TitleMaximal Entanglement and Symmetries in Two Higgs Doublet Models
Speaker€arlos Wagner

Collection/SerChqsrting the Future Symposium

SubjectCosmology, Particle Physics, Strong Gravity

Date:August 26, 2025 - 11:00 AM

URL:https://pirsa.org/25080027

Pirsa: 25080027 Page 1/34



Pirsa: 25080027

Maximal Entanglement and Symmetries
in Two-Higgs-Doublet Models

Carlos E.M. Wagner

Phys. Dept., LCTP, EFl and KICP, Univ. of Chicago
Perimeter Institute for Theoretical Physics

Charting the Future Symposium,
Perimeter Institute, August 26, 2025

e —

Pl

PERIMETER
INSTITUTE

Page 2/34



The Standard Model

Is an extremely successful Theory that describes
interactions between the known elementary particles.
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Amazing Properties of the SM Higgs sector

® The interactions with fermions an amazing story. Ve start with a completely
arbitrary 3x3 Yukawa matrix interactions, where this three is related to
generations

yi; 0% Hiply 4 h.c.

® Now, when you give the Higgs a v.e.v. this becomes a mass matrix that you
must diagonalize when going to the physical states.

® But, due to the fact that mass and Yukawa matrices are proportional to each
other, the interactions become flavor diagonal
my
Yhnm = Tanm

® |n general, there are no tree-level Flavor Changing Neutral Currents ! No
tree-level CP violation.All these effects occur at the loop-level, via the
charged weak interactions, and are proportional to CKM matrix elements.

® | don’t need to tell you how amazing this is ! Moreover, all available data is
consistent with these predictions.

® But, of course, going away from the SM framework, the diagonal couplings will
be modified and flavor violation may appear ! Both things are usually
correlated, unless specific symmetries are imposed.
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Correlation between masses and couplings consistent
with the Standard Model expectations

H couplings vs particle mass
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Third generation coupling that are constrained at the |10 percent level,
will be constrained at the few percent level (including the muon) at the end of the LHC era
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Surprises are still possible

Possible flavor violation in Higgs decays
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No hint from CMS, though:  BR(H — 7u,e) < 0.15%
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Simple Framework for analysis of coupling deviations
2HDM : General Potential

® General, renormalizable potential has seven quartic couplings, with three of them,
given in the last line, which may be complex.

V = m2,®®; + mi,®l8; — (m2,0®, + h.c.)
A - .
+ 51(@{‘1’1)2 + 52(‘1’5‘1’2)2 + Xg(@]®1) (BLD,) + Ny (D] D) (BLP:)

A
+ ?5((1’1[‘1’2)2 + X6(P]®1) (0] ®2) + A (D] Do) (D] ®2) + hrc.|

® |n general, it is assumed that lambda 6 and 7 are zero, since this condition appears
naturally in models with flavor conservation. However, this condition is basis

dependent and it is not necessary.

®  We will therefore concentrate on the general 2HDM, with all quartic couplings
different from zero. As it is well known, an important parameter in these models is

v
tan 8 = s
U1
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Higgs Basis

An interesting basis for the phenomenological analyses of these models is the
Higgs basis Hy = ®cos 3+ P;sin 3
Hy = ®sin 5 — $5cos 3

Gt H*
i = (%(v—l—cﬁ?%—i@“)) e (%(QSS—I—MU))
The field 65(1) is therefore associated with the field direction that acquires a
vacuum expectation value and acts as a SM-like Higgs

The behavior of the neutral mass eigenstates depend on the projection on
the fields in this basis.

Typically, it is the lightest neutral Higgs boson that behaves like the SM-like
Higgs. The case in which one can identify the state gbl with the mass
eigenstate is called alignment.

In the alignment limit the tree-level couplings agree with the SM ones. Large
departures from the alignment limit are heavily restricted by LHC
measurements.

h = sin(8 — )¢ + cos(8 — a)¢)
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Mass Matrix in the Higgs Basis

The neutral Higgs mass matrix takes a particularly simple form in the Higgs
basis (Zi are the quartic couplings in this basis)
A bl —7Z}
M2
M=v?| 2 CE Nz -3
T 171 Mys 1 R
—Zg —3%5 5=+ 3(Z4 - Zy')
Two things are obvious from here. First, in the CP-conserving case, the
condition of alignment, Zg < 1 implying small mixing between the lightest
and heavier eigenstates is given by
cos(f8 —a) = P E— Decoupling : Zgv* < my
H h
Second, while in the alignment limit the real part of Z5 contributes to the

splitting of the two heavier mass eigenstates, its imaginary part contributes to
the splitting and their mixing.
1

My, p, = Mps + 52 £ |Z5|)v” .

m% = Z1v°, my = 125 GeV
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Fermion Couplings in the Higgs Basis

® The Higgs couplings associated with the SM-like Higgs will follow the
same rule as in the SM, since they are proportional to the mass matrix.

