Quantum Tomography:
Spin states & Flavor Oscillations

Tao Han
Pitt PACC, University of Pittsburgh

Beyond Flavor Physics
University of Siegen, June 23, 2025

K. Cheng, TH, M. Low, A. Wu: arXiv: 2311.09166; 2407.01672; 2410.08303; 2507.xXxxx


https://www.gettyimages.de/detail/foto/aerial-pittsburgh-skyline-lizenzfreies-bild/1127453938

Disclaimer:
In HEP experiments, we do not “test quantum
mechanics” in the EPR (einstein-Podolsky-Rosen) S€Nse.

Our goals:
In the framework of QFT, in the HE regime at colliders,
* We lay out the QM predictions / information:
Entanglement, Bell variables, Discord, Magic ...
* Hope to establish the qguantum tomography.

* Understand quantum nature
at this unprecedented regime & seek for BSM effects.



Quantum State & Quantum Tomography

For a state vector |¢;)

Density matrix a state an observable

p="> nilg:) (o4 (O) = Tr(Op)

For a pure state: n. =1; for a mixed state: 2. n. =1.

For a single qubit (i.e., a doublet of spin, iso-spin etc.):

p = ;(Hg + ZB—igi)

For a bipartite system (i.e., /2Q%)
1

p= 11+ (BA (0:® L) + B (L@ o) + Y Cij (0:® 7))

B/“® the polarizations, C; the spin-correlation matrix.
The 15 coefficients for the bipartite =2 Quantum Tomography,
which encodes the full Ql.



Quantum Information:
Entanglement & Bell Inequality

Entanglement is a genuine QM feature,
no classical correspondence!

If a state can be written as: |y 45) = [¥4) @ [¥B)

then it is “separable B = prpﬁ & pP
and thus not entangled. w
I.e. separable, not entangled: Non-separable, entangled:
[¢) = 100) = |0) ® |0) ) = %\U()) + %u)

Bell inequality (1964) :

|(1‘1131) + (,211]_?2) + <A2}:§1) _ (,@2§2>‘ <2 [Clauser et al, PRL 23, 880 (1969)] = |

; ’

L,

detector detector

Alice Bob



Quantum Information:
Bell Inequality violation & (many) observables

Bell inequality violation in QM:

&10(61—52)+520(61+52)| > 2

With the quantum tomography C; :
- much more quantum information:

Spin-Correlation

“Concurrence”: (entanglement CHSH):
0< ((p) <1

“Discord”: the difference between the
total mutual information and the

classical mutual information
(Shannon entropy vs Von Neumann entropy)

0< D(p,) <1

“Magic”: something else beyond classical limit for quantum
computers (non-stabiliziness; Renyi entropy) : M =-log,[{(p)]

(Yoav Afik)



Quantum Tomography @ Colliders

e Low energy photon experiment

y

e At LHC, treat the spin of each particle as a qubit

t {
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Quantum Tomography for spin states

* All “classical observables”: energy, angles ...

* No direct spin measurement on event-by- -event

- inferred by angular distributions, ~
thus statistically: “fictitious states”!

Y. Afik, J. de Nova, arXiv:2003.02280; K. Cheng, TH, M. Low, arXiv:2407.01672.

Two paths to proceed to quantum tomography

Quantum state p

Both the state before decay & the final state decay products
inherit the SAME quantum information!



(1) Top decay & spin correlation

decayingtoA;,3,B,3 10
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Theory & Observation:

(Many theory papers; ATLAS & CMS publications.)

1
C=§(C11—|—033—022—1), C >0, B> 2,
B = v/2(Css — C) for entanglement
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CERN press release on Sept. 19, 2024

CERN Accelerating science

COLLABORATION DETECTOR PHYSICS

~ SPOOKY ACTION AT A
DISTANCE: BETWEEN THE
HEAVIES TEPARTHCLES

(but not yet Bell Non-locality)

LHC experiments at CERN observe
nature P

quantum entanglement at the
Explore content v  About the journal v  Publish with us v high est energy yet

The results open up a new perspective on the complex world of quantum physics

nature » articles > article

18 SEPTEMBER, 2024

Article | Open access | Published: 18 September 2024

Observation of quantum entanglement with top
quarks at the ATLAS detector

The ATLAS Collaboration

Nature 633, b42-547 (2024) | Cite this article

75k Accesses ‘ 11 Citations ‘ 485 Altmetric ‘ Metrics

Also CMS: arXiv: 2503.22382



(2). Kinematic Approach for 2 = 2 Production

QCD production S IM|? spin correlation matrix Cj; '
X —3?)s2 CoS — 32
a—tf | m@-psg) | GLk o 2enVUP g = Liang
_5232
0 — 0
grgr — tt  |KgB°%s3(2 — %s3)| | _ 2cese/1-82 0 2c;+B%s2 tané = Ztané
\~ " 2.2 2372 ) !
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wo=o S A 2 All C; encoded in the
q / /
= 0= A= productlon kinematics:
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Quantum Entanglement from production:
without decay measurement

