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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested

charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,

e.g. , an e~v mode would imply that J is weakly
interacting in nature.

It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.
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We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,

F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.
Our attention was first drawn to the possibility

of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was

1406

OjLUM R]p+I p~W gpT~ 2 Dg &KR $97g

xPerimentqi Ob serv&tion of s H

cker P

artie&e Jp

J, U . Be
~ I cong T I C

&
. J. Higgs

abo&at«rrlstOn T 0
' ' Burger

''n'fo~~uots, q
. ' G Rhoades M

i Chen, O E

tm8st gf ~t
. ~

am&e1 C C
.

voldhagen

Camb~g e
basics, ~ass

T ng

ge, Massacre

~ assac&users I -~
Sau Lan

+setts Ogg3g

s +stitute of &&chnolog~

and

ational ~bOxa)o~y
+eceived 12 g

~ p on, pfe

74)ovemb

'v $/9 pa

5s300e

*his exp

a&te mating

erlIQent ls
study the b h

part of a la
of time

gram to

have
.

""racted b
Natlona] I

earn from

synchrot

atory's alt

ook-

o ron The b

a ernatin

10 0 to 2

~ e earn inten t

g-gradient

x 10~2
nsity varie

n extended tar
e beam is iguided onto

us o reject th clto bl t cl en-
s me from th

rlgln. T
S 0 corn

1 a sec
lntensit

e

y ls monito d

lsslon co
re

ounter cal b1 rated

dally with a thin Al f

m, and ls mon
earn spot size

ws the simplified s'

arms are I

ie side

The two

1 respect 'to

o ecouple the

2) is doneone vertical-

e particle.
and the momen

The Cherenkov

omentum (p)

mos

counter C0 one at-
wlt . sp ere of H.s, are decoupled b

rons from C.
us to reject knoc-nock-on elec-

an repeated calibra-

~e report th, ,b
proximatg

e rvatyon of

'~ "». Th
' vX part

measly r
' he observ t.

&cle J

ona] gab
spectr~

.
Om the r . ' eV and w dth

sPlcbrotron
e prookIlave

(a)
0 im 2m

I

Beom

To rget

50—'
Ev

40—

Ail Events

20—
Ev

15—

20—

- I I

Ii
~l

I Events with

3, & rnrnee c3.2 GeV

i

10-

Hadrans

r&
I f% l

I PlL~

-4
a I II

0
200

8os4,

I

FIG. l. (a) Him j.if view

0

a impj. ified side view

100
I I I

lm j.jLf view of one of th c ro e spectr

I I

o rometer arms.
' -o — i ht

Channe I No.

1404

ms. (b) Time-of-Qi. ht-o — lght spectrUm of 8 anx ht o e s pairs and

e & & pair.

The only up-type quark 

which mixes and 

allows for precision 

CP violation (CPV) 

measurements

u c t

d s b

B0
sB0

Q = + 2/3

Q = − 1/3

D0

K0



21 June 2024 T. Pajero (CERN)  |  Mixing and CP violation in charm decays

A very peculiar phenomenology

3

mixing – short distance

c u

u c
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W

W
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D
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mW
)2

GIM mechanism broken by 
mb rather than mt

c u

u c

d, s d, s

d, sd, s

W WD0
D
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mixing – long distance

• CKM suppression → third generation nearly decouples from the first two


• (d + s contribution) → 0   in the limit of -spin symmetry, i.e. U ms = md

VCKM =

1 −
λ2

2
λ Aλ3(ρ − iη)

−λ 1 −
λ2

2
Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

d s b

u

c

t

λ = sin θC ≈ 0.23

+𝒪(λ4)

FCNC are extremely suppressed

Main contributions from low-energy QCD. 
Charm is:


• too heavy for ChPT or exclusive analysis


• arguably too light for HQET  ( )ΛQCD /mc ≈ 1
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CPV in charm

4

Detectable only in Cabibbo-suppressed decays

CPV ∝ Im (
VcbV*bu

VcsV*su ) ≈ − 6 × 10−4

+𝒪(λ4)
VCKM =

1 −
λ2

2
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−λ −i A2λ5η 1 −
λ2

2
Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

d s b

u
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Electroweak-loop diagram:
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Rescattering contribution from π π
−
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Tree-level diagram:

c s

u u

s

u

W
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K−

Tree + rescattering  (e.g. ) 
CPV from tiny nonunitarity of 2×2 CKM submatrix

D0 → π+π− → K+K−

QCD penguin

Tree
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Araw( f ) ≈ ACP( f )+Adet(π
+) + Aprod(D*+)

