ol Universitat I—I_.Swiss National
1) Zurich™ Science Foundation

Maximal
entanglement and

symmetries
in 2HDM

Marcela Carena, GC, Wanqian Liu, Mira Littmann, lan Low, Carlos E. M. Wagner

Guglielmo Coloretti
University of Zurich
07.04.2025



Overview

Exploring relations between symmetries and entanglement:
could entanglement underlie the emergence of symmetries?

Consider a Two Higgs Doublet Model and compute the 2 — 2
scatterings of the scalar doublets viewed as qubits, with the
scattering matrix understood as a quantum gate

Maximal entanglement leads to a U(2) X U(2) symmetry on
the scalar potential and relations on the mass spectrum!

These symmetries can also be gauged without reducing the
amount of entanglement and yields an exact copy of the SM
electroweak gauge group
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Qubits in 2HDM

[2307.08112: Carena, Low, Wagner, Xiao]

* 2HDM consists of the SM and iy oT
an additional complex SU(2) &1 = LI)%)] , Oy = [CI)%]
scalar doublet 1 2

* Consider 2 = 2 scatterings of @2"1)8 — @;" @[)2
the SU(Z) components of the As an example, we will consider
scalar doublets charged-neutral scattering

* Computational basis is _ + &

P {1004, |1)a} ={27, 25}

encoded in the (Higgs) flavor
of the scalar doublets {’O>Bv ’DB} — {q)(ljv (I)g}
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https://inspirehep.net/literature/2677657

Concurrence

[2307.08112: Carena, Low, Wagner, Xiao]

* Two distinguishable qubits * Define the quantum state

2
{10)r, 1)1}, I =A,B ) = Z cij i) 4 l7) 5
i =1
* Concurrence as entanglement measure
2|c11692 — Cc12Co1 |
A(lp)) =

ean]? + leiz]? + le21]? + |e2al?

Maximally entangled

Separable 0< A <1
V) =1¥a) @ |¥s) [2104.10835: Low, Mehen] 1) = E(I()O) + [11))
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https://inspirehep.net/literature/2677657
https://inspirehep.net/literature/1859911

Entanglement

* Max entanglement is determined by requiring that the
outgoing state is

[2307.08112: Carena, Low, Wagner, Xiao]

T | DY) :||ﬂa,vor) ® |kinematics)', |A(!ﬂawor)) = 1'
! 1

Product state in (Higgs) Wave function in the flavor
flavor and momentum  subspace is maximally entangled
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https://inspirehep.net/literature/2677657

E nta ngl e m e nt [2307.08112: Carena, Low, Wagner, Xiao]

* Max entanglement is determined by requiring that the
outgoing state is

T |®f®Y) = |flavor) @ |kinematics) , A(|flavor)) =1
| ) | l

Y T
Product state in (Higgs) Wave function in the flavor

flavor and momentum  subspace is maximally entangled

* As we want to maximize entanglement in 2 — 2 scalar
scattering, we consider only the T matrix

ldentity is the “nothing happened” gate, and

therefore can only reduce the entanglement
S=1+4+:T

T is not unitary at tree level (not a proper quantum

gate) but valid in the perturbative expansion!
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https://inspirehep.net/literature/2677657

Scalar scattering

[2404.13743: Kowalska, Sessolo]

* We thus focus on the following scattering amplitude

(D, iT |®,P}) = i(2m)*0 (Do + P — Pe — Pe) Mab,ca

* The scattering amplitude depends on the scalar couplings and
the potential in the CP conserving limit of the 2HDM is

1

1
V =m2, 01 + m2,®5®y — [m2,81®y + hoc] + 5)\1(@{@1)2 + 5A2(<1>];<I>2)2

+ A3 (R]P1) (PLD2) + Aa (D] o) (PID1)

1
+ {5)\5(@{@2)2 + [A6(D]D1) + A7 (D10,)]| @] D5 + h-c-}
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https://inspirehep.net/literature/2779500

Symmetric phase

* Start in the symmetric phase, namely considering only
quartic interactions for the scattering amplitude

oy &
As an example, focus on
charged-neutral scattering
P Y _ _
b . Al Ag Ag  As
A6 A3 A4 Az

iMP (270 — 1Y) = —i
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Maximizing entanglement

