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* Quantum entanglement in high-energy scattering and the
perturbative S-matrix

* Properties of the density matrix an their consequences

* Application to the 2HDM potential and constraints
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Quantum entanglement

@ v) @

V) # Y1) @ 1)

entanglement = non-separability

Example 1 Qubit space: |1), |2) € C* — C* = C* @ C?

A) a161|11> + a162|12> -+ a261|21> + a262|22> = (a1|1> + a2|2>) X (bl|1> + bz|2>) (nOt entangled)

B) Ly L

VLY -5
%ym f‘21> %ym f\21> (entangled)
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Quantum entanglement

@ v) @

V) # Y1) @ 1)

entanglement = non-separability

Example 2 Hoonip = LQ(R) ® C? B esnip. = 7

. 00
A) Zfoodl“ V()€ x)|i) (not entangled)

=1 "

2

B) Z /OO dx ;(x)|z)|?) (entangled)

i=1 v~
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Quantum entanglement

¥)

for mixed states:

V) # Y1) @ 1) p # quzp'i ® p

entanglement = non-separability

Why should we care?
Measured experimentally (BeII inequalities violation) Clauser et al., ‘72; Aspect et al., ‘82; Zeilinger et al., ‘98;

Can be tested in colliders Ak, Murioz de Nova, 21 and many following studies: ATLAS Collab., ‘23: CMS Collab., 24
K. Sakurai’s talk P. Lamba’s talk

Quantum iInformation dense coding (Bennett, Wiesner, ‘92), teleportation (Bennett et at., ‘93), etc.

Emergence of Space and time woreva et al., “13; Van Raamsdonk, ‘10, Ryu and Takayanagi, ‘06; Maldacena, Susskind, ‘13

Scattering | symmetries cervera-Lierta et al., ‘17; Fedida, Serafini, ‘23; Beane et al., ‘19; Liu et. al., ‘23; Carena et al., ‘23;

This talk Plasone etal. 24 B ‘Micciola’s talk
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Entanglement in scattering

2 _. 2 scattering particles A, B with internal “qubit” quantum number: pa)|a), [pB)|5)

‘pA |05 \ / |pz |’}’

lin) = jv pa 12aa5\pApB>!a6> lout) = §'|in)
p5)|B) / \ [p;)|6)

Hilbert space: momentum + flavor (qubit)
Hioy = L*(R° @ R%) @ C*
In perturbation theory:

1jab . 17ab
S’yjéaﬁ _ <I+ ZT)fyjcSaB

1jab Y
= (2m)S 4 E;E; 67952 + (2m) 6% (pa + po — pi — p;) iMs,08(Pas Pb — i D))

encodes all the properties of a
guantum system
(entanglement)

The final-state density matrix: | p = |out) (out|
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Perturbative density matrix

Shao et al., ‘08; Seki et al., ‘15; Peschanski, Seki, ‘16,
p — |Out> <Out | 19; (_Zarney et al., ‘16; Ratzel et al., ‘17; Fan et al., ‘17

Araujo et al., ‘'19; Fan et al., ‘21; Fonseca et al., '22;
Shivashankara ‘23; Aoude et al., ‘24

Properties:

1) Tr(p) =1 | > unitarity of the S-matrix

optical theorem

(outout) =1+ A ( Z Oé/6>./\/la5 75( PB —>pA pB a% +c. c)

aBys —
d>p; 1 d3 1
" A// 2:3 25, ( pj 538, (27T)45 (batp5 —pi- pj) A (2m)0%(pa + pB —pa — pB)
T _— AEAEg [(2m)3 63(0))°
x> Mag, pe(pA P pz,pj)ape/\/laﬂ UT(pA Py~ pz,pg)ag}
aB,pe,oT _— — — (indeterminate normalization)

— 1 pure state

2) Tl‘(p2) | ~ need different

< 1 mixed state entanglement measures
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Entanglement in the final state

p = |out)(out| is pure

Hiot = L*(R?) @ L*(R®) ® C* ® C?
bipartitions:

p = Tra(p) 1

basis : |afB) (V4] basis : |p;a){(p;7| N 2R & C
red —

* entanglement between bipartite states:

von Neumann entropy
Sn(p) = —Tr(p log, p)

Entanglement monotone:

Sy =0  noentanglement

Sy = 1 maximal entanglement
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Entanglement in the final state

Hior = L*(R?) ® L*(R?) ® C? ® C?