® The Higgs coupling associated with the non-standard Higgs, are of
course arbitrary since there is no guidance for their masses.

® The couplings of the CP-even Higgs sector hence will be given by
Ly, = —yi; Vs Hibly, — pijibt Hotl + hec.

® After going to the fermion and Higgs mass eigenbases, one obtains

£ = =1 (sin(8 — o) g+ cos(8 — ) B i, ) + e

(LT T ; TR
Ly=—H (— cos(B — o) — i + sin(8 — «) fig va,bf%) + h.c.
v V2
® All non-standard properties are controlled by the rho matrix in the
mass eigenstate basis and, as anticipated, flavor violation and non-
proportionality to the mass are correlated.
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Lepton sector

We will concentrate on the lepton sector.

The main bounds in the mu-e flavor violation come from rare decays of the
muon ([t — €7y ), muon to electron conversion and Higgs decaying into
a muon and an electron.

Recently, a detailed calculation of this rare decay process in 2HDM has been
presented in Altmannshofer et al, arXiv:2410.17313

v €. .{'
¥ i

h/H

-
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Pue

Constraints on rho matrix elements

N. Coyle, D. Rocha, CW, to appear
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We will keep in mind that the LHC favorsa SM-like Higgs boson

LHC constraints on Higgs alignment in the 2HDM

ATLAS Preliminary P ATLAS Preliminary =
Vs =13TeV, 36.1-139 b} ---- Expected 95%CL VS =13TeV,36.1-139 10! -- Expected 95%CL
my = 125.09 GeV, |yq| < 2.5 —— Observed 95%CL My =125.09 GeV, |yu| <2.5 —— Observed 95%CL
2HDM Type-| 2HDM Type-lI
o 10 T o 10 \
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10—1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 w—l.t‘JO -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos(B — a) cos(f — a)

Regions excluded by fits to the measured rates of the productions and decay of the Higgs boson
(assumed to be h of the 2HDM). Contours at 95% CL. ATLAS-CONF-2021-053
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Maximal Entanglement, Symmetries and a

SM Higgs Boson in 2HDM

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, I. Low, CW, 2505.00873 (JHEP)

I. Low, T. Mehan ‘21

Q. Liu, I. Low, T. Mehen 21

M. Carena, I. Low, CW, M. Xiao '23
K. Kowalska, E. Sessolo '24

S. Chang, G. Jacobo 24
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Two States System

Let’s take two distinguishable qubits, A and B, each of them with its own
basis of vectors

‘1 >I,’2 e F=A B

We can define a quantum state
2
P >= Z cijlt >a |j >n

i,5=1

Entanglement will occur when we cannot write this as the product of a
state in A times one in B. Mathematically, this can be parametrized by the
concurrence

A =

2|c11¢92 — C12€21|
c11]? + |e22]? + |e12]? + |e21 |2

Maximal entanglement is associated with a concurrence equal to one, while
for minimal entanglement the concurrence must vanish.
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Scattering Amplitudes

Let’s apply these ideas to the case of two Higgs doublets, with iso-spin states
up (charged) and down (neutral). Let’s start with a product state and demand that

the final state has a certain entanglement property,

o oF
P Y
(a)
oF o

Py
oY 3

o7 o7
Ps,?l
o} @5
(b)
oy of
Pu,i
o} o

(d)

Carena, Low, C.W,, Xiao, arXiv:2307.08112 (JHEP)

Page 16/34



Scattering Process

Considering the S Matrix for the scattering process of two distinguishable states,
for which we will choose the neutral and charged components of the Higgs

doublets in the Higgs basis
Carena, Low, C.W., Xiao, arXiv:2307.08112

S 1 4 T <(I)C(I)d| oI |(I)aq)b>
— 1 .
= 2(27’{')45(4) (pa +DPp — Pc — pc)Mab,cd

a26) = (k1) + €12)) ® (4]1) + 3[2)
|(ch)d> = (5ac66d -+ Z.A’Iar,b,c:'a’,)|(I)a> 029 ‘(I)b>

In this talk, | will concentrate on the scattered states,

p ignoring the ones proportional to the identity.
Entanglement Suppression . : . .
Also, since we want to eventually include gauge interactions,

el el ) which tend to lead to maximal entanglement in the s-channel
we will concentrate on the maximal entanglement condition.
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Scattering of charged and neutral states