*  We want to maximize the concurrence on each element of
the computational basis

20025 = AF)]
Y E DU E DT

AM | T 3Y))

C2(h6A — Asha))

AMP15+3%)) = AMP 13T 30)) = |
(Mg |27 D5)) = A(M” | D5 PY)) N2 T2 42

B ‘2()\2)\5 — )\3)‘

AMP|0F 8Y)) =
L ) N Y
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Maximizing entanglement

*  We want to maximize the concurrence on each element of
the computational basis

2(M1 A5 — A3)|

205 + A3+ A2

( (2)|(I)—I—(I)O>) A(M(2)|(I)—I—(I)O>) _

AMgY |07 a)) =

12(A6 A7 — AzA4)|
AN+ AE+ A+ AT

2(X2As — A2)
202 + A3 + A2

A( (2)’(1)4-(1)0)) _

*  Max entanglement on each basis element yields

(1) )\1:)\2:)\3:)\4::&)\5750, )\6:/\720
(2) /\1:)\2:—)\3:—)\4::&)\5750, AGZ/\7:0
(3) /\1:)\2:)\3:/\4:)\5:0, /\6:ﬂ:/\77£0
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Maximizing entanglement

*  We want to maximize the concurrence on each element of
the computational basis

2(M1 A5 — A3)|
205 + A3+ A2

AMgY |07 a)) =

12(A6 A7 — AzA4)|
AN+ AE+ A+ AT

( (2)|(I)—I—(I)O>) A(M(2)|(I)—I—(I)O>) _

2(X2ds — A3)]
202 + A2 + A2

AM” |85 25)) =

* Max entanglement on each basis element yields
(1) )\1:)\2:)\3:)\4::&)\5750, )\6:/\720
2): AM=X==XA3== X=X #0, A=A =0 : Potential not bou-
B): M =A=Xs=Xi=A;=0, X¢=+\;#0 | Lndedirombelow!
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Maximizing entanglement

*  We want to maximize the concurrence on each element of
the computational basis

2(M1 A5 — A3)|

205 + A3+ A2

AMgY |07 a)) =

12(A6 A7 — AzA4)|
AN+ AE+ A+ AT

( (2)|(I)—I—(I)O>) A(M(2)|(I)—I—(I)O>) _

2y meemmm————— -
AMP) |83 37)) = ‘2(;\2)\5 - )\7)2‘ | We focuson |
207 + A5+ A5 | these solutions |

*  Max entanglement on each basis element yields .{

(1) )\1:)\2:)\3:)\4::&)\5750, )\6:/\720‘
(2) /\1:)\2:—)\3:—)\4::&)\5750, AGZ/\7:0
(3) /\1:)\2:)\3:/\4:)\5:0, /\6:ﬂ:/\77£0
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Entanglement and symmetries

* Max entanglement on the computation basis yields a symmetry
on the potential, explicit when arranging the scalar doublets in
the fundamental representation of U(4): & = (&, ®5)*

A=1 Potential Generators

(®T®)? + (2T ®)?]| | {l@o", 7t ® ot}
(PTD)2 + (PT®)?] | {1® oM, 72 @ ot}
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Entanglement and symmetries

* Max entanglement on the computation basis yields a symmetry
on the potential, explicit when arranging the scalar doublets in
the fundamental representation of U(4): & = (&, ®5)*

A=1 Potential Generators

3 [(@10) + (211 9)?] | {1®ot, 7! ® ot}
A=Xi=—x; | VY =2 [(010)2 4+ (017,0)?] | {1 ® 0¥, 72 @ ot}

* Under these U(2) X U(2) symmetries (A; = +Ac), the

charged neutral scattering amplitudeis -1 4 o 417
AA42) (H+ FO0 L0y 1 1 O
iMy (PTPY — &TPY) = —i 0 1 1 0

+=1 0 0 1 ]
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Symmetries

* The symmetries factorize into two orthogonal U(2) copies

1 1 1 — +1
VY U@ o TE= T eot, U@uoTh=— e

1 4 72 1 — 72
v @) - T = ZT ot , U@2)p— T = 2T ® ot

* This is transparent when rotating to a different flavor basis for
the scalar doublets (qubits)

