Entanglement in flavored scalar
scattering

Enrico Maria Sessolo

National Centre for Nuclear Research (NCBJ)
Warsaw, Poland

in collaboration with
Kamila Kowalska

based on:
JHEP 07 (2024) 156 (arXiv:2404.13743)

‘ I“S\la_tional DESY 18.12.2024 A naTIONAL
C‘g‘ﬁﬂ;e Asymptotic Safety meets Particle Physics “~ ¥ CENTRE
Poland (and friends) ;2'; EI\IAURCCL:AR

h

SWIERK



Outline

Entanglement and symmetries in high-energy scattering

From the S-matrix to the density matrix

Measures of entanglement and partitions of the Hilbert space

Application to the 2HDM and constraints
— Entanglement generation
— Entanglement transformation
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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>) Sepal’able
(not entangled)

B) Ly L

VAR - 52
. | non separable
7 12) + f‘21> 7 12) — 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“ U(x)ei| ) i) separable

=1 "

2

B) Z /OO dx ;(x)|z)|?) non-separable

i=1 v~
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Entanglement is hot!

Measured experimentally (Bell inequalities violation)
for linear polarization of low-energy photons

Clauser et al., ‘72; Aspect et al., ‘82; Zeilinger et al., ‘98;

THE NOBEL PRIZE

... also at colliders o s e
for spin of the top quarks e o
ATLAS 23, CMS 24 quarksattheATLAS detestor T

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

Applications in particle physics

® quantum tomography ex. Afik, Mufioz de Nova '20, Fabbrichesi et al. '21, many others after ATLAS, CMS results

use entanglement (and other quantum observables) to
enhance sensitivity of collider searches

e theoretical implications [ = emergent symmetries

investigate connections between entanglement and
fundamental properties of quantum field theories
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Emergent symmetries

Symmetries arising from entanglement extremization
In scattering processes

® non-relativistic baryon-baryon scattering —— SU(4) and SU(16) global symmetries

Beane, Kaplan, Kico, Savage, from minimizing entanglement among spins

PRL 122 (2019) 102001

e quantum electrodynamics ——  U(1) gauge symmetry
Cervera-Lierta et al., SciPost Phys 3 (2017) 036 from maximizing entanglement among helicities
Fedida, Serafini, PRD 107 (2023) 116007

e Two-Higgs-doublet model — indications of SO(8) global symmetry
_ from minimizing entanglement among
Carena, Low, Wagner, Xlao H|ggs boson “flavors”

PRD 109 (2024) L051901
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Emergent symmetries

Symmetries arising from entanglement extremization
In scattering processes

® non-relativistic baryon-baryon scattering —— SU(4) and SU(16) global symmetries

Beane, Kaplan, Kico, Savage, from minimizing entanglement among spins

PRL 122 (2019) 102001

e quantum electrodynamics —— U(1) gauge symmetry
Cervera-Lierta et al., SciPost Phys 3 (2017) 036 from maximizing entanglement among helicities

Fedida, Serafini, PRD 107 (2023) 116007

e Two-Higgs-doublet model — indications of SO(8) global symmetry
_ from minimizing entanglement among
Carena, Low, Wagner, Xiao Higgs boson “flavors”

PRD 109 (2024) L051901

 What happens if more than one scattering channel is considered
* Implications of preserving unitarity in the scattering process

Kowalska, EMS, 2404.13743; Chang, Jacobo, 2409.13030; Low, Yin, 2405.08056, 2410.22414
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Entanglement in scattering

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

o  pale) P
in) =~ Ipaps) o

® Z anplaB) ~ |out) = §'|in)
a,p=1,2
P5)I5) / \‘ [P;)19)

Hilbert space: momentum + flavor (qubit)
Htot _ LQ(RS R RS) ® C4

In perturbation theory:

ijab -\ tjab
S'y]éaﬁ — (I + ZT)'yjéaB

= (2m)S 4 E, By 6505 + (2m) 6% (pa + b — pi — 1j) iMys.08(Pas Po — Dis ;)