ﬁc}:ﬁ,f}rﬁ in general is mixed

basis : |afB) (V4]

* entanglement between 2 qubits:

Concurrence C(ﬁ) = ma,x{O, Al — Ay — A3 — )\4}

A: eigenvalues of p(o, ® o,)p" (0, ® 0y)

Entanglement monotone:

(' = (0 no entanglement

(' = 1 maximal entanglement
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Perturbative density matrix

— 1 pure state
2
2) Tr(p7) < 1 mixed state

i Z M(\-.’B.ep(px'lspﬁ — PA; pb’) (L;j“ep + C.C.

af.ep

&Ep; 1 d&Pp; 1 Bl |
// 27)3 2E; (27) ’2E (2m)*0% (pa + pB — pi _Pj)

T(5®) = Y Papns Prsas =1+2A
af b

X Z Mag.ep(PasPB = Pis Pj) M35.70(PAs PB = Piy D)) Ay Goa Gep a;]

epyd,To,af

—A% | Y Mapep(Pa,PB = PAPB) M 10 (PA,PB = PA,PB) Qg Gep 5 arg + C.C.

afBydep,To

(\/—/g Z Mg .ep(PAsPB = PA,PB) Mys .0 (PA DB —)p,;.pu)m:_aﬁ:%; (2.18) ——— P A < —

ofepre  —— —

Its origin ...
_ (2m)3 4 -
$a(P1)o5(P2) [P1P2) D daplef) ¢a,8(P) = 53(0) 8°(p — Pa.B)

lin) = (H/ =y

Z aaglpApB laf) It does not belong to the Hilbert space
a,B=1,

Q

ﬂl

We should specify the full wave packet
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The model: 2HDM

h—|—
inert SU(2) doublets: H, = ( 0 ) a=1,2 —|[1),[2)
« Y —

1

2 cf. Carena, Low, Wagner, Xiao, 2307.08112
scalar potential: V(Hy, Hy) = y? H] Hy + p2 HY H, + (,@, HIH, + H.c.)
+ A (HIHY)? + Xy (HIH)? + Ns (HTHy ) (HY Hy) + My (HT Ho)(HIHY)
+ (\s (T Ha)? + X (HHy) (H] Hy) + A (H] Ho)(H{ Hy) + Hec.)

high energy limit p2 >> u2 4N 2 2X6  4)s
- - . 20 Az A3+ 22
(0)71,01,0 0,0y — 6 3 4 3 4 7
contact interactions iMYW (Rh” — h°h°) oone As A Astu 2\
h h 4)\5 2)\7 2)\7 4>\2
Q. My
N 7 201 A6 Ag 2X5
\\\ /// ) (0) +4,0 +350y - _ s >\6 >\3 >\4 )\7
S iMO(RFTRY — hTRY) = —i NV VY
< 2X5 A A7 2
7 Y I 2 20 As+
- S . _ _ | o2x s As+A 2)
7 ~ ) (p+ + _ 6 5 3 4 7
hg/ ~ hg iMO (WA~ = hTh™) = —i e st A 2
Az + A\g 2\7 2\7 4o
( ./\/lfy&ag 21 X Xe A3
PYIEED VERED) VD v

4 4(0) (7,070 hY) = iMO (B 0p0) = —i
iMP(hhT — hTh™) = iME(RTh™ — h°h7) Toxe 2% A A

A3 A7 Ar o 2

Question: any constraints on A from entanglement?
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The model: 2HDM

h—|—
inert SU(2) doublets: H, = ( 0 ) a=1,2 —|[1),[2)
o} y:%

scalar potential: V(Hy, Hy) = y? H] Hy + p2 HY H, + (ug HIH, + H.c.)
+ A1 (H{Hy)? + Mo (HIH2)? + A3 (H{ Hy)(H Hy) + Ay (H{ Hy) (H] Hy)
+ ()\5 (HIHy)? + N (HHy)(H' Hy) + Ay (HLHy) (H Hy) + H.c.)

