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Charming history

• Fifty years ago, Burt Richter and Sam Ting discovered J/  state 
in November of 1974: “November revolution”

ψ

hep-ph/9811359

• At 50, charm quark continue to churn out surprises!
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Introduction: time dependent decay amplitudes

★ In the SM, neutral D-mesons can mix via weak interaction diagrams

• only at one loop in the Standard Model, so can 
be sensitive to possible quantum effects due 
to new physics particles

•  interactions couple dynamics of  and Δc = 2 D0 D̄0

• This is very similar to the case of coupled 
pendula in classical mechanics

• We need to study simultaneous time evolution,

<latexit sha1_base64="7xUweWjdXb7NZ4EwvOYUK8xpDjA="></latexit>

|D(t)i =


a(t)
b(t)

�
= a(t)|D0i+ b(t)|D0

(t)i

* Not the dominant effect!
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Time dependent decay amplitudes in vacuum

• Time dependence: coupled Schrodinger equations  	
- note that CPT-invariance requires that  and  M11 = M22 Γ11 = Γ22

Q: this Hamiltonian is clearly non-hermitian! What is goin on?

• Non-diagonal Hamiltonian: need to diagonalize the mass matrix 

(“switch from flavor to mass eigenstates”)

• In the mass basis the mass matrix is diagonal, i.e.

Q�1


M � i

�

2

�
Q =

✓
ML � i�L/2 0

0 MH � i�H/2

◆

<latexit sha1_base64="iwxuqqE8I10dc05WOeen9XQX5pw="></latexit>

• … with mass and lifetime differences: & 

Note that & 

<latexit sha1_base64="GzAdqU1Hr2pYoNBMZ7/TVhzZ8Lo="></latexit>

|DLi = p|D0i+ q|D0i

|DHi = p|D0i � q|D0i

<latexit sha1_base64="Y7/g75ofwbOkL1FCHUUY8FQo09c="></latexit>

i
d

dt
|D(t)i =


M � i

�

2

�
|D(t)i ⌘


A p2

q2 A

�
|D(t)i
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Time dependent decay amplitudes in vacuum

• The transformation matrices that diagonalize the Hamiltonian are

and 

• To find the time development of the flavor eigenstates one needs to 
transform the evolution equation back to the flavor basis 

• … which gives for the time evolution matrix in the flavor basis

with 

Nierste

<latexit sha1_base64="Ou0o6198dw1XHgQ9TPT51dvBe5k="></latexit> |D0(t)i
|D0

(t)i

�
= Q

✓
e�iML��L/2 0

0 e�iMH��H/2

◆
Q�1

 |D0i
|D0i

�
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Time dependent decay amplitudes in vacuum

• This procedure provides a picture of how B-states evolve due to flavor 
oscillations,

with 

• The only thing left is to relate q/p,  and  to original parameters of HΔM ΔΓ

secular equation: 

• Finally, the ratio

Re Im 

<latexit sha1_base64="dhWlR63HOzMm3nycV33TsXUUEzs="></latexit>

|D0(t)i = g+(t)|D0i+ q

p
g�(t)|D

0i

|D0
(t)i = p

q
g�(t)|D0i+ g+(t)|D

0i

For : Γik = 0 ΔM = 2 |M12 | ≡ 2ϵ
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Charm in matter at the LHCb

• Explore the proximity of the VELO detector’s 
RF-folis to the interaction

- some D’s traverse the foils 
- can be used as a material target 

• Perform experimental study of D-mesons 
propagating in a material

arXiv:1209.4845

- new effects associated with material interactions  
- general formalism



Alexey A Petrov (USC) LHCb Implications workshop, CERN (2024)8

Matter effects: density matrix

<latexit sha1_base64="7xUweWjdXb7NZ4EwvOYUK8xpDjA="></latexit>

|D(t)i =


a(t)
b(t)