The final-state density matrix: _
encodes all the properties of a

p = |out)(out| (entanglement)
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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)
. — 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)

We work at 1-loop order carenaetal. ‘23 tree level
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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 T
3p; 1 d3p; 1
caf ok 5T S S35, 2" 0a 9 i) A _ (2™ (pa+pp —pa—pp)
— AEAEp [(27)3 63(0))°
Z QMaB pE(pA pB — pzapj)apeMa,B O'T(pA pB — pz,p])ag}

o - (indeterminate normalization)

af,pe,oT —

— 1 pure state

2) Tr(p?) | > Leads to different

< 1 mixed state entanglement measures
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Entanglement of 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 of the final state

Hiot = L*(R?) @ L*(R?) ® C? ® C?

p= Trp(p) 5aﬁ,w5 in general is mixed
basis : |af){vd]

* entanglement between 2 qubits: 4

Concurrence C(ﬁ) = max{0,\;1 — Ao — A3 — \q}

\: eigenvalues of p(o, @ 0,)p" (0, ® o)

Entanglement monotone:

(' = (0 no entanglement

(' = 1 maximal entanglement
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Perturbative density matrix

— 1 pure state
2
2) Tr(p ) { < 1 mixed state

i Z Maog.ep(PAsPB = DA, PB) aLz0ae + C.C.

af.ep

Pp; 1 dp; 1 ]
// 2m) ; 2F; 2¢r)Ji 2E, (2m)*6%(pa + pB — Pi — P;)

Tr(p%) = Z PaBé Pysap =1+24A
af,yd

epyd,To,af

X Y Mapep(pa.pB = Pir i) Mis26(PA, PB = Pis Dj) Grs g Gep a;]

- A? Z Mu{i.f,r)(p.-'l-pB — PA,PB )qu.ra (pxlsz — PaA, pB) (1':1,3 Qep “':(5 ars + C.C.
afBydep,To
- 1
= 2 Z Mujq)(pl PB = PAPB) Myg 5 (PAPB — p:;-pu)m;ar@ (2.18 —— > A S —
afepre ——— — OO - ]_67[-
wave packet normalization:
2dp d)
dp; 1 |p| p e
_ i — DA =1 finite
in} = Qq8|c A, B\P
: (H / P ) $4(P1)05(p2) |p1p2>aﬁz_12 slaB) “@me 948l )I?

~ 5 X aslpapalled), o @O

3
W B 53(0) 0°(P —PA,B) |ndeterminate: it does not
’ belong to the Hilbert space

Entanglement is perturbatively suppressed
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Final state with measured momenta

Consider a final state with “measured” momentum

(H / i pz ) oc(pP1)¢p(P2) [P1P2) ® —= |PCcPD)
1=1.,2

EH

Project the “out” state along “f”

d3p; d3
o) = 1) (7o) = 1) 3 | | G55 g @) im0

— —Zl/wé Pc:Pp)PcPp)|70) -
v

Density matrix:

__ |proj){projl :
i = _ = = (Pp)ap~s|aB){Yd] No dependence on A
P~ (projlproj) %;5 Blat P

> epro Masep(Pa.pB = po,PD) M5 (DA, PB — PC,PD) Gep 074
> nbepro Mrsep(Pa.pB = pe,pD) M5 (PA.PB — PC.PD) Gep @,

(Pp)ap~s =

e Can use to quantify/measure final-state entanglement - e.g. quantum tomography
* Potentially phase space-point dependent
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2HDM in a nutshell

h—|—
SU(2) doublets:  Hy = ( 10 ) a=1,2—|1),|2) two flavors
@ Y =

1

2

scalar potential: V(H,, Hy) = p2 Hi H, + 12 HiH, + (Mg HIiH, + H.c.)
+ A1 (H{H1)? + X (HYHs)? + Xs (H{ Hy)(HJ Hy) + Ay (H{ Hy)(H} Hy)