,0(8, B) = ququq%tEquq%tE L LQQ‘MQQ—}tflngg%tf
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Quantum Entanglement from production:
With stable particles

Entanglement in Drell-Yan Production
pp— Z = putpu”

/ 5%{(2—132}5’%'—182Q?4) 0 . ngSe\fl—ﬁz(Hvﬂe—gAﬁ} \
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K. Cheng, TH, M. Low, arXiv:2410.08303



Entanglement in Drell-Yan Production
pp— Z = putpu”

I Bell non-local ]
2 R At Belllocal ~~~ ~ N_ |

pp—>Z - u'uy @ LHC

i (b) ]
25 \I
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15
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Such a simple process, simple kinematics!
K. Cheng, TH, M. Low, arXiv:2410.08303



Quantum Tomography
in flavor-oscillations

For a neutral meson — anti-meson system: |M°) — | M)
such as |B% —|B%, |D% — |D%), |K°) — |KO)

There is a quantum-mechanical mixing/oscillation

My) = p|M)+q|f),  with (my, Ty), H:(m—i% ler)
My) = p|M) —q|M),  with (mg, Ts), Hyy m—135

Belle measurements on entanglement & Bell non-locality test

3L .
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SD=Spontaneous Disentanglement QM fits well SD disfavoured: 130 PS disfavoured: 5.1c¢

PS=Pompili-Selleri hidden variable model Y2 [ Ngor = 5/11 X% /ngor = 174/11 ¥*/ngsr = 31/11



Quantum Tomography
in flavor-oscillations

K. Cheng, TH, M. Low, A. Wu, arXiv:2507.XxxXxx.

For a neutral meson — anti-meson system:\M‘)) — | M°)
such as |B%) - |B%, |D°) — |D%, |K°) — |K°)
we can treat them as 2-qubit systems:

|M1):pIM)+Q}M>} with (mlarl)? H: (m_z% Hlﬁ )

My) = p|M) — |8y,  with (mg, Ty), Hy m—is

——— %(e—l 1t/2—imqt + e T2 ot [2—imo t) Ecl(e—l‘ltjz—z'mlt . e—l‘ztjz—z'mzt)
()_ _,’D_( —I'1t/2—imqt e—ltfz mt) f)(

4 —I.-Iltflz—'!.m]_t —]_-\thQ—'ngt
o 5 (e +e )

N(t) _

Ny (U(t pu t)i) o (1) = U(t)g”U(t)T

tr(U(t)p,U®)")




A Single State M

The density matrix: = "2 %77

The Bloch vectors R specify the quantum state
(quantum tomography).

Flavor eigen-states |M°), |M%y Bloch vectors R"t = (0,0, £ 1)
sothat: o, |M) = +|M) o.|M) = —|M)
Mass eigen-states |M,), |M,) by Bloch vectors R™t = (*1,0,0)

State evolution: d“;f) =X xR(t) X =(Am,0,0)

Oscillatory Precession solution: g, = &..
Ct = COS(&mt)j Sy — Sln(Amt) Ry (t) — Ryct + stt:
Rz (t) = Rth — Ryst,

Thus: R "t (0) or R,"(0) = R, ,(t), but not R(t).



In practice, consider decays
(a) Decaying to non-CP states ( e.g., B° - x v

_ _ 1R
M — f with CP|f) = |f) # |f): projectto |[M), |M) with Py, ,;; = 5 :
1+ R, () d(N; — N;
Lyvwy—pir=—= Tuss ( iﬁ -ﬂzzhmﬂRgﬂrM%f
Pymwy—r = Prmwpy—7= R,(t)T = Ny E_Ft(Rth — Rys¢) Ly y

Thus: R (0) or R,(0) = R, ,(t), but not R (t).
(b) Decaying to CP eigen-states (e.g., B — J/u K

- _ — . 10——————————

M —>f;7 with CP If,}) | I‘](;?), n = + 1: S — NN R=1

1 +R, N
project to |M; ), |M,) with Py, = > 05N R~0
=04l S
1+ Ry (1) Y N o
_ _ 02 /7 eel el
Pyvy—syp, = 9 Umyop, = (1+ Rm(t))rM—*ﬁ‘- f e Tt Sl
~ 0 2 Ty T 8
d(Nf —I—,NJ,?) t[r']
= N(t)FM S f

dt FIG. 1. In percentage, the total number of mesons (dashed
. -I't lines) and decay products (solid lines) as a function of time,
— ND € (Cht - R.’E Sht)FM—?f with different Bloch vectors at ¢ = 0. Calculated in a toy

example with I'y =T’y

Thus R, (t) determined =2 full guantum tomography R(t)!



