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• Radiative Higgs-Sector CP Violation in the MSSM

Lagrangian part describing the MSSM Higgs potential:

LV = µ2
1(Φ

†
1Φ1) + µ2

2(Φ
†
2Φ2) + m2

12(Φ
†
1Φ2) + m∗2

12(Φ
†
2Φ1)

+λ1(Φ
†
1Φ1)

2 + λ2(Φ
†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1) ,

with

m2
12 = Bµ , λ1 = λ2 = −

1

8
(g2w+g′2) , λ3 = −

1

4
(g2w−g′2) , λ4 =

1

2
g2w .

Φ2 → eiargm
2
12 Φ2 =⇒ Tree-level Higgs potential is invariant under CP !

Higgs-boson mass spectrum:

φ1 : CP = +1

φ2 : CP = +1

a : CP = −1
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⇒ CP violation in the Higgs sector can be induced through loop
effects at the observable level

[A.P., PLB435 (1998) 88; A.P., C.E.M. Wagner, NPB553 (1999) 3.]
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Additional loop contributions from gluinos, charginos, Higgs bosons

[M. Carena, J. Ellis, A.P., C.E.M. Wagner, NPB586 (2000) 92; NPB625 (2002) 345;
D.A. Demir, PRD60 (1999) 055006; S.Y. Choi, M. Drees, J.S. Lee, PLB481 (2000) 57;

T. Ibrahim and P. Nath, PRD63 (2001) 035009;
S.P. Martin, PRD66 (2002) 096001;

M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. Weiglein, JHEP0702 (2007) 047.]
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The mixing of the three neutral Higgs bosons:




φ1

φ2

a



 = O




H1

H2

H3





O: 3× 3 orthogonal matrix describing the CP mixing of Higgs bosons.
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The mixing of the three neutral Higgs bosons:
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φ1

φ2

a



 = O




H1

H2

H3





O: 3× 3 orthogonal matrix describing the CP mixing of Higgs bosons.

Higgs bosons with mixed CP parities are ordered according to their weights:

MH1 ≤ MH2 ≤ MH3
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The mixing of the three neutral Higgs bosons:




φ1

φ2

a



 = O




H1

H2

H3





O: 3× 3 orthogonal matrix describing the CP mixing of Higgs bosons.

Higgs bosons with mixed CP parities are ordered according to their weights:

MH1 ≤ MH2 ≤ MH3

At the 1-loop level, MH1,2,3 and O are predicted by the input parameters:

MH+(mt) , tanβ(mt) ,

µ(Qtb) , At(Qtb) , Ab(Qtb) ,

M̃2
Q(Qtb) , M̃2

t (Qtb) , M̃2
b (Qtb) .

M1,2,3
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Effective Higgs couplings to gauge bosons and fermions

Hi
Zµ

Zν

: igw
M2

W
MZ

(cβO1i + sβO2i) gµν

Hi(k)
W±

µ

H∓(p)

: ± i
2gw (cβO2i − sβO1i + iO3i)(p− k)µ

Hi(k)
Zµ

Hj(p)

:
−igwMZ

2MW

[
O3i (cβO2j − sβO1j)

− (i ↔ j)
]
(p− k)µ

Hi
d

d

: − igwmd
2MW cβ

(O1i − isβ O3i γ5) + · · ·

Hi
u

u

: − igwmu
2MW sβ

(O2i − icβ O3i γ5) + · · ·

[CPsuperH: J.S. Lee, A.P., M. Carena, S.Y. Choi, M. Drees, J.R. Ellis, C.E.M. Wagner, CPC156 (2004) 283.]
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Elusive light CP-violating Higgs bosons at LEP2

CPX scenario: µ = 4MSUSY , At,b = 2MSUSY (mt = 174.3 GeV)

[M. Carena, J. Ellis, A.P., C.E.M. Wagner, PLB495 (2000) 155.]
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[Combined analysis from LEP collaborations, Eur. Phys. J. C 47 (2006) 547, uses CPsuperH + FeynHiggs]
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[ M. Carena, J. Ellis, S. Mrenna, A.P., C.E.M. Wagner, NPB659 (2003) 145 ]
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CP Violation in Higgs Production → Mixing → Decay at the LHC
[ A.P., NPB504 (1997) 61;

J. Ellis, J.S. Lee, A.P., PRD70 (2004) 075010 ]ga
1

gb
2

Hi Hj

τ+

τ−

p2

p1k2 , ε2

k1 , ε1
k1 + k2

Resummed Higgs-boson propagator matrix:
[ M. Carena, J. Ellis, A.P., C. Wagner, NPB625 (2002) 345 ]

∆(ŝ) =






ŝ − M2
H1

+ iImΠ̂11(ŝ) iImΠ̂12(ŝ) iImΠ̂13(ŝ)

iImΠ̂21(ŝ) ŝ − M2
H2

+ iImΠ̂22(ŝ) iImΠ̂23(ŝ)

iImΠ̂31(ŝ) iImΠ̂32(ŝ) ŝ − M2
H3

+ iImΠ̂33(ŝ)






−1

MHi: OS-renormalized mass in the Pinch Technique (PT) framework

ImΠ̂ij(ŝ): PT absorptive parts, with ImΠ̂ii(ŝ = MHi) = MHiΓHi

PT is used to obtain a GFP-independent ∆(ŝ), consistent with tree-like WIs
and unitarity, i.e. cancellation of s2-dependent terms in ImΠ̂V V,V H

ij (ŝ).

[ J. Papavassiliou, A.P., PRL75 (1995) 3060; PRL80 (1998) 2785; PRD58 (1998) 053002 ]
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Resonant CP Violation at the LHC
[J. Ellis, J.S. Lee, A.P., PRD70 (2004) 075010; PRD71 (2005) 075007. ]
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•Maximal Symmetry and Quartic Coupling Unification

• Symmetries of the Two Higgs Doublet Model Potential

– SU(2)L⊗U(1)Y -preserving symmetries: 6
⇒ 1. CP, 2. Z2, 3. CP2, 4. U(1)PQ, 5. CP×SO(2), 6. SU(2)
[ I.P. Ivanov, PRD75 (2007) 035001; P.M. Ferreira, H.E. Haber, J.P. Silva, PRD79 (2009) 116004.]

– Hypercustodial SU(2)L-preserving symmetries: +7
⇒ 1. Sp(2), 2. CP×Sp(2), 3. Z2×Sp(2), 4. U(1)×Sp(2),

5. Sp(2)×Sp(2), 6. S2×Sp(2)×Sp(2), 7. Sp(4)
[R.A. Battye, G.D. Brawn, AP, JHEP1108 (2