+ ()\5 (H]H,)* + \g (H{ Hy)(H{ Hy) + A7 (H} Hy) (H{ Hy) + H-C-)
201 X Ag 2X5
A6 Az M A7

A (0) (7,0 +0y _ .
iMY(RThY — hThY) = —i N M s Ar

contact interactions (we assume p2 >> u"2)

Carena et al. ‘23 205 A7 A7 2X
hOé h/fy 2)\1 /\6 )\6 )\4
N 7 4 (0) (147 0% fr06y | Ae Az 2X5 A7
" > IMOWERY = who) =i | 0 8 T T
\\\ /// )\4 A7 )\7 2)\2
. D 2 2 4\
N . o206 As+ s A+ 2
P N (0) (7,020 0,0y _ _ 6 A3T A4 A3+ A4 7
. MR = IEhT) = =i 1 oy " AT, Ast Ar 200
5 7 N 3 45 2\; 227 4
B 1Y 21 A Ae  As
0+1 iMO (RORO* — T h™) =iMO(hTh™ — hORO) = —i Ao A 245 Ar
i ./\/l( +1) AN 2 A A
v, 3 Az A7 A 22X
4)\1 2)\6 2)\6 >\3 + )\4
A (0) g — = i Aq(0) (107,05 07,06y _ _ 26 A3+ A 45 27
iMO(Wth™ — hth™) = iMO (RORO* — ORO*) = —; o, o ey o
st 2\ 2\ Ay

Q: any constraints on A from entanglement extremization?
Enrico Maria Sessolo DESY December 2024 13




Entanglement generation

a2

rcd - C2 X C2
Hior = L*(R?) ® L*(R?) @ C* @ C?
no initial entanglement: |in) = \/_ lpapB)|11) von Neumann entropy
Sn(p) = —Tr(p log, p
out) = S |in) N (P) (# logy, p)
- hPh" — BORY
Trace out momentum () = 'I‘rp (p) )\2
0, = 1— + 16 A2 b ) :
5(hOh0 — hORO) = puu=1-a (242 A2 A2 AL
g ) ’ < 27r> 0y = A (—+—6>—16A2 (A§+ )
o = 255 o ) 2XM106 — A3A6 — Agdg — 2507 2m 2
p11,12 = P11.21 = Pi211 = P21,11 = A (2Z>\6 + o > 5
P11,22 = Paogn = A (4i)\5 + 22125 — 2272:\5 — )\6)\7> ;
) ) L )\5, A6 generate entanglement between
P12,12 = P12,21 = P21,12 = P21,21 = A ®
Bl flavor and momentum
Pl2 22 = P21 22 = P22 12: — p22 21 — =A ? ’

\2

. A5

p22.22 = A —.
™
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Entanglement generation

a2

rcd — (C2 ®C2

Hior = L*(R?) ® L*(R?) ® C? ® C?

no initial entanglement: |in) =

\/—’pApB
out) = S [in)

Trace out momentum ﬁ — ﬂp (p)

ﬁ(h,gh,g — hoho) = p11,11 =1—A<)\2 A2>

2

20106 — A3A6 — Aadg — 2A5 07

8w
2A1 A5 — 2X0A5 — Ag A7
47 ’
A
P12,12 = P12,21 = 92*1,12 = P2*1,21 =A E )
A5

P12,22 = P21,22 = P12 = Prao1 = A or

P11z = P11,21 = Pia11 = Porn = A (2i>\6 +

Pr1,22 = Paz1p = A (4i)\5 +

\2

. A5

p22.22 = A —.
™

Enrico Maria Sessolo
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von Neumann entropy

Sn(p) = —Tr(p log, p)

hOhO — hORO

6, = 1—A<)\—2+2\;> + 16 A? (A A;) :
Oy = A(%§+§> — 16 A? (A§+ A;)

physicality!