N(D → f ) − N(D̄ → f̄ )

N(D → f ) + N(D̄ → f̄ ) production  
cross-section

detection of  
tagging π+

   (CPV in decay)  

+ small time-dependent 
   contributions

ad
f

D0

h−

D*+

h+

π+
tag

First observation of CPV

5

ΔACP = Araw(K+K−) − Araw(π+π−)

≈ ad
K+K− − ad

π+π− = (−1.54 ± 0.29) × 10−3 (5.3σ)

PRL 122 (2019) 211803

6 fb–1, 2015–2018
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 in the -spin limitad
K+K− ≈ − ad

π+π− U

D*(2010)+ → D0π+

https://inspirehep.net/record/1726338
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▸ Larger than most SM predictions  
Franco, Mishima & Silvestrini, JHEP 05 (2012) 140  

Li et al, Phys. Rev. D 86 (2012) 036012  

Cheng & Chiang, Phys. Rev. D 85 (2012) 034036 

Khodjamirian & Petrov, Phys. Lett. B 774 (2017) 235 

Pich, Solomonidi & Vale Silva, Phys. Rev. D 108 (2023) 3, 036026 

Lenz, Piscopo & Rusov, JHEP 03 (2024) 151


▸ O(1–10) enhancement of QCD  
rescattering or BSM?  
Chala et al, JHEP 07 (2019) 161  
Grossman & Schacht, JHEP 07 (2019) 020  
Buccella et al, Phys. Rev. D 99 (2019) 11, 113001 
Cheng & Chiang, Phys. Rev. D 100 (2019) 9, 093002 
Schacht & Soni, Phys. Lett. B 825 (2022) 136855  
Dery & Nir, JHEP 12 (2019) 104  
Wang et al, JHEP 09 (2021) 126 
Bause et al, Phys. Rev. D 101 (2020) 11, 115006  
Dery et al, JHEP 05 (2021) 179  
Cheng & Chiang, Phys. Rev. D 104 (2021) 7, 073003 
Gavrilova, Grossman & Schacht, Phys. Rev. D 109 (2024) 3, 033011

 in the -spin limitad
K+K− ≈ − ad

π+π− U

D*(2010)+ → D0π+

https://inspirehep.net/record/1726338
https://inspirehep.net/literature/1093750
https://inspirehep.net/literature/1093736
https://inspirehep.net/literature/1083309
https://inspirehep.net/literature/1607258
https://inspirehep.net/literature/2661769
https://inspirehep.net/literature/2739307
https://inspirehep.net/record/1726491
https://inspirehep.net/record/1726788
https://inspirehep.net/record/1720402
https://inspirehep.net/record/1753090
https://inspirehep.net/literature/1945614
https://inspirehep.net/record/1755940
https://inspirehep.net/literature/1777450
https://inspirehep.net/literature/1789553
https://inspirehep.net/literature/1839648
https://inspirehep.net/literature/1861147
https://inspirehep.net/literature/2738121
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Measurement of  ACP(D0 → K+K−)

6

0.004− 0.002− 0 0.002 0.004

+
K
−

K

da

0.004−

0.002−

0

0.002

0.004

0.006

+
π
−

πd
a

LHCbPrevious LHCb average

New LHCb average

CPVNo direct 

contours hold 68%, 95% CL

ΔACP
=

(−
1.54 ± 0.29) ×

10
−3

1.4 σ

3.8 σ

A −A

ad
K−K+ = (7.7 ± 5.7)× 10−4,

ad
π
−

π
+ = (23.2± 6.1)× 10−4,

9 fb–1 

Run 1+2

regeneration and CPV in 
mixing explicitly calculated 
CERN-THESIS-2014-274

ACP(D0 → K+K−) ≈ Araw(D*+ → D0( → K+K−)π+) − Araw(D*+ → D0( → K−π+)π+)