We work at 1 loop order

o XX

dIT (MTM) NN LN L o0 — 2t MY 1 o)
11,11 78 7 2 L1,

N | =

optical theorem OK!
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Entanglement generation

)[11) (separable)

in) =

1
W‘pApB

jout) = Sin) p = |out){out| is pure

Htot — L2(R3) ® LQ(RL’») ® (C2 ® CQ

A(hORY — hORO)

A2 \2
pmn=1-—A (—5 + —6> i
s 2

22106 — A3A6 — Aadg — 2)\5)\7>

P11,12 = P11,21 = Prai1 = Pari1 = A <2M6 +

8T
ba’S]'S : |a6> <75| Pr1,22 = Paz 11 = A <4i A5 + 20125 — 22;)\5 - )\6)\7> ,
)\2
P12,12 = P12,21 = P3112 = a1 = A ﬁ )
i .. . _ s y A5 A
* entanglement of bipartition: Pz = Pz = P = Piaan = A5
) by
von Neumann entropy Sw(5) = —Ti(5 log, /) pn=A2
+ all other channels
2 2 2
0, — 1—A(§+;—6) + 16 A? <)\§+%> :
s s
2 a2 \2 generates entanglement between
02 = A (f + ﬁ) —16A? (Ag + 76> , flavor and momentum
hOh® — hORO
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Entanglement generation

L paps)11) (separable)

VvV
jout) = 5 [in) p = |out){out| is pure

in) =

Htot — L2(R3) ® LQ(RL’») ® (C2 ® CQ

A(hORY — hORO)

A2 \2
pmn=1-—A (—5 + —6> i
s 2

22106 — A3A6 — Aadg — 2)\5)\7>

P11,12 = P11,21 = Prai1 = Pari1 = A <2M6 +

8T
basis : |a8)(vd| vz = i = & (1204 D= =),
)\2
1212 = P12,21 = P3112 = Prign = A ﬁ ;
. .- " . o o A)\5>\6
* entanglement of bipartition: Prao = Pum = Ppa = Pha = A5
i Y
von Neumann entropy Sw(p) = —Tr(7 log, /) Pam =00
+ all other channels
2 2 2
0, = 1—A(§+;—6) + 16 A2 <)\§+%> :
L , Aol 0 < eigenvalues < 1 (physicality!)
92=A<§+§)—16A2(A§+§>, ~ 167
T 2m 2
entanglement is perturbatively small !
PR —s BOR"
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Entanglement generation

L paps)11) (separable)

VvV
jout) = Sin) p = |out){out| is pure

in) =

Hior = L*(R?) ® L*(R?) ® C? ® C?

p(hOh® — KORO)

A2 N2
s 511,1121—A<f+ﬁ>7
p:r]:‘rp(p) 2M106 — A3dg — Agdg — 225
~ ~ ~ % ~ % . 16 3\6 4\6 5NT
P11,12 = P11,21 = Pi211 = P11 = A <21/\6 + P ) :
basis : |a8)(vd| vz = i = & (1204 D= =),
1212 = P12,21 = P3112 = Prign = A % )
. .. . . ~ o A5 A6
* entanglement of bipartition: P =fnne=itnn=lton=A50,
) 22
von Neumann entropy Sw(5) = —Tx(5 log, /) P = AT
+ all other channels
Repeating for [12>, |21>, |22> (all channels): comp. basis:
1 tum-fl - .
'“ﬁj mom‘i‘; " g"“;ﬁsp&ce MinEnt condition: No entanglement
12) Mo Aa. Aes Ay Ar only if interaction is not flavored
21) A3, Ay Asy Agy A7
|22) R X, s X S (Ipipj)|aa)) = |ea)S(Aa)|Pip;) a=1,2
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Entanglement generation

in) = \/LV|pApB>|11> (separable)
jout) = 5 i) p = |out)(out| is pure

Hior = L*(R?) ® L*(R?) ® C? ® C?

p(hOh® — KORO)

2 y\2
~ 511,1121—A<§+ﬁ>,
p=Try,(p) o
P . - - x . 2XM106 — A3 — Aadg — 257
p1112 = P11,21 = Pra11 = P11 = A <21/\6 + 8 ) :
1Q - 9 _9 -
basis : |af) (Y9 = i = & (113 DBl dee
. . i - Y
P12,12 = P12,21 = P21,12 = P21,21 = A YL
. .. T _A)\S)\G
¢ entanglement of bipartition: Praze = Pu = Phia = P = A5,
- A2
von Neumann entropy Sx(s) = —Tx(4 log, 5) pam=a2,