entanglement is perturbatively small in A, A

15



Entanglement generation

Ca

R 3R
C

Hrea = C? @ C2
qubit space

1
no initial entanglement: |in) = —V|pApB>]11>
lout) = S |in)
p=Irp (P)

A2 )2
p11,11 =1—A<—5+ 6) )

T 2m

Trace out momentum

p(h°h? — hORY) =

" = 2 ok . 2XA1 06 — A3Ag — Mg — 2A5
p11,12 = P11,21 = Pr2,11 = P21,11 ZA(22>\6+ 170~ 7870 7470 > 7) 5

Concurrence:

C'(p) = max{0, A\ — Ao — A3 — \a}

hOh0 — hOKO

DA XE ‘ 2/
C(,a)=\/ 5 +32A2X2 & 4/ @
m

8
Pr1,22 = Paz1p = A (4i)\5 + 205 2272:\5 - )\6)\7> ,

2

1212 = 1221 = Par1 = P = A i—; , )\5 generates entanglement

) L e of 2 flavor qubits

P12,22 = 21,22 = P3212 = Prao1 = A or

2
p2,22 = A % :
Enrico Maria Sessolo DESY December 2024 16



SJabdal

red — (Cz ®C2

Entanglement generation

Htot — LZ(RS) ® LQ(RB) ® CQ ® C2

* Repeating for |12>, [21>, |22>:

couplings that generate entanglement

|in)

momentum-flavor space

two-flavor space

F
[11)
12)
21)
22)

A3 Ay As, Ag
A3, A1, As, Agy A7
A3, Agy Az, Agy A7

Az, Agy A, A7

A3z, Agy As
A3, A1, As
A3, A1, As
Az, A4y As

e Combination of basis vectors

minimal entanglement -

)\1 = )\2 = )\3 = )\4 = )\5 = )\6 = )\7 =0 momentum-flavor space

/\1 = )\2 = /\3 = /\4 = /\5 = U, /\ﬁ = /\7 two-flavor space

* Computational basis: no entanglement iff no flavor changing S (|p:p;)|ao)) = |aa)S(A)|pip;)

o= 1,2

* There always exists some “in” state leading to entanglement creation

Enrico Maria Sessolo

DESY December 2024 17



SJabdal

red — (Cz ®C2

Entanglement generation

Hior = L*(R?) ® L*(R%) ® C* ® C?

* Repeating for |12>, [21>, |22>:

couplings that generate entanglement

|in)

momentum-flavor space

two-flavor space

F
[11)
12)
21)
22)

A3 Ay As, Ag
A3, A1, As, Agy A7
A3, Agy Az, Agy A7

Az, Agy A, A7

A3z, Agy As
A3, A1, As
A3, A1, As
Az, A4y As

e Combination of basis vectors

minimal entanglement -

)\1 = )\2 = )\3 = )\4 = )\5 = )\6 = )\7 =0 momentum-flavor space

/\1 = )\2 = /\3 = /\4 = /\5 = U, /\ﬁ = /\7 two-flavor space

A6, A7 are LOCC of C*4 (can't generate entangled out of separable)

* No SO(8) Lagrangian symmetry emerges from MinEnt
# {2\1 = 2Xy = A3 # 0}

Enrico Maria Sessolo

cf. also Chang, Jacobo, 2409.13030
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Entanglement transformation

1 1

maximal initial flavor entanglement: |in) = — (papg)—— (|11) + (22

fin) = == | ) 7 (111) +[22))
pre-scattering: Sn(pin) =0 C(pm) =1
post-scattering: Sy (pout) > 0 Cpout) < 1
von Neuman entropy concurrence

2 2 oy )2 2
2 2
o = A(1l—-167A) (A1 = o) 4+ (As + A7) C<1, entanglement is reduced
T