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, |. Low, CW, 2505.00873

® We scattered a combination of states
|(I’,,. > = ():1‘@1 > +(X2I‘I’g >

Ixs > = Bilx1 > +B2|x2 >

e [et’s first concentrate on the four point interactions _

Ci = anBid + a1 82X + asfidg + aafals A1 Xe As As
Ciz = a1Bi)s + a1 fods + aoBida + aefads A As Az Ag A7
Co = 01fihs + 01 Bods + 2Bi s + 2By X A4 Az A7
Caz = 101 A5 + a102A7 + 0281 A7 + a2 Ae _)\5 A7 A7 )\2_

®  One can show that for maximal entanglement A¢ = A7 =0, and A; = Ay
A = QNAbS [(05151)\1 —+ CE2)82A5)(C€1)81)\5 + agﬁz)n) = (alﬁz)\g + Qgﬁ])\zl) (alﬁ‘z)\al + 05251/\3)]

® Here N is given by the inverse of the sum of the modulus square of the expressions
between round brackets. Maximal entanglement demand each of these elements to be
equal in modulus, and alignment of the signs.Visually, this demands these conditions

Al = A5, and )\3 = 7A4 or
Al = —)\5 and f\g = )\4
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Scattering of Charged States

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, |. Low, CW, 2505.00873

® |n this case, the four point interactions change

2)\1 2/\5 2A6 /\34
e Naa 2N 2

IMBO(Rh™ = hYh™) = — [ 770 7 T T Asa = Az + Ag
2)\5 2A-, )\34 2)\7

A34 2A7 2)\7 2)\2

® Following the same logic as before, one arrives to the conditions

24 = :I:()\g + )\4) and 2)\5 = :F(Ad + A4)

for the two cases derived in the charged - neutral scattering, where the signs
are correlated. Therefore, only the second of the conditions written before
lead to maximal entanglement.

M=M=A=X=—X
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Higgs Potential in the Higgs Basis

, B on e & ‘
V= Y\HlH +Y.HIH, + (YsH{H, + h.c.) + %(H{H1)2+?2(H§H2)2

. . T
+Z3(HIHy)(HY Hy) + Z4|HI Ho|? + (Q(HIHQ)2 = h.c.)

Observe that | have already imposed the cancellation of 75 and Z-

Also, the requirement that only one Higgs boson acquires a vev implies
that Y3 =0

Finally, since Z5 is the only complex parameter in the potential, its phase
can be absorbed into the definition of the fields and one can render it
real. No CP violation phase is present at this level.
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Higgs Exchange Amplitudes

8 - * u _ *
3 ab,ed — Mab'i cdi Mz ab,cd — Ma,d'i cbi

M; apcd = ZRijMajc(RikMdkb,O)* +h.ec. ,

3k l

rotation matrix in the neutral sector

Py = i/(t —mf;) and P.; = i/(r —m?%;), T = s,u.

mo,; = {Mn,mu,0,ma} and m4; = {mpg=+,0}
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Broken Phase

But we are in the broken phase, and one should consider the the s, t and u channels

In this phase, it is better to work in the Higgs - basis. It is easy to show that the
condition we derived is basis independent under a rotation in (3.
The condition

Zg = 0 implies alignment!, so a SM Higgs

Now, maximal entanglement in the broken phase implies non-linear relationships
between the quartic couplings. For instance, in the s-channels, the neutral-charge
scattering induced by the two charged Higgs is proportional to

_ZT12 0 0 _Z5231 0 0 0 0
0 00 0 pt |0 ~Z2  _EE
0 00 0 = |0 &z _Zk

~Z4 0 0 -Z4 0 0 0 0

We see the same correlations between matrix elements as in the symmetric phase
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Higgs Masses and Trilinear Couplings in the Broken Phase

m2 = (

2 —
meven - (

2
Moda = (

W (2 Ze
\/2_ ZSZg ab,

0 0

0 Y+ Z3U2/2 !

Zl’Uz Zﬁ’Uz

ZS’U2 Yé + (Zg + Z4 + 25)1)

212)

0 0
0 Y2+ (Z3+Z4 Z5)’U2/2) )

v

V2

Z
275

Y2 H} Hy

275
Z5 ab ’
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u-channel

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, |. Low, CW, 2505.00873

2 Z5 2
Lz 0 0 0 0 0 —ZZ
2 212 Z5*
p 0 0 ~&& g s o -7 0 0
" 0 =& 0 0 = 0 0 -Z 0
0 0 0o —Z Z:Zs 0 0

® Here we see that we can only get the same correlations if the masses of the
two charged Higgs bosons are the same.