+Araw(D+
s → K+K−π+) − Araw(D+

s → K+K0
S) + Adet(K

0)

bottleneck to final 
precision

Phys. Rev. Lett. 131 (2023) 9, 091802

Nuisance asymmetries subtracted through Cabibbo-favoured ( ) decay channels


• no QCD penguin, no chromomagnetic dipole → negligible CPV

c → usd̄

http://cds.cern.ch/record/1997600
https://inspirehep.net/literature/2692262
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The tortoise of flavour
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dt (D0(t)

D0(t)) = (M −
i

2
Γ) (D0(t)

D0(t))
off-shell  

transitions. BSM?
on-shell 

transitions

Oscillation probability is determined 
by the size of the transition amplitudes:

x12 ≡
2|M12|

Γ
, y12 ≡

|Γ12|

Γ

“mixing  

 parameters”

Kagan & Silvestrini, Phys. Rev. D 103 (2021) 5, 053008
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y12 < 0.01

 x12 ≈ 0.946

y12 ≈ 0.9965

https://inspirehep.net/record/1776611
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CPV in charm mixing

https://inspirehep.net/record/1776611
https://arxiv.org/abs/1910.11775
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Mixing and CPV with D0 → K+π−

8

R(t) =
Γ(D0 → K+π−; t)

Γ(D̄0 → K+π−; t)
= RKπ + RKπ cKπ (

t

τ ) + c′ Kπ (
t

τ )
2

DCS interference mixing + CF

K+π−D0

D0mixing

Cabibbo favoured

doubly Cabibbo suppressed

x12, y12

λ2 ∼ RKπ

1

K+π−D0

D0mixing doubly

Cabibbo suppressed

Cabibbo favoured

x12, y12
λ2 ∼ RKπ

1

LHC seminar 26.03.2024  
LHCb-PAPER-2024-008  

(in preparation)

x2
12 + y2

12

4

y12 cos ΔKπ + x12 sin ΔKπ

A(D0 → K+π−)

A(D̄0 → K+π−)
≈ − RKπ eiΔKπ

CF 
412 M

DCS  
1.6 M

D̄0 → K+π−

https://indico.cern.ch/event/1355805/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2024-008.html
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 resultsD0 → K+π−
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(3
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LHC seminar 26.03.2024  
LHCb-PAPER-2024-008  

(in preparation)

×2 improvement over 

previous determinations

R

https://indico.cern.ch/event/1355805/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2024-008.html
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Background from ghost tracks

10

LHC seminar 26.03.2024  
LHCb-PAPER-2024-008  

(in preparation)

Needs to be rejected with precision < 10–5

D̄0 → K +π−

CF 
412 M

DCS 
1.6 M

Measured ratio

W/ ghost correction

R

D*(2010)+ → D0( → K+π−)π+

D*(2010)− → D0( → K+π−)π−

π-

vertex tracker

magnet

ghost π+

D*(2010)+ → D0( → K+π−)π+

ghost

https://indico.cern.ch/event/1355805/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2024-008.html
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Conclusions

11

• After 50 years of life, charm looks more like a baby


• mixing discovered in 2007


• CPV in 2019


• CPV → BSM physics or unexpected QCD dynamics? 
More measurements and theoretical developments 
are needed


• Still waiting for observation of CPV in the mixing 
(LHCb Upgrade II please come soon…)
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To learn more:  
H. Gisbert, M. Golz and D. Mitzel, Mod. Phys. Lett. A 36 (2021) 04, 2130002  
A. Lenz and G. Wilkinson, Ann. Rev. Nucl. Part. Sci. 71 (2021) 59-85  
T. Pajero, Mod. Phys. Lett. A 37 (2022) 24, 2230012

A. Petrov, Eur. Phys. J. ST 233 (2024) 2, 439
 charm-fitter

O(10%) unc.

O(20 mrad) unc.