�
= a(t)|D0i+ b(t)|D0

(t)i

• Matter effects:  system interacts with the environment (atoms, etc.)D0D̄0

• Proper quantum-mechanical fomalism: density matrix

 systemD0D̄0

Environment

• Quantum-mechanical evolution:

with the corresponding density matrix 

<latexit sha1_base64="dukUn0G5O0MBUsi8EjtF5NhZHA0="></latexit>

⇢pure = |DihD| = aa⇤|D0ihD0|+ ab⇤|D0ihD̄0|
ba⇤|D̄0ihD0|+ bb⇤|D̄0ihD̄0|

or, in the matrix form,

<latexit sha1_base64="MP+EM2LvAeI0CjvqlQ2ZMaClBF4="></latexit>

⇢pure(t) =

✓
⇢11 ⇢12
⇢21 ⇢22

◆
=

✓
aa⇤ ab⇤

ba⇤ bb⇤

◆

<latexit sha1_base64="j1LW2uF6yTWx4hj8R0zrJ6ozeFU=">AAACMXicbVDLSsNAFJ3UV62vqks3g0VwISURqW6EopsuK9gHNKFMppNm6OTBzI1QQn/JjX8ibrpQxK0/4SQtVFsPDBzOOZc797ix4ApMc2oU1tY3NreK26Wd3b39g/LhUVtFiaSsRSMRya5LFBM8ZC3gIFg3lowErmAdd3Sf+Z0nJhWPwkcYx8wJyDDkHqcEtNQvN7jtSUJTOyYSOBHY9glgW/rRZKHBBN9iWzAPernduFjEbMmHPjilfrliVs0ceJVYc1JBczT75Vd7ENEkYCFQQZTqWWYMTpqtpIJNSnaiWEzoiAxZT9OQBEw5aX7xBJ9pZYC9SOoXAs7V3xMpCZQaB65OBgR8texl4n9eLwHvxkl5GCfAQjpb5CW6gghn9eEBl4yCGGtCqOT6r5j6RDcIuuSsBGv55FXSvqxatWrt4apSv5vXUUQn6BSdIwtdozpqoCZqIYqe0Rt6Rx/GizE1Po2vWbRgzGeO0R8Y3z/EbKnm</latexit>

i
@⇢̂

@t
=

h
Ĥ, ⇢̂

i
Neumann-Liouville equation 
(unitary evolution, Hermitian Hamiltonian)
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Density matrix: evolution of pure states

• Evolution equation for unitary evolution (neglect effects of the environment)

i.e., set  (stable D-mesons) and make sure that ΓD = 0 H = H†

<latexit sha1_base64="j1LW2uF6yTWx4hj8R0zrJ6ozeFU=">AAACMXicbVDLSsNAFJ3UV62vqks3g0VwISURqW6EopsuK9gHNKFMppNm6OTBzI1QQn/JjX8ibrpQxK0/4SQtVFsPDBzOOZc797ix4ApMc2oU1tY3NreK26Wd3b39g/LhUVtFiaSsRSMRya5LFBM8ZC3gIFg3lowErmAdd3Sf+Z0nJhWPwkcYx8wJyDDkHqcEtNQvN7jtSUJTOyYSOBHY9glgW/rRZKHBBN9iWzAPernduFjEbMmHPjilfrliVs0ceJVYc1JBczT75Vd7ENEkYCFQQZTqWWYMTpqtpIJNSnaiWEzoiAxZT9OQBEw5aX7xBJ9pZYC9SOoXAs7V3xMpCZQaB65OBgR8texl4n9eLwHvxkl5GCfAQjpb5CW6gghn9eEBl4yCGGtCqOT6r5j6RDcIuuSsBGv55FXSvqxatWrt4apSv5vXUUQn6BSdIwtdozpqoCZqIYqe0Rt6Rx/GizE1Po2vWbRgzGeO0R8Y3z/EbKnm</latexit>