A M° — anti-M? Pair System:
The density matrix 14 + RA0; ® 15 + RP1, ® 0y + Cijo; ® 0
for a 2-qubit system: s = 4
The Bloch vectors R**®, correlation matrix C; specify
the full quantum tomography.

Define the correlated decay events:

Niot = Njs+ Njs+ Nij+ Nif

Afs = Njy — Nj; — Nij+ Nij = Niike — Nunlike
Af = Njs — Njp+ Nyg— Ngy

A = Njs+Ngp— Npp— Nig

dNio .
gy ctltt = NUFQB(Hf e~ F(titt2) (chy, chy, — chy,shy, R2 — shy,chy, RE + Cirashy,she, ) + O(e)
1dt2
dA .
ff _ NUFZB[er_I (t1+t2) (St,8t, Cyy — €2, 5t Cay — 81, ¢4, Cyz + €4,¢4,C2) + O(€)
dt1dty
dA4 .
L = Nol'h, pe (t1+t2) (chy, (ce, RZ — sth‘;j‘) — shy, (¢, Cae — 81, Cyz)) + O(€)
dt1dtsy
dA% .
fo_ NoI'% L e~ T(ti+t2) (che, (ce, RE — 51, RB) — shy, (ct,Cuz — 81,Cay)) + O(€)
dt1dts 0 v

(€ is the CP-violation parameter -- very small)



Reconstruction of quantum tomography

B'B’ | ll\,{l[onte Carl{l)'; BY B? fitted KK° fitted |Obs.
— Fitted R —0.01£0.06 |—-0.00240.006 |
| F\ A A N oA RE —0.01£0.06 |—0.003£0.006 |
TRy vﬂvﬁ A R 0.000+0.003 | 0.005+0.006 |
v !Uz RA 0.000+0.003 | 0.003+0.005 | *
B
UREL RE 00000003 | 0.00520.006 |
? "6 Am R? 0.001£0.003 | 0.002+0.004
0.5 1.0 1.5 2.0 2.5 3.0 3.5 me —12:t 10 —1005i0012 Ntot
t
1 [ps] Cyz 0.00+£0.06 | 0.005+0.008 |
(a) First sub-figure Ay
Czz 0.00+£0.05 0.006 £0.006
Cay 0.00£0.05 0.006 £0.007 A?
— Ch: 0.00£0.05 0.004£0.006
P it
g0 Monte Carlo; Cyy  |—1.001£0.004 [—1.0030.008
— Fitted ] Cy- 0.001+0.003 0.000£0.007 A
i ff
] Cy 0.000+£0.003 0.000£0.006
] Caz —1.000=0.003 |[—1.001=0.003
Concurrence 1.1+£0.5 1.00540.007
I 1 2
-15000 O<tr<——]] . - .
[ 20 Am TABLE I. The central value and statistic uncertafntyﬂﬁfBloch
00 04 0z 03 04 os vectors and correlation matrix of B?BY and K°K° when pro-

duced, both fitted from 10° semi-leptonic decay events, to-
gether with the observables that give the best sensitivity. The
statistical uncertainties scale as 1/v/'N.

t1 [ns]
(b) Second sub-figure



Discussions:

The complete flavor density matrix of meson pair can be reconstructed!

We can ask about concurrence, Bell, discord and magic, etc.

Larger Am/I’, better sensitvity on y, z components.

BY BY D" K"
. Am/ps~'|17.76| 0.506 [9.2 x 107°[5.29 x 10~°
Larger AI'/I', better senstivity on x components T/ps—T [0.662] 0.658 51 TEES < 10=2
AT /ps~" [0.082(2.6 x 10~ 0.030 0.0111

Belle Il € complementarity = LHCb

* Large data sample B, B,: * Larger data sample
~ 5x101° * Many bb pairsin
 well-defined state Y (4s),Y (5s) detectable region

e Not well-defined states

fragmentation?
CP violation effects:

 Rather small on qguantum entanglement
 Additional information, combine with channels
* More precision



Conclusions
Collider experiments produce a large number of

guantum states at the unprecedented energy regime.
Various quantum numbers to explore: spin, flavor ...
Hope to establish the quantum tomography & Ql:
Entanglement, Bell variables, Discord, Magic ...
Understand quantum & seek for BSM effects.