Basis Potential Symmetry

() £ By) | VW = A [(@3@5)2 + (@L@A)ﬂ U(2)s x U(2)a

1
V2
i = (@1 Fi®s) | VI = |(@[01)? + (@f@r)?| | U2 x U2k
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General results

* Since the two U(2) are orthogonal, the amplitudes must
be the sum of these two sectors! For instance, for the
U(2)s X U(2),4 symmetry (A; = Ag), all scattering
amplitudes are

1 0 0 17

1 1 1 |
Do 7@ M e T 1T 0110
T2 2 ., 2 2 |01 10
Projector on U(2)s Projector on U(2) 4 1 0 0 1]
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General results

* Since the two U(2) are orthogonal, the amplitudes must
be the sum of these two sectors! For instance, for the
U(2)s X U(2),4 symmetry (A; = Ag), all scattering
amplitudes are

1 0 0 17

1 1 1 |
Do 7@ M e T 1T 0110
T2 2 ., 2 2 |01 10
Projector on U(2)s Projector on U(2) 4 _1 0 0 1]
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General results

* Since the two U(2) are orthogonal, the amplitudes must
be the sum of these two sectors! For instance, for the
U(2)s X U(2),4 symmetry (A; = Ag), all scattering
amplitudes are

1 0 0 1
1 1 1 1

Do 7@ M e T 1T 0110

O 2 2 2 2 o110

Projector on U(2)s Projector on U(2) 4 _1 0 0 1]

* However: scattering does not depend on mass terms
which indeed explicitly broken these symmetries!

Vo = m2,®1®; + m2,®5dy — [m2,87®, + h.c.]
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Broken phase

Now turn to the broken phase (after spontaneous symmetry
breaking of the electroweak gauge group), and compute the
scattering amplitudes including trilinear vertices

To study the alignment limit (and much more) it is convenient
to work in the so-called Higgs basis

Exploit a residual global U(2) symmetry of the scalar potential
to rotate the scalar doublets such that

<(I)1> = V1, <(I)2> — V9 — <(I)1> =, <(I)2> =0

In this basis we relabel the couplings as

, 9
M234567 = 21234576 ] MI1 9912 <= Y123
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Alignment

* After spontaneous symmetry breaking, we end up with 2
charged, 2 neutral CP-even and 2 neutral CP-odd scalars

* Scalar masses depend on the scalar couplings and therefore
symmetries of the potential impact the mass spectrum

0 0
2 __
My = 0 Yy + ng2/2]
M2 . -Zl’UQ Z(;’U2
CP—even — _Zﬁ?}2 Y2 + (Zg + Z4 + Z5)’U2/2
112 1o 0
CP—odd ™ _0 Yo + (Z3 + Z4 — Z5)’U2/2
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Alignment

* After spontaneous symmetry breaking, we end up with 2
charged, 2 neutral CP-even and 2 neutral CP-odd scalars

* Scalar masses depend on the scalar couplings and therefore
symmetries of the potential impact the mass spectrum

* Under the symmetries derived from the quartic interactions
(Z; = Z5) the mass matrix becomes

A2 — |0 0 o 0
710 Yo+ Zsw?/2] T |0 Yo+ Zv?)2

M2 [ Z10? Zev? [ 2v? 0
CPmeven =\ Zov? Yo+ (Zs+ Za+ Z5)v?/2] | 0 Yo+ (2Z + Z5)v?/2

M¢ ~ |7 ) - o :
CP=odd ™10 Yy + (Zs+ Zs — Zs)0?/2] — |0 Yo+ (22 — Z5)v? )2
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Alignment

* After spontaneous symmetry breaking, we end up with 2
charged, 2 neutral CP-even and 2 neutral CP-odd scalars

* Scalar masses depend on the scalar couplings and therefore
symmetries of the potential impact the mass spectrum

* Under the symmetries derived from the quartic interactions

(Z; = Z5) the mass matrix becomes T 5
I Max entanglement of the |
: quartic interactions (Z5=0) |

mz= |0 0 ]— [O 0 ] | implies alignment limit!