S>0, entanglement increases

Entanglement “flows”
from
flavor Hilbert space to full Hilbert space

Entanglement ‘trmlsf(n'lunti(m Unless:
flavor space — full Hilbert space c i lati
25 (11) +1]22)) A= o, X+ M7 oupling refations
L (111) - — A2, Ag —
‘/|2(|11> |22)) A1 — A2, A — A7 e.g. )\1 — )\27 )\6 — _)\7
7 (12) +21)) Ag + A7
2=(]12) — [21)) none (discrete symmetry CP2)

cf. Ferreira, Grzgdkowski, Ogreid, Osland, 2306.02410
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Entanglement transformation

1 1
maximal initial flavor entanglement: |in) = — — (|11) + |22
in) = = [paps) 7= (11) + [22)
pre-scattering: Sn(pin) =0 C(pm) =1
post-scattering: Sy (pout) > 0 Cpout) < 1
von Neuman entropy concurrence

(A1 — A2)? + (N6 + A7)?

o (A1 = X2)? + (N6 + A7)
C(p)—\/l— - 6 7

C<1, entanglement is reduced

Unless:

1

Amax T
167

0, = 1—A
! 4m
2 2
0 — A(1—16za) M=) et )
4
S>0, entanglement increases
Entanglement “flows”
from
flavor Hilbert space to full Hilbert space
Entanglement ‘trmlsf(n'lunti(m
flavor space — full Hilbert space

ﬁ(|11>+|22>) A1 — A2, Ag + A7

ﬁ(|11)—|22)) A1l — A9, Ag — A7

ﬁ(u‘z} + |21)) A6 + A7

ﬁﬂl?} — |21}) none

Enrico Maria Sessolo

DESY December 2024

spherical symmetry of
initial wave packet (s wave)
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Entanglement transformation

1
V2

1
maximal initial flavor entanglement: |in) = i papB)—— (|11) + [22))

pre-scattering: Sn(pin) =0
post-scattering: Sy (pout) > 0

von Neuman entropy

P (M = 22)” + (Ne + Ap)?
! 4

(A1 = X2)* + (N6 + Ar)?

0 = A(1-167A)

S>0, entanglement increases

47

O(ﬁin) =1
C(ﬁout) |

concurrence

o (A1 = X2)? + (N6 + A7)
C(p)—\/l— - 6 7

C<1, entanglement is reduced

Entanglement “flows”

from

flavor Hilbert space to full Hilbert space

Entanglement transformation Q: Is conservation of
flavor space — full Hilbert space entanglement related
7 (I11) +|22)) A1 — A2, s + A7 to symmetry?
ﬁ(|11>—|22>) AL — A2, Ag — A7
7 (12) + [21)) Ag + A7 Q: What relation Lagrangian / wave-packet?
72(12) = [21)) Sk work in progress...
Enrico Maria Sessolo DESY December 2024 20



To take home

* Post-scattering entanglement may provide a complementary
way of constraining the interaction structure of BSM models.

e Scattering interaction injects entanglement in a separable
system, but this is perturbatively suppressed in A, A

 2HDM: all quartic couplings 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 DESY December 2024
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Final state with measured momenta

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

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

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

af,yd
(5) > epro Mapep(Pa,PB = PO, PD)M s (DA, PB = PC,PD) Gep Q7
6=
PIOBA TN epre Masep(Pa.pB — P, pD)MC s (DA, DB — PO PD) tep 0
No dependence on A
2HDM results
in)p minimal entanglement maximal entanglement
: g
)\1:)\3:)\4:A5:U

|11) 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=M= =A=0

|22) 2Ma)3 = A2, A5 = 1h3 =1\ or
M=0,d=A=3A3=1)\
Total DA=M=Xd=X=M=0 | DAM=X=X=M=A=0,
A6 = A7
2) 2) A =X =As = 1A3 =1\
A3 =22 =4X2 = AgA7 = 2M1 )9 M=X7=0

Enrico Maria Sessolo DESY December 2024
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