widths of  
and  agree well with those 
measured in  

X(6900) > 5σ
X(7100) 4σ

J/Ψ J/Ψ → 4μ

X(6600)

X(6900)
X(7100)

J/Ψ J/Ψ → 4μ

BPH-22-004

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-004/index.html


measure  and  of the family of three full-charm tetraquarks 
observed by CMS (  from  final state) 

• based on Run2 version of the analysis  
presented before, 


• build a likelihood ratio discriminant   
between two spin-parity hypothesis,  
using angular variables in the helicity basis


• 2D fit mass and  → pairwise hypothesis testing  
for all considered models

J P
C = + J/Ψ J/Ψ

ℒ = 135 fb−1

𝒟ij

𝒟ij

Determination of of all-charm tetra quarksJPC
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μ−

J/ψJ/ψ
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cc
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Ω2
λ1

λ2

cc

c̄c̄
X

X

focus on the two more popular tetraquark models to determine 
which  hypothesis to testJPC

20

“compact” tetraquark  
tightly-bound state, color exchange 
diquark + diantiquark

“molecule” model 
loosely-bound state 
similar to pion exchange in nucleus, 
but much weaker ( ) mπ ≪ mcc̄

 and  have  
ground state  most likely 

 
 
from P and D wave

 possible 
but disfavoured/unlikely

(cc) (c̄c̄) S = 1
L = 0

L = 0 (nS), S = 0, 2 ⟹ JP = 0+, 2+

JP = 0−, 1−, 2−, 1+, 3+…

 not restricted to  
more  states allowed including 

, but reasonable to expect 
low  preferred 

(cc̄) S = 1
JP

JP = 1+

L



21

9

Since we are interested in the T4c tetraquark, where the diquarks are composed of two charm quarks with spin 1 in
the antitriplet color configuration, for the S-wave states we have the following possibilities:

|0++
〉

T4c
= |Scc = 1, Sc̄c̄ = 1, ST = 0, LT = 0

〉

JT=0

|1+→
〉

T4c
= |Scc = 1, Sc̄c̄ = 1, ST = 1, LT = 0

〉

JT=1

|2++
〉

T4c
= |Scc = 1, Sc̄c̄ = 1, ST = 2, LT = 0

〉

JT=2

(26)

Note that all the S-wave tetraquarks described above have positive parity. The introduction of the first orbital
excitation will bring a factor (→1) in both parity and charge conjugation. Then all the P -wave states (with LT = 1)
will have odd parity and the opposite charge conjugation in comparison with the S-wave states. In Table I we list
the JPC quantum numbers of the 10 possibilities which we consider for the S-wave and P -wave all-charm tetraquarks
built with spin 1 diquarks (also in accordance with Refs. [66] and [15]).

TABLE I: Results for the JPC quantum numbers of the T4c with [Sd = Sd̄ = 1 → ST = 0, 1, 2]⊗ LT = 0, 1.

ST LT JT JPC

0 0 0 0++

1 0 1 1+−

2 0 2 2++

0 1 1 1−−

1 1 2 2−+

1 1 1 1−+

1 1 0 0−+

2 1 3 3−−

2 1 2 2−−

2 1 1 1−−

III. RESULTS

In this section we present the results of the calculations with the formalism outlined in the previous section. We use
the following notation in our tables: the principal quantum number isN (N = 1 for the ground state, N = 2 for the first
radial excitation and so on), ! is the orbital angular momentum, S is the total spin and J the total angular momentum.
In spectroscopy notation the states are usually labeled by N2S+1!J , with ! = 0, 1, 2, 3, . . . ↑ S, P, D, F, . . . , for
example 13S1 for J/ψ.

A. Charmonium

In order to get good estimates of diquark and tetraquark properties, we first study the spectrum of the conventional
charmonium states to observe how well we can fit the experimental data. In our model we considered the zeroth-order
potential of the form Coulomb plus linear plus smeared spin-spin interactions. We separate the spin triplet (S=1) and
spin singlet (S=0) before solving the Schrödinger equation. Using κs = →4/3, S1 = S2 = 1/2 and S = 0 or S = 1,
we replace the operator S1 · S2 by the constant [S(S + 1)→ S1(S1 + 1)→ S2(S2 + 1)]/2 and we find the wavefunction
y(r) and the eigenvalue E. In Fig. 3 we show the zeroth-order potential for total spin 0 or 1. Later the spin-orbit
and tensor corrections are included, splitting orbitally-excited states.

 from decay 
 is conserved in QCD

C = +
C Decay: Helicity Amplitudes

10Zhiyuan Huang, JHU

amplitudes are computed analytically → can 
determine angular distribution from any JP

λ1 λ2

 spin-projectionsλi

symmetry constraints 
reduce d.o.f.

 Aλ1λ2
= (−1)J Aλ2λ1

Aλ1λ2
= P(−1)J A−λ2−λ1

JPC Models JP
i Contributing amplitudes

0→+ 0→ A++ = →A→→
0++ 0+m and 0+h A++ = A→→ and A00
1→+ 1→ A+0 = →A0+ = A→0 = →A0→
1++ 1+ A+0 = →A0+ = →A→0 = A0→
2→+ 2→m and 2→h A++ = →A→→ and A+0 = A0+ = →A→0 = →A0→
2++ 2+m A++ = A→→, A00, A+0 = A0+ = A→0 = A0→, and A+→ = A→+

fully determined

remaining d.o.f.  
assume model  and  
scan for different proportions

h m

arXiv:1706.07553v3



 strongly favoured 
 minimal model favoured 

 established 
 

 excluded at  
 excluded at 

JP = 2+

2+
m

P = +
JP = 0+ > 95 % CL
JP = 1+ 99 % CL

Results
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 excludes  in either tetraquark models 
 
molecule model →  unlikely,  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P = 1 L = 1

L = 2 S = 0, 1
S = 1 J = 2



• first full reconstruction of the vector mesons , ,   

• using  conversion in material


• lower acceptance, but cleaner  
signature than low energy photons 


• energy calibration with  in 
rapidity/momentum bins


• precise measurements of  

B*+ B*0 B*s
γ* → e+e−

π0 → γγ

m(B*) − m(B) 45 − 49 MeV

Exclusive reco of excited  and mass measurementB*
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Flavour physics is deeply connected to the 
evolution of early universe  

and the matter-antimatter asymmetry 

CMS carries out an expansive flavour physics 
programme 

study of QCD in production, exotic hadrons, …

CP violation


indirect searches for new physics through precision 
measurements of rare decays


lepton flavour (universality) violation


using a variety of analysis techniques and tools 
angular analysis, multidim fits, machine learning, … 

limited selection of recent results in this talk 
see here for the full picture


happy to discuss over coffee / tea

Summary
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