i
@⇢̂

@t
=

h
Ĥ, ⇢̂

i
with

 systemD0D̄0

Environment

<latexit sha1_base64="dVUrSsYmwIW1UHv2vcbA193Xui0="></latexit>

H =

✓
M ✏

✏ M

◆

• Recast the evolution equation in the Bloch form
rewrite the density matrix as

<latexit sha1_base64="6oucNP+I6NYthDXiH1/OF8u06RQ="></latexit>

⇢̂ =

✓
⇢11 ⇢12
⇢21 ⇢22

◆
=

1

2

⇣
1 + ~R · ~�

⌘

with

• Bloch evolution equation:

<latexit sha1_base64="ptg24YgR3hlf05XKzo/54Om9oyM="></latexit>

~R =

0

@
⇢12 + ⇢21

i (⇢12 � ⇢21)
⇢11 � ⇢22

1

A

with

precession of R around X

Kerbikov

<latexit sha1_base64="soGIzQcXEF8rFC+ypzSEqr6ASwQ="></latexit>

~X =

0

@
2✏
0
0

1

A
<latexit sha1_base64="eb7fK54DBvHJ/WbtOa+08kuhCM8=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwVRKRqguh6MZlFfuAppTJ9KYdOnkwMymUkG9x46+4caGoK8GPcdIG1NYLA4dzzuXMPW7EmVSW9WkUlpZXVteK66WNza3tHXN3rynDWFBo0JCHou0SCZwF0FBMcWhHAojvcmi5o+tMb41BSBYG92oSQdcng4B5jBKlqZ554XiC0MSJiFCMcOyMgeK79IdQKb6csW3sKOaDzD09s2xVrOngRWDnoIzyqffMd6cf0tiHQFFOpOzYVqS6SZZDOaQlJ5YQEToiA+hoGBCd1U2mJ6b4SDN97IVCv0DhKft7IyG+lBPf1U6fqKGc1zLyP60TK++8m7AgihUEdBbkxfruEGd94T4TQBWfaECoYPqvmA6J7kzpVku6BHv+5EXQPKnY1Ur19rRcu8rrKKIDdIiOkY3OUA3doDpqIIoe0BN6Qa/Go/FsvBkfM2vByHf20Z8xvr4BV/2jgw==</latexit>

@ ~R

@t
= ~X ⇥ ~R
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Density matrix: evolution of pure states

• The Bloch equation for the vacuum evolution 

<latexit sha1_base64="eb7fK54DBvHJ/WbtOa+08kuhCM8=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwVRKRqguh6MZlFfuAppTJ9KYdOnkwMymUkG9x46+4caGoK8GPcdIG1NYLA4dzzuXMPW7EmVSW9WkUlpZXVteK66WNza3tHXN3rynDWFBo0JCHou0SCZwF0FBMcWhHAojvcmi5o+tMb41BSBYG92oSQdcng4B5jBKlqZ554XiC0MSJiFCMcOyMgeK79IdQKb6csW3sKOaDzD09s2xVrOngRWDnoIzyqffMd6cf0tiHQFFOpOzYVqS6SZZDOaQlJ5YQEToiA+hoGBCd1U2mJ6b4SDN97IVCv0DhKft7IyG+lBPf1U6fqKGc1zLyP60TK++8m7AgihUEdBbkxfruEGd94T4TQBWfaECoYPqvmA6J7kzpVku6BHv+5EXQPKnY1Ur19rRcu8rrKKIDdIiOkY3OUA3doDpqIIoe0BN6Qa/Go/FsvBkfM2vByHf20Z8xvr4BV/2jgw==</latexit>

@ ~R

@t
= ~X ⇥ ~R

<latexit sha1_base64="9vrJL+XhDm36Wvv5jNxVvWKFbwo="></latexit>

Ṙ1 = 0

Ṙ2 = �2✏R3

Ṙ3 = 2✏R2

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{
<latexit sha1_base64="6Dznwl+KD7dmsaHWXyq0QDtEduI="></latexit>