Quantum Information meets High-Energy Physics: Input to
the update of the European Strategy for Particle Physics
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QIS @ colliders 2 new observables & rich physics!
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Collapse the superposition

Two kinds of decay final states, CP eigenstate or not
1R

<

M — f with CP|f) = If) # |f): project to | M), |M) with Py =

Decay rate asymmetry to f, f :
1+ R,(t)

Pruy-p/f=—5  TuMos (Nf — N§) ~ (o2) = R
Observable: 1'05 '
’Z_'Q 05
d(N; — N; S
L d(Ny f) = e " (R, cos(Amt) — R,sin(Amt)) T ¢ < 99
No dt —~
- ~|E -05/
Meson flavor state when it is produced, t = ( | _
1000 005 010 015 020 025 030
Both R, and R, are obtained as they oscillated into each other. (]
y Am ~ 27T,

slightly damped oscillation

kun.cheng @pitt.edu 2024/04/08 @ GGI 7



Observables in semileptonic decay
channel

Reconstruct p;,,at t = 0. _ L+ Rfoi®1y + RP1, ® 0, + G0y @ 0

Puv = A
One meson: L AN N |
]Vf _ Nf — Ry9 Rz N, o =e " (R,cos(Amt) — R, s1n(Amt))FM_,f
]Vf + Nf — Rx ]\1[0 d(Nfd_: Ny) = e "*(cosh(AT't/2) — R, sinh(ATt/2))Tpr_, ¢
Meson pair:

Four observables from the correlation between the above two
#a®Hp Ny meson A decay to fand meson B decay tof
L®L ——> Nyt = Ngg+ Njp+ Npg+ N5y
6,0, —>  Aj;=Nss —Njs — N;i7+ Ni7 = Nijke — Nunlike
0.®h —>  Af =Nis+Nyp— Niy— Ni
L®s, —> A7 =Ns;—N;7+ Nj; — Njf

kun.cheng@pitt.edu 2024/04/08 @ GGI




Collapse the superposition

Conside a meson that only decay to flavor eigenstate |f) (such as semileptonic) or CP-even

eigenstate [f,)

1+ R (¢
Ppmy—ry = 2:5( )PM1—>f+ = (14 Rz(t))Tm— g,
10 = - ~
~ w —— Ny@+N;0) R——1 |
Both M(¢) — f,. and M(¥) — f/f dependon R, 08",
2 06 R:=0
R, =1, M, candecay to f, gl
: ' R.=1
R, =—1, M, can’'t decay to f,, more f 02| L
1 d(N; + N;) L | 0,0(') - ;‘ Sy -_"_‘.‘:':-'_':SZ-Z-‘-:-:---:.-_-.:.S
N o = e~ "(cosh(AT't/2) — R, sinh(AI't/2))pr— ¢ . T i
. . . difference between each lines o« Al
Semi-leptonic channel is enough. e.g. B, — f+1/fX +h.c. i.e., decay to CP eigenstates.

kun.cheng @pitt.edu 2024/04/08 @ GGI 8




fAﬁ )
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_ 23} 27
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g | (b) i
2.2_ /. '.':
, # —— Diagonal _
2.1 /. { —.~ Rotated Beam
S AR A Helicity |
W= %%

Kinematic approach
equally appllcable toete > ff

[ B -

0 —2(fZco £ fv faB)se/1 — B2 )
f2)B%s3 0
0 fi(2c5 + B2s5) + fAB*(1+ c§) £ Afv faB )
7T ;
: ee »tt, Vs =1TeV :
6 -
R et
s | S T
2 — . — Rotated Beam
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Observability: Error Estimation

Kinematic Approach: Decay Approach:
% < 1 1 % B 3v/3 1
C ~ 4(Fc(©,8)) VN C  (|Cu+Cx|—-Cs3—1)/N
P T T
B = (F5(6,8)) VN e
cuts C AC™ B ABHa
. —4 —4
Production m.: < 350 GeV||0.45 1.0 x 10 12,04 1.4 x 10 2
Decay 1.4 x 10~ 6.3 x 10~
. - —3 —3
Production| m;z > 1.5 TeV 0.70 2.6 x 10 9 37 3.8 x 10
Decay | |cos®©| < 0.5 5.6 x 1072 0.26

TABLE I. Statistical uncertainties on the C and B measure-
ments for pp — tt with represetative selection cuts. The pro-
duction rate is given by N;; = Lo, with 300 fb~! lumi-
nosity. The di-leptonic decay branching fractions are included
in the decay approach without other kinematic cuts.

Kinematic approach is optimal!
Ultimately, systematic dominance!
perhaps ~ 1% level
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