_0 Y2—|—Zg’U2/2 B O Y2+ZU2/2
B -211)2 ZGU2 ] B [ZU%/S ]

2
Mcp—even = | Zgv? Yo+ (Zs+ Zs + Z5)v° )2 0 Yo+ (2Z+ Zs)v*/2

M¢ ~ |7 ) - o :
CP=odd ™10 Yy + (Zs+ Zs — Zs)0?/2] — |0 Yo+ (22 — Z5)v? )2
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Scattering amplitudes

* Compute the scattering amplitudes including trilinear vertices
of the scalar potential, paying attention to the different
kinematic structure of each channel

ZM:ZMO—gz Z Mfr,k‘ Pr,k

k r=s,t,u

Pop=i/(r—m3), r=stu

Hf HY Hf HT HF HI Hf
i mow | mom o
mEe = Mg+, Mg+ J mg = mag+,Mmg+

My — Mp, TGO, My, A
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Charged-mediated (s, u)

Hf Hr HF H*

a € 7;
(s/u—mj)
D Pu:c mp = mG+ ) m g+
HY HY oY Y
T 720 0 Z3Z] 0 0 0 0
0O 00 0 0 Z2 Z3Zy 0
Msa==1 ¢ o g o | Ma==|g ZsZy Z2 0
ZsZy 0 0 Z2 | 0 0 0 0.
720 0 07 0 0 0 ZsZs
00 ZiZy O 0z 0 0
Muc==10 2z, o of > M= 0 o 22 o
0 0 0 ZZ] ZsZ3 0 0 0
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Charged-mediated (s, u)

Hf Hr HF H*

a c 7;
(s/u—ms3)
D Pu:c mk:mG+,mH+
Hj Hy H o)
"1 00 0 +1° 0 0 0 0
0 0 0 0 01 1 0
_ 72 72
Msa= =27 v g o o] Moz =270 1 1
+1 0 0 1. 0 0 0 0
1 0 0 0] "0 0 0 +1°
00 1 0 0 1.0 0
— 77 — 7?
Mg 01 0 of° Mo p* 0 01 0
0 0 0 1] 41 0 0 0.
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Charged-mediated (s, u)

Hf Hf HF Hr

a c 7;
(s/u—ms3)
D Puc mk — mG+,mH+
| i S
Mg+ = Mg+ = Y|
Y HO R 1Y
"1 00 0 +1° 0 0 0 0
0 0 0 0 01 1 0
_ 72 72
Msa= =27 v g o o] Mams =210 1 1 ¢
+1 0 0 1. 0 0 0 0
10 0 0 "0 0 0 +1°
00 1 0 0 1 0 0
— 72 — 72
Mg 01 0 0| Mo p* 0 01 0
0 0 0 1] 41 0 0 0.

Guglielmo Coloretti 2HDM: SYMMETRIES AND ENTANGLEMENT



Neutral-mediated (t)

b Ht .
()
(s/u—mj)
P, —
" Mg = Mp, MGo, M, T A
Hy) H;
Z3as = 275 * (Z3 + Zy)

4 0 0 0 0 0 0 0
|0 1Zi(Zs+2Zy) 0 0 o0 0 o0
Min=| 0 71 74 0 ’ Mice =10 ¢ 0 o0
|0 0 0 L1Z5(Z5+ Zy) 0 0 0 0
i 0 0 0 +4(Zs + Z4) Zsas 0 0 0 0]
B 0 0 S(Zs £ Z4) Zsas 0 100 0 0
Mirija = 0 L(Zs + Z4) Zsas 0 0 Mearr=1o o ¢ o
|+ 2(Z5 + Z4) Z3a5 0 0 0 0 0 0 0

Guglielmo Coloretti
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Neutral-mediated (t)

HT HT
1 [ ?:
2
(s/u—m3)
P, _
g Mg = Mp, MGo, MH,MA
) 1y
10 0 O 0 0 0 0]
010 0 00 0 0
_ 72 =72
Min=2"10 0 1 of - Mo =210 0 0o ol
0 0 0 1] 0 0 0 0
"0 0 0 417 0 0 0 0]
0 0 1 0 00 0 0
Mimja =27 0 10 0] Mian =2° 000 0
41 0 0 0| 0 0 0 0]
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Neutral-mediated (t)

H+
Pt,n
I,
1
0
— 72
M 0
0
0
0
Mt,H/A = Zz 0
+1

Guglielmo Coloretti

o O = O

o = O O

o = o O

o © = O

H—i-

0"