R2 = R2(0) cos(⇤t)�
2✏

⇤
sin(⇤t)

• Ex., solution for the , starting with R3 = ρ11 − ρ22
⃗R = (0,0,1)

which implies for the R3

<latexit sha1_base64="OohcC4bT+aWkYMvm3LwWd32SwFw="></latexit>

R3(t) = 1� 8✏2

⇤2
sin2

✓
⇤t

2

◆
with Λ2 = 4ϵ2

• Since the state is pure, Tr( ̂ρ) = ρ11 + ρ22 = 1
<latexit sha1_base64="703YMm9AF5iL4mCLzxKF8Ht+B7w="></latexit>

⇢22 = |bihb| = 1

2
(1�R3(t)) = sin2 (✏t)

recall that ϵ = ΔM /2
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Matter effects on D-meson propagation

• Coherent scattering of D-mesons in the forward direction: index of refraction
<latexit sha1_base64="6MVqaxK5yQCB2v1k+SRPBUNVZYQ=">AAACCHicbVA9SwNBEJ2LXzF+RS0tXAxCRAh3QaKNELSxkgjmA3Ix7G32kiV7e8funhCOlDb+FRsLRWz9CXb+GzfJFRp9MPB4b4aZeV7EmdK2/WVlFhaXlleyq7m19Y3Nrfz2TkOFsSS0TkIeypaHFeVM0LpmmtNWJCkOPE6b3vBy4jfvqVQsFLd6FNFOgPuC+YxgbaRufl+gc+SgY+T6EpOk7EYMXY+T4V15jPyifdTNF+ySPQX6S5yUFCBFrZv/dHshiQMqNOFYqbZjR7qTYKkZ4XScc2NFI0yGuE/bhgocUNVJpo+M0aFResgPpSmh0VT9OZHgQKlR4JnOAOuBmvcm4n9eO9b+WSdhIoo1FWS2yI850iGapIJ6TFKi+cgQTCQztyIywCYRbbLLmRCc+Zf/kka55FRKlZuTQvUijSMLe3AARXDgFKpwBTWoA4EHeIIXeLUerWfrzXqftWasdGYXfsH6+AaZuJcy</latexit>

n = 1 +
2⇡N

k2
f(0)

with N is the number of scatterers  
per unit volume and k is the wave number 

the forward scattering amplitude  is related to the total cross sectionf (0)

<latexit sha1_base64="guVD9rraFaMWkUkVSnAcQA+cm3E=">AAACEnicbVDLSgMxFM34rPU16tJNsAjtpsxIqW6EohvdVbAP6Awlk2ba0CQzJBmhDPMNbvwVNy4UcevKnX9j2s5CWw8EDufcy805Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfD31Ow9EKhqJez2Jic/RUNCQYqSN1LcrnqJDjvqpJznUkc7gJfRCiXBa82KapeMM3nIYlp1K3y45VWcGuEzcnJRAjmbf/vIGEU44ERozpFTPdWLtp0hqihnJil6iSIzwGA1Jz1CBOFF+OouUwVOjDGAYSfOEhjP190aKuFITHphJjvRILXpT8T+vl+jwwk+piBNNBJ4fChNmssNpP3BAJcGaTQxBWFLzV4hHyBSiTYtFU4K7GHmZtM+qbr1av6uVGld5HQVwDE5AGbjgHDTADWiCFsDgETyDV/BmPVkv1rv1MR9dsfKdI/AH1ucPu6Cc3A==</latexit>