+ all other channels

Generic linear comb. in C*4 (all channels)

No mom/flav entanglement for all separable states iff

Easy to construct an “in” state
AM=X=A3=M=A A=A =Ar=0 that will end up entangled
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Entanglement generation

L paps)11) (separable)

VvV
jout) = Sin) p = |out){out| is pure

in) =

Hior = L*(R?) ® L*(R?) ® C? ® C?

p(hOh® — KORO)

2 2
o~ 511,1121—A<§+£>,
= Try(p) .
p B B p 2X106 — A3A6 — AgAg — 257
P12 = P1121 = Pi2g1 = P11 = A <2i/\6 + 8 ) ;
basis : |a8)(vd| vz = i = & (1204 D= =),
_ - ~ - pY:
P12,12 = P12,21 = P21,12 = P21,21 = A ﬁ )
* entanglement of 2 flavor qubits: prom = b = Fiasa = Fiaan = A2,
e 2
Concurrence C(p) = max{0. Ay — d2 — As — A} .
™

+ all other channels

No qubit entanglement for all separable states iff
AM=A=A3=M=A=0, A=A7

Can’t confirm symmetry from MinEnt

cf. Carena et al. ‘23
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Entanglement transformation

separable in L"2 x C"4 (mom / flav)
| |

Initial state: in) = \/— PAPB)—= NG (]11) +[22))

maximally entangled in C"4 (2 qubits)

von Neumann entropy concurrence
SN(pim) =0 C(pm) =1
SN (ﬁout) >0 C(ﬁout) |
with with
(A = 22) ) (A + Ar) ( h @Jr A\§
91 — 1 - A ~——____— 47‘('\—/ O(pout
o, = ai- A2) 4 (X6 + A7)
47 :
Entanglement transformation
flavor space — full Hilbert space
—=(]11) + |22)) A1 = A2, A6 + A7
1 1 V2
Entanglefment flows 3 (11) - [22) R TorJoun
. rom L(112) + [21)) Xs + A
one Hilbert space to another 1 (119) - |21)) -

2HDM symmetries? ... cf. e.g. Ferreira et al. ‘23
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Conclusions

e Can post-scattering entanglement provide a complementary
way of constraining the interactions of BSM models?

e Scattering interactions inject entanglement in a separable
system, but this is perturbatively small in A, A

 2HDM: any quartic coupling can potentially create
entanglement between momentum and “flavor” dof's

 2HDM: entanglement can be transformed by some coupling
combinations... may lead to symmetries?

Enrico Maria Sessolo Corfu Summer Institute 2024

18



Backup



Final state with measured momenta

Project the “out” state along a choice of momentum:

|proj) = | f){ f|out) (H [ )¢c P1)6p(P2) l1p2) ~ —= [pcpp)

) ) N roj)(proj N
Density matrix: g, = |Fpr;j>|<§, OjJ>| = Y (Pp)aprslaB) (14|

af,yé
(5) > epro Mapep(Pa,PB = PO, PD)M s (DA, PB = PC,PD) Gep Q7
Y8 =
PIOBA TN epre Masep(Pa.pB — P, pD)MC s (DA, DB — PO PD) tep 0
No dependence on A
2HDM results
[in) g minimal entanglement maximal entanglement
)\1:)\;;:)\4:)\5:(]
I11) 203 =M, As=3h=1N or

=0, 1 =5 = %)\:s = %)\4
A=A7, A3=M=As =0
12), |21 AeA7 = A2, A5 =13 =1) or
3 2 2
A=2=0,A3=M=2)5
=M= =A;=0

|22) 2Ma)3 = A2, A5 = 1h3 =1\ or
Ar=0, 0 =Xy = 1ag = 1),
Total 1) R == dga=ig =ay =0 | D)k = A= Ap= kg ag=0,
A6 = A7
2) 2) A =X =As = 1A3 =1\
A3 =22 =4X2 = AgA7 = 2M1 )9 M=X7=0

Enrico Maria Sessolo Corfu Summer Institute 2024
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