3 × 10–4 unc.

mixing

CPV in decay

CPV in mixing

https://inspirehep.net/literature/1831374
https://inspirehep.net/literature/1829028
https://inspirehep.net/literature/2134941
https://inspirehep.net/literature/2787334
https://github.com/tpajero/charm-fitter
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Requirements to observe CPV

13

CP transformation:


• strong phases are invariant


• weak phases change sign

Tree-level diagram:

c s

u u

s

u

W

D0

K+

K−

Tree-level diagram for D :

c s

u u

s

u

W

D
0

K
−

K
+

CP

A = |A|eiδe−iϕA = |A|eiδeiϕ

Only  is observable  
→ no CPV if only one amplitude contributes

|A|2
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Requirements to observe CPV

13

CP transformation:


• strong phases are invariant


• weak phases change sign

Need (at least) two interfering amplitudes with


– different weak phases 

– different strong phases

|A1 + A2|
2 − |A1 + A2|

2 = − 4|A1||A2|sin(δ1 − δ2)sin(ϕ1 − ϕ2)

Electroweak-loop diagram:

c u

u u

s

s

d, s, b

W

D0

K+

K−

A2 = |A2|e
iδ2eiϕ2 A2 = |A2|e

iδ2e−iϕ2

c u

u u

s

s

d, s, b

W

D
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K−
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+ +

A1 = |A1|e
iδ1eiϕ1 A1 = |A1|e

iδ1e−iϕ1

CP

Tree-level diagram:
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Tree-level diagram for D :

c s

u u

s

u

W

D
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−
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The LHCb detector
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Vertex tracker 
15 + 29/pT μm (IP)

45 fs ≈ 0.1 τ(D0) (decay time)

Tracking stations 
δp/p = 0.5–1.0%

for p = 20–200 GeV/c

Cherenkov 

detectors

Muon 

chambers

Electromagnetic calorimeter 

25 X0, 1.2 λint
σ (E )

E
= 1% ⊕

10 %

E /GeV

Dipole magnet 
4 T⋅m   (vertical)

Hadron calorimeter 

5.6 λint
σ (E )

E
= 9% ⊕

69 %

E /GeV

10 mrad

pp
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JINST 3 S08005 (2008)

Int. J. Mod. Phys. A 30 (2015) 7, 1530022

95% kaon PID efficiency

for 5%  misIDπ+ → K+

2 < η < 5

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://inspirehep.net/literature/1335135


21 June 2024 T. Pajero (CERN)  |  Mixing and CP violation in charm decays

LHC as a charm factory
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Largest number of  pairs ever. 

Mostly boosted at large .

cc

η

In the LHCb acceptance:


σ(pp → cc̄X ) ≈

1 MHz cc̄ pairs
0 2 4 6 8 10 12 14

pT [GeV/c]

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

(d
2
σ
)/
(d

y
d

p
T
)
·
1
0
−

m
[µ

b
/
(G

e
V

c
−

1
)]

2.0 < y < 2.5, m = 0

2.5 < y < 3.0, m =2

3.0 < y < 3.5, m =4

3.5 < y < 4.0, m =6

4.0 < y < 4.5, m =8

LHCb D∗+
√

s = 13 TeV

FONLL

GMVFNS

Nucl. Phys. B871 (2013) 1–20  
JHEP 05 (2017) 074

 1.4 mb ( s = 7 TeV)

2.4 mb ( s = 13 TeV)

https://inspirehep.net/literature/1218996
http://inspirehep.net/record/1396331
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Yield has more than doubled between Run 1 and 2:


• × 1.7  increase in production cross-section;


• new “Turbo" data taking paradigm  


• only the signal candidates are recorded, rest 
of the event is discarded;


• improved efficiency, higher rate recorded.

Run 1  (3 fb–1, 7–8 TeV)

× 2

Run 2  (6 fb–1, 13 TeV)

40 MHz bunch crossing rate

450 kHz

h±

400 kHz

µ/µµ

150 kHz

e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 

displaced tracks/vertices and dimuons

Buffer events to disk, perform online 

detector calibration and alignment

Full offline-like event selection, mixture 

of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

Pioneered by charm triggers

Comput. Phys. Commun. 208 (2016) 35

LHCb trigger and data-taking strategy

https://inspirehep.net/literature/1449084
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1964

Strange particles:

CP violation in !0 decays

2001

Beauty particles:

CP violation in "! decays

2019

Charm particles:

CP violation in #! decays

2013

Beauty-strange particles: 

CP violation in ""
! decays

Cronin, Fitch et al.
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LHC seminar 26.03.2024  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(in preparation)