�tot =
4⇡

k
Imf(0) (optical theorem)

z

• A particle traversing a slab of material picks up a phase
<latexit sha1_base64="eYFHAfbOULQFjvk7jE/ex5jU+AU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahLiyJSHUjFN24rGAf0IQymU7aoZNJmLkRaii48VfcuFDErT/hzr9x+lho9cCFwzn3cu89QSK4Bsf5snILi0vLK/nVwtr6xuaWvb3T0HGqKKvTWMSqFRDNBJesDhwEayWKkSgQrBkMrsZ+844pzWN5C8OE+RHpSR5ySsBIHXvPS/ocX+CBJ1gIJXnseor3+nCE7zt20Sk7E+C/xJ2RIpqh1rE/vW5M04hJoIJo3XadBPyMKOBUsFHBSzVLCB2QHmsbKknEtJ9NfhjhQ6N0cRgrUxLwRP05kZFI62EUmM6IQF/Pe2PxP6+dQnjuZ1wmKTBJp4vCVGCI8TgQ3OWKURBDQwhV3NyKaZ8oQsHEVjAhuPMv/yWNk7JbKVduTovVy1kcebSPDlAJuegMVdE1qqE6ougBPaEX9Go9Ws/Wm/U+bc1Zs5ld9AvWxzf2YZZ3</latexit>

� = k (n� 1) z since  and  scatter differently in matter: effect!D0 D̄0

• Scattering in matter also leads to the loss of quantum coherence
this happens due to entanglement with the medium

• Probability depletion due to decays of  and  mesons D0 D̄0

density matrix evolution is no longer described by the Neumann-Liouville equation
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Density matrix: general evolution

 systemD0D̄0

Environment

• Evolution equation for “general” evolution: Lindblad equation

<latexit sha1_base64="FcSGL4Vg/+m4fAPNq5snADxbUXg="></latexit>

@⇢

@t
= �i

h
Ĥ, ⇢̂

i
+

X

n

✓
L̂n⇢̂L̂

†
n � 1

2

n
L̂
†
nL̂n, ⇢̂

o◆

• Move the decay effects into the Hamiltonian
<latexit sha1_base64="Cveg1eFNUlCthHKncjjugw17JZI="></latexit>

@⇢̂

@t
= �i

⇣
Ĥ ⇢̂� ⇢̂Ĥ

†
⌘
+ L̂⇢̂L̂

† � 1

2

n
L̂
†
L̂, ⇢̂

o

assuming markovian process and enthropy increase…

where  are the quantum jump operatorsL̂n

where

<latexit sha1_base64="wMXbQsEQrmGX41+HBNAPCbzyfTg="></latexit>

H =

 
M11 � i

2�11 � 2⇡N
k

vp
1�v2Ref(0) ✏

✏ M22 � i
2�22 � 2⇡N

k
vp

1�v2Ref̄(0)

!

and

<latexit sha1_base64="/uZjDDdX18lGQQRPxEfF9+fSIo8="></latexit>

L =
p
Nv

✓
f(✓) 0
0 f̄(✓)

◆

where the terms with Re f(0) corrsponds to the energy shift due to forward scattering 

Feinberg,  
Weinberg

Benatti, Floreanini
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Density matrix: general evolution

• Evolution equation for “general” evolution: Lindblad equation 
with non-hermitean Hamiltonian

<latexit sha1_base64="wMXbQsEQrmGX41+HBNAPCbzyfTg="></latexit>

H =

 
M11 � i

2�11 � 2⇡N
k

vp
1�v2Ref(0) ✏

✏ M22 � i
2�22 � 2⇡N

k
vp

1�v2Ref̄(0)

!