C

—_— O O

+17

o o O
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(s/u —mp)

Mg = Mp, MGo, MH,MA

0 0 0
00 0
Mt’GO_ZOOO
0 0 0
0 0 0
00 0
72
Mean =271 o
00 0

0"

o O O

o

o O O



Maximizing entanglement

* Max entanglement on the computational basis elements for each
channel including trilinear vertices implies:

1. The same symmetries as in the symmetric phase (£; = +Zx)
2. Equal masses for the states in each channel so that the flavor
sub-amplitudes can be added with equal weights
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Maximizing entanglement

* Max entanglement on the computational basis elements for each
channel including trilinear vertices implies:

1. The same symmetries as in the symmetric phase (£; = +Zx)
2. Equal masses for the states in each channel so that the flavor
sub-amplitudes can be added with equal weights

* Sum of flavor sub-amplitudes with same mass for propagators in
each channel reproduces the pattern of the quartic interactions
for any scattering

1 0 0 =17
0O 1 1 O
k=G* H=* k=G* H* k=h,G% H A
+1 0 0 1
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Maximizing entanglement

* Max entanglement on the computational basis elements for each
channel including trilinear vertices implies:

1. The same symmetries as in the symmetric phase (£; = +Zx)
2. Equal masses for the states in each channel so that the flavor
sub-amplitudes can be added with equal weights

* Sum of flavor sub-amplitudes with same mass for propagators in
each channel reproduces the pattern of the quartic interactions
for any scattering

1 0 0 =17
0O 1 1 O
k=G* H=* k=G* H* k=h,G% H A
+1 0 0 1
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Exact symmetry!

* The requirement of my,+ = m + arises from the s/u-channel
leading to the mass terms

1

Y, = —§Z’02 — Minimization of potential
2 [ L, 5 :

Yo =mys+ — 20" = —=Zv — Maximal entanglement

2 2
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Exact symmetry!

* The requirement of my,+ = m + arises from the s/u-channel
leading to the mass terms

1

Y, = —§Z’02 — Minimization of potential
2 [ L, 5 :

Yo = mp+ — §Z’U = —§Z’U — Maximal entanglement

and the full potential is U(2)g/, X U(2) /g symmetric!

2
V= > volor+z(ofer)
I'=S,A or L,R
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Exact symmetry!

* The requirement of my,+ = m + arises from the s/u-channel
leading to the mass terms

1

Y, = —§Z’02 — Minimization of potential
2 [ L, 5 :

Yo =mpy+ — - Zv° = —§qu — Maximal entanglement

and the full potential is U(2)g/, X U(2) /g symmetric!

2
V= > volor+z(ofer)
I'=S,A or L,R

* Notice that in the Higgs basis we have Y; = Z, = Z; = 0 and
U(2)s X U(2),is equivalentto U(2); X U(2)y via a
rephasing of H, — i H, which indeed flips the sign of Z¢
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Gauge interactions

* Spontaneous symmetry breaking yields 6 massless Goldstone
and 2 scalars with equal mass

(I)l =v
U(2)s/r, % U(2)a/p —— 2

»U(1)g/ xU(1)a/r
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Gauge interactions

* Spontaneous symmetry breaking yields 6 massless Goldstone
and 2 scalars with equal mass

(I)l =v
U(2)s/r, % U(2)a/p —— 2

»U(1)g/ xU(1)a/r

* @uage interactions enhance entanglement and, since the
symmetry is exact, we can gauge it

Guglielmo Coloretti 2HDM: SYMMETRIES AND ENTANGLEMENT



Gauge interactions

Spontaneous symmetry breaking yields 6 massless Goldstone
and 2 scalars with equal mass

(@1)2’0
U(2)s/ xU(2)a/r

»U(1)g/ xU(1)a/r

Guage interactions enhance entanglement and, since the
symmetry is exact, we can gauge it

7 2
For simplicity, we gauge 1) = ! J; " ® 02
SU(Z)S/LXSU(Z)A/R ]]__7_71 0.2
TK/R — 9 &) 9 y L= 172
Recall that the SU(2) FLY = grAY — 9" AL + igr AR, AV
copies are orthogonal Lyn = Yir=sa— (Fp ., FMY)

or L,R
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Gauge amplitudes

* We work in the Lorentz gauge ° SU(Z)F=S/A only mediates
$ = 0 and consider Z; = Zs scattering between ®r_g/4