® One of these states is a Goldstone, so you need them to be massless. Same
happens with the neutral Goldstone when you consider all channels. As we
will see this is a requirement with the parameters of the Theory

® |t turns out that maximal entanglement is preserved in all channels for
arbitrary scattering states induced by real combinations if the charged and
neutral Goldstones with the non-standard Higgs bosons is present and

2N =2 =Zg=2Z4i= —2Z5
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Properties of the Theory

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, |. Low, CW, 2505.00873

® | ooking at the potential for these coupling relations one discovers that
the quartic sector has a U(2)xU(2) symmetry

® Once the symmetry is imposed in the mass sector, one finds that the
U(2)xU(2) symmetry is broken spontaneously to U(l)xU(l) and six
Goldstone bosons appear. The two massive modes are degenerate, one
being the Higgs boson.

® The mass relations we imposed to obtain maximal entanglement are fully
consistent with the mass relations obtained from these broken

symmetries.
VA . Zg — 7
M2=v? | ZR Bt 4 Lz, + ZR) 2 —2Zf
M
—Zs —3% b+ 3(Z— Z5)
My, =Y+ 2392 Y=t =24
Hi =Yg+ B 2 Y= ®
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U(2) Symmetries

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, |. Low, CW, 2505.00873

Defining
> CH, )
P12 = —=(41 = 12
V2
The potential may be written as

'U2 . 'U2 .
V=2 ((,01901 - Z) i (@sz - Z)

The U(2) x U(2) symmetry is manifest in these fields. Each of these
two fields behave as a SM field, and six Goldstones appear.
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Incorporating gauge fields

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, I. Low, CW, 2505.00873

® One can try to gauge the SM gauge group.

® |n a renormalizable gauge, the maximal entanglement obtained in all s,t,
and u channels is present only if the gauging of the SM gauge symmetry
comes along with the gauging of the extended U(2) global symmetry !

® Moreover, the masses of the gauge bosons and the gauge couplings of
both SU(2)’s and U(l)’s must be equal.

® |n general, we observe an intriguing relationship between maximal
entanglement and symmetries of the theory. A quantum information
origin of symmetries !
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M. Carena, G. Coloretti, W. Liu, M. Lichtmann, I. Low, CW, 2505.00873

Gauge Symmetries and Maximal Entanglement
o+ (I)a + @a

oF  PF oF  &F dF
ARD Al
) Y o) DY @Y

It is only when we add the two gauge interactions that we can have maximal entanglement

s =0A =1

0 0
d d

Also,

Although the intriguing origin of (gauge) symmetries from maximal entanglement, the model
looks due to the duplication of gauge bosons.

An attractive feature is that the symmetries ensure the preservation of the coupling
relationships under RG evolution.
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What about Fermions ?

M. Carena, G. Coloretti, W. Liu, M. Lichtmann, |. Low, CW, 2505.00873

® Fermions appear only at the loop level in the scattering of bosons.

o . g o} . o}
= Ys  yé ya o Y4
®g = _
_ ey ) yue =y | y=4
®a =2 yd oyl yh yh
= =
lIJR ER
Py Py ) Y

L=yl Osyt + YU Py + y4Erall + i Pall + hec.
To get maximal entanglement, what we need in the final state is to get pairs
of the S fields and the A fields with the same amplitude.
yE=vy4  Ys=Y4
If the SM fermions couple to both of them, we will have also combinations of S and A
fields that destroy the maximal entanglement.

So, what we need is to introduce new mirror fermions which couple to one of the species,
while the SM couple to the other one !!
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Reinterpretation

If one sticks to the interpretation of H; being the SM field, and one of the
sets of fermion and gauge fields couple to it to be the SM fermions and
gauge fields, one finds a physically unacceptable model.

However, one can interpret the new fields {?; to define the Standard and
non-standard fields.

In this reinterpretation, the standard and non-standard gauge and fermion
fields are the ones coupling to these Higgs bosons !

One therefore obtains two identical SM-like sectors, connected by a
Zo symmetry Hy — Hi, Hy - —H>

The condition of maximal entanglement imposes a lack of communication of
these two sectors.
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Condition of Maximal Entanglement :

Duplication of Global Symmetries

Duplication of Gauge Symmetries
Appearance of a Mirror Dark Universe, with equal properties as the SM one. Both sectors
related by a Z2 Flavor symmetry, that is preserved at the quantum level.

MATTER BWiin

Both sectors are not communicated. We live happily in the SM realm
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