Expect two main effects: (1) oscillation suppression due to the level splitting  
(2) decoherence: off-diagonal elements of the density  
      matrix are damped 

• The Lindblad equation for the components of the density matrix
<latexit sha1_base64="C7M4nyEGpPJYVRT8J/6o0Eh4yjE="></latexit>

⇢̇11 = i✏(⇢12 � ⇢21)� �⇢11

⇢̇12 = i✏(⇢11 � ⇢22)� (M + iK) ⇢12

⇢̇21 = �i✏(⇢11 � ⇢22)� (M � iK) ⇢21

⇢̇22 = �i✏(⇢12 � ⇢21)� �⇢22

where
<latexit sha1_base64="ITTe4GZTmpSqSK1H6fqrG3UiE0E="></latexit>

M =
2⇡Nv

k

⇥
Im

�
f(0) + f̄(0)

�
� 2k Re

�
ff̄⇤�⇤

<latexit sha1_base64="uI3UTiBd+uCG0u2U3nHnaRQojAc="></latexit>

K = �2⇡Nv

k

⇥
Re

�
f(0)� f̄(0)

�
� 2k Im

�
ff̄⇤�⇤

Kerbikov
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Density matrix: general evolution

• The Bloch evolution equation                          must now be modified 
<latexit sha1_base64="eb7fK54DBvHJ/WbtOa+08kuhCM8=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwVRKRqguh6MZlFfuAppTJ9KYdOnkwMymUkG9x46+4caGoK8GPcdIG1NYLA4dzzuXMPW7EmVSW9WkUlpZXVteK66WNza3tHXN3rynDWFBo0JCHou0SCZwF0FBMcWhHAojvcmi5o+tMb41BSBYG92oSQdcng4B5jBKlqZ554XiC0MSJiFCMcOyMgeK79IdQKb6csW3sKOaDzD09s2xVrOngRWDnoIzyqffMd6cf0tiHQFFOpOzYVqS6SZZDOaQlJ5YQEToiA+hoGBCd1U2mJ6b4SDN97IVCv0DhKft7IyG+lBPf1U6fqKGc1zLyP60TK++8m7AgihUEdBbkxfruEGd94T4TQBWfaECoYPqvmA6J7kzpVku6BHv+5EXQPKnY1Ur19rRcu8rrKKIDdIiOkY3OUA3doDpqIIoe0BN6Qa/Go/FsvBkfM2vByHf20Z8xvr4BV/2jgw==</latexit>

@ ~R

@t
= ~X ⇥ ~R

Harris, 
Stodolsky

<latexit sha1_base64="KX2FMq8eNo7mcO37yUTnZoP4ziU="></latexit>

@ ~R

@t
= ~X ⇥ ~R�DT

~RT � �~R

“precession” “damping” “decay”

with                          ,                                   , and 

<latexit sha1_base64="Hyq+xNAd6M2z0mIev3Kr70l6gx8="></latexit>

~X =

0

@
2✏
0
K

1

A
<latexit sha1_base64="UjQ005qnP+ZLyay66ydh8C53t5I="></latexit>

DT =

✓
M 0
0 M

◆ <latexit sha1_base64="oF13tVOL+daUFvvgLtXLKNpDa90="></latexit>

~RT =

✓
R1

R2

◆

• General solution is hard: approximations? Unaccounted effects?
(1)  include lifetime differences 
(2) include modifications of  in matterϵ

the rate of decoherence

Stay Tuned! 
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Things to take home

 Features of the VELO detector allow studies of matter effects on D-mesons 	
• possibility to study matter effects outside of the kaon system  
• probe different physics scenarios/quantum mechanical effects 

 Generic computation of matter effects is a difficult task	
• some approximations are required: how good? 
• better imputs on matter properties 
• with better input numerical solution is also possible 
• general parameterizations? 

 Many parameters still need to be fixed experimentally or computed
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“Charm physics”

Eur. Phys. J. ST 233 (2024) 2, 439-456
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Introduction

★ Main goal of the exercise: understand physics at the most fundamental scale
★ It is important to understand relevant energy scales for the problem at hand
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Charming mixing
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★ ...can be calculated as real and imaginary parts of a correlation function

★ To start, mass and lifetime differences of mass eigenstates...

★ How can one tell that a process is dominated by long-distance or short-distance?

★ … or can be written in terms of hadronic degrees of freedom…

local operator  
(b-quark, NP): small?

bi-local time-ordered product

bi-local time-ordered product
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