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Quantum entanglement

¥)

for mixed states:

V) # 1) @ |ha) p# quzpi ® ph

entanglement = non-separability

Why should we care?

Measured experimentally (Bell inequalities violation) ciauser et al., 72; Aspect et al., '82; Zeilinger et al., ‘98;

Can be tested in colliders afik, Mufioz de Nova, 21 and many following studies: ATLAS Collab., 23

Quantum information dense coding (Bennett, Wiesner, ‘92), teleportation (Bennett et at., ‘93),key distrubution (Ekert, ‘91)

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

Emergence of symmetries Cervera-Lierta et al., '17; Fedida, Serafini, '23; Beane et al., ‘19; Liu et. al., '23; Carena et al., ‘23
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This talk:
new insight
on BSM
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Entanglement in scattering

[pa)|e) \ /lpz )

1 zgab t) = S|
in) = W ] a5|PAPB>|045 lout) in)

N

Hilbert space: momentum + flavor
Htot _ L2 (RG) ® (C4

pB)|B)

In perturbation theory:
17ab . 17ab

Sfyjéaﬁ — (I+ ZT)q;?éozB

= (2m)S 4 E;E; 67950 + (2m) 6" (pa + po — pi — p;) iMys,08(Pas Db — iy Dj)

The final-state density matrix:

encodes all the properties of a

p = lout){out| reangiomant
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Perturbative density matrix

Shao et al., ‘08; Seki et al., ‘15; Peschanski, Seki, ‘16,
p — |Out> <Out | ‘19; _Carney 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 a/@./\/la/g 75( PB —>pA pB @ +c. c)

aBys :
Pp; 1 dp; 1
+ A// 2:32E pj 538, ¢ (27T)45 (pa +p3¢—ﬁ P;)
Z QMaB pE(pA pB — pzapj)apeMa,B O'T(pA pB — pt,g])@
af,pe,oT — N T
2) T ( 2) — 1 pure state | ~ needed different
r :
P < 1 mixed state entanglement measures
‘e 1 Only emerges
A (2m)6%(pa + pp —pa —pB) A < with internal
AEAEp [(27)3 63(0))° 167 quantum
numbers !!!
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Entanglement in final state

p = |out) (out|

basis : |afB) (V4] basis : |p;)(p;j7|
. ) Hiot = L? (R?’) ® C?
* mixed state * mixed state
* entanglement momentum/flavor: * entanglement between 1 and 2:
von Neuman entropy SN(pF ) von Neuman entropy See also: Aoude et al., ‘24

* entanglement if flavor space:
concurrence C(p*)
Definitions: Sn(p") = —Tr(p" log, p*)

Entanglement monotones: »
C(p ) = max{O, )\1 — )\2 — )\3 — )\4}

Sy =0, C =0 noentanglement

Sy =1, C =1 maximal entanglement \: eigenvalues of P’ (0y @ oy)p"*(

Uy@ay)
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Inert 2HDM in a nutshell

Kt
inert SU(2) doublets: H, = ( h%‘ ) a=1,2
(6% Y:

1

2
scalar potential: V(Hy, Hy) = u? H] Hy + p2 HY H, + (/@, HIH, + H.c.)
+ A (HIHY)? + Xy (HIH)? + Ns (HTHy ) (HY Hy) + My (HT Ho)(HIHY)
+ ()\5 (HIHy)? + N (HHy)(H' Hy) + Ay (HLHy) (H Hy) + H.c.)

i ] AN 2N N 4)s
contact interactions 0 4(0)/2.07.0 0.0 | 2X6 A3+ A3+ A 2\
IMERTRT = BERT) = =i | o0 304 h As+As 2As
h h 4)\5 2)\7 2)\7 4>\2
(2N My
. e 201 Xe Ae 25
\\\ /// . (0) +10 +70\ . >\6 )\3 )\4 )\7
o iMO (BTRY — hTRO) = —i NV
< s A7 A7 2
7 Y I 2 20 As+
- AN . _ _ . 2 4N A3+ A 22
7 ~ ) (p+ + _ 6 5 3 4 7
hg- ~hg MRS = hERT) = =i o0 Mt AN 27
Az + A\g 2\7 2\7 4o
( ./\/lfy&ag 21 X Xe A3
DY V) VD W