Parameters Correlations [%]
R

Kπ
c
Kπ

c0
Kπ

A
Kπ

∆c
Kπ

∆c0
Kπ

R
Kπ

(343.1± 2.0)× 10�5 100.0 −92.4 80.0 0.9 −0.8 0.1
c
Kπ

(51.4± 3.5)× 10�4 100.0 −94.1 −1.4 1.4 −0.7
c0
Kπ

(13.1± 3.7)× 10�6 100.0 0.7 −0.7 0.1
A

Kπ
(−7.1± 6.0)× 10�3 100.0 −91.5 79.4

∆c
Kπ

(3.0± 3.6)× 10�4 100.0 −94.1
∆c0

Kπ

(−1.9± 3.8)× 10�6 100.0

� � � �

�

�
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�

�

�

�

�

c
Kπ

≈ y12 cosφ
Γ

f cos∆f + x12 cosφ
M
f sin∆f ,

∆c
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≈ x12 sinφ
M
f cos∆f − y12 sinφ

Γ

f sin∆f ,
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≈
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�

x2
12 + y212

�

,

∆c0
Kπ

≈

1

2
x12y12 sin(φ

M
f − φΓ

f ) .

R±

Kπ
(t) ≈ R

Kπ
(1± A

Kπ
) +

p

R
Kπ

(1± A
Kπ

)(c
Kπ

±∆c
Kπ

) t+ (c0
Kπ

±∆c0
Kπ

) t2

τ
D0 τ2

D0

×2 improvement over 

previous determinations

https://indico.cern.ch/event/1355805/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2024-008.html
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CPV from final-state KS
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• Consider the CF decay :


•

D+ → K0
Sπ+

ACP(t) = Adecay

CP
+ AK̄0

CP(t) + Aint
CP(t)

D+ → π+K0
S

1 2 3 4 5
t/τS

-15

-10

-5

5

ACP(t)[×10
-3]

[PRL 119 (2017) 181802]
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t 2
/τ S

ΔA
CP

π+,K+

[×10-3]

ΔACP ≡ ACP(D+ → π+K 0
S

) − ACP(D+
s → K +K 0

S
)

Only CPV in the interference

survive in the difference

assumes flat

efficiency in [t1,t2]

K0 mixing

interference

CPV in decay

D+

π+

K 0

K̄ 0

π+
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π+π−

CF

DCS

D+
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K 0

K̄ 0
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π+π−
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DCS
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K 0

K̄ 0
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K̄ 0

π+π−

CF

DCS

D+

π+

K 0

K̄ 0

π+
K 0

K̄ 0

π+π−

CF

DCS

CPV in charm decay


Im(
V*cdVus

V*csVud
) ≈ 10−5

CPV in kaon mixing

Re(ϵ) ≈ 10−3

CPV in interference between D+ decay and kaon mixing


Im(ϵ)Re(
V*cdVus

V*csVud
) ≈ 10−3

https://inspirehep.net/record/1613518
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The tortoise of flavour
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i
d

dt (D0(t)

D0(t)) = (M −
i

2
Γ) (D0(t)

D0(t))
off-shell  

transitions. BSM?
on-shell 

transitions

Oscillation probability is determined 
by the size of the transition amplitudes:

x12 ≡
2|M12|

Γ
, y12 ≡

|Γ12|

Γ

“mixing  

 parameters”

Kagan & Silvestrini, Phys. Rev. D 103 (2021) 5, 053008
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x12 ≈ 4 × 10−3

y12 ≈ 6 × 10−3

 x12 ≈ 26.9

y12 ≈ 0.13

 x12 ≈ 0.77

y12 < 0.01

 x12 ≈ 0.946

y12 ≈ 0.9965

https://inspirehep.net/record/1776611
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Background from ghost tracks
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vertex tracker
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Needs to be rejected with precision < 10–5

D̄0 → K +π−

CF 
412 M

DCS 
1.6 M

Measured ratio

W/ ghost correction

R

D*(2010)+ → D0( → K+π−)π+

D*(2010)− → D0( → K+π−)π−
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Background from ghost tracks
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Needs to be rejected with precision < 10–5

D̄0 → K +π−

doubly reconstructed π+ /π−

CF 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W/ ghost correction

R

D*(2010)+ → D0( → K+π−)π+

D*(2010)− → D0( → K+π−)π−
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