* Each channel is the sum of two independent sectors

P O D O D ot
Zr:sm pre ARV AT
r

P! o) B SO P!

g2 0 0 0] 0 0 0 0] » t
: propagator, f..:
s |0 0 00 LAl 0 0 0 : propagator, f
M, a=—-P2f; 0 0 0 0 — P J; 000 0 kinematic factors,

0 0 0 0 000 g2 T=stu
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Maximal entanglement

* Max entanglement requires same gauge coupling for the two
SU(2) symmetries, namely equal mass for all gauge bosons

*  Max entanglement duplicates the SM electroweak gauge sector:
emergence of a discrete Z, symmetry!
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Maximal entanglement

* Max entanglement requires same gauge coupling for the two
SU(2) symmetries, namely equal mass for all gauge bosons

*  Max entanglement duplicates the SM electroweak gauge sector:
emergence of a discrete Z, symmetry!

* In the computational basis, we reproduce the pattern for
the quartic scalar interactions (Z; = Zs, r=s/t/u)

1 0 0 O 1 0 0 17
2 2
g 0 0 0 O flavor rotation to g 0O 1 1 0
r — __Pfr' r > — Pfr- r
M A 2 f 0O 0 O O computational basis 4 f 0O 1 1 0
0 0 0 1] 1 0 0 1]
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Maximal entanglement

* Max entanglement requires same gauge coupling for the two
SU(2) symmetries, namely equal mass for all gauge bosons

*  Max entanglement duplicates the SM electroweak gauge sector:
emergence of a discrete Z, symmetry!

* In the computational basis, we reproduce the pattern for
the quartic scalar interactions (Z; = Zs, r=s/t/u)

1 0 0 O 1 0 0 17
2 2
g 0 0 0 O flavor rotation to g 0O 1 1 0
r — __Pfr' r > — Pfr- r
M A 2 f 0O 0 O O computational basis 4 f 0O 1 1 0
0 0 0 1] 1 0 0 1]

Guglielmo Coloretti 2HDM: SYMMETRIES AND ENTANGLEMENT



Conclusions and Outlook

* 2HDM provides a framework to study the relations between
entanglement and symmetries of the scalar potential

* Max entanglement of the elements of the computational basis in flavor
space duplicates the SM electroweak gauge sector!

___________________________________________________________________________________________________________________]
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Conclusions and Outlook

* 2HDM provides a framework to study the relations between
entanglement and symmetries of the scalar potential

* Max entanglement of the elements of the computational basis in flavor
space duplicates the SM electroweak gauge sector!

1. Symmetric phase «  U(2) x U(2) symmetry in the scalar potential
(quartic *  However: softly broken by mass terms
interactions):
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1.

Conclusions and Outlook

2HDM provides a framework to study the relations between
entanglement and symmetries of the scalar potential

Max entanglement of the elements of the computational basis in flavor
space duplicates the SM electroweak gauge sector!

Symmetric phase U(2) X U(2) symmetry in the scalar potential

(quartic *  However: softly broken by mass terms
interactions):

*  Alignment and relations among scalar masses
Broken phase - U(2) x U(2) is exact!

.(includir-lg trilinear . spontaneously broken to U(1) x U(1)
interactions): (6 Goldstones and 2 equal mass scalars)
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1.

3.

Conclusions and Outlook

2HDM provides a framework to study the relations between
entanglement and symmetries of the scalar potential

Max entanglement of the elements of the computational basis in flavor
space duplicates the SM electroweak gauge sector!

Symmetric phase «  U(2) x U(2) symmetry in the scalar potential

(quartic *  However: softly broken by mass terms
interactions):

*  Alignment and relations among scalar masses
Broken phase - U(2) x U(2) is exact!

.(includir-lg trilinear . spontaneously broken to U(1) x U(1)
interactions): (6 Goldstones and 2 equal mass scalars)

*  Equal gauge couplings of the U(2) copies
Gauge bosons: *  Equal gauge bosons masses
*  Emergence of a discrete Z, symmetry!
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