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?

cf. Carena et al., ‘23
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Entanglement creation

1
no entanglement: |in) = —|papsp)|11)

N

perturbativity preserved at order A2

von Neuman entropy concurrence

Fy _ , ' F\ 24 generate entanglement
Sn ('0 ) o Z 0i logy 0; generate entanglement C(p ) — @ between flavor qubits
(]

between flavor and d

with mom%ntum RORO s ROR0
A
0, = 1A) + 16A2 (A§+§)

2 2 2
0y = A(ﬁ+ﬁ) — 16A2 (A§+ﬁ)
7 2m 2

h'hY — hORO
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Entanglement creation

1
no entanglement: |in) = —|papsp)|11)

N

perturbativity preserved at order A2

von Neuman entropy concurrence
g ( F> _ Z 0. looa 0, C( F) _ 243 generate entanglement
NP i 1082 Vi generate entanglement P - T between flavor qubits
t between flavor and
with mom%ntum homP — RORO
0, = 1A) + 16A2 (A§+%)
AZ A2 A2 A
b, = A (?5 + ﬁ) — 16A2 (A§ + 56) Tr (p)* =1— — (202 + A8) + 16 A% (222 + A3)
hOhO N hOhO Tr(pF)2 < 1 — O < 01,2
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Entanglement creation

1
no entanglement: |in) = —|papsp)|11)

N

perturbativity preserved at order A2

von Neuman entropy
generate entanglement

Sn(pf) = — Z 0, log, 0;
( between flavor and

with mom%ntum
A
h = 1A) +164° (A§+?6)

2 2 2
0 = A(§+ﬁ)—16A2(A§+§)

T 21 2

h'hY — hORO
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concurrence

24 generate entanglement
T between flavor qubits

perturbatively
under control

C <1
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Entanglement creation

1
no entanglement: |in) = —|papsp)|11)

N

perturbativity preserved at order A2

von Neuman entropy
generate entanglement

Sn(p') = — Z 0; log, 0;
( between flavor and

with mom%ntum
A
h = 1A) +164° (A§+?6)

2 2 2
0 = A(§+ﬁ)—16A2(A§+§)

s 21 2
R°R® — BOR°
Repeating for 12, 21 and 22:

Momentum/flavor entanglers

)\37)\47)\57)\67)\7
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concurrence

24 generate entanglement
T between flavor qubits

Two flavor entanglers

A3, A4, A5
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Entanglement creation

1
no entanglement: |in) = —|papsp)|11)

N

perturbativity preserved at order A2

von Neuman entropy concurrence

Fy _ , ' F\ 24 generate entanglement
Sn ('0 ) o Z 0i logy 0; generate entanglement C(p ) — @ between flavor qubits
(]

between flavor and

with mom%ntum RORO s ROR0
A
0, = 1—A) + 16A2 (A§+?6)

2 2 2
02 = A(ﬁ+ﬁ) — 16A2 (A§+ﬁ)
7 2m 2

h°h® — KORO
Repeating for 12, 21 and 22:

Momentum/flavor entanglers Two flavor entanglers
)\37)\47)\57)\67)\7 )\37)\47)\5

Need to be zero to suppress entanglement
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Entanglement transformation

: 1
maximal entanglement: |in) = |pApB>— (|11) + |22))
SN(pin) - 07 C(pll’l) =1

von Neuman entropy concurrence

_—Zeiloggei \/ ()‘1 U@G—F)‘?

Entanglement “flows”
from
the flavor to momentum space
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Kamila Kowalska

Conclusions

Entanglement may provide a complementary way of
constraining interaction structure in New Physics models.

2HDM: flavor entanglement in 2 - 2 scalar scattering can be
created by the couplings As,A4,As from the basis flavor states.

2HDM: entanglement can be transformed by the couplings
A1,A2,As,A7 from the pure flavor entanglement to momentum/flavor
entanglement.

Upper bound of momentum normalization needed for
physicality and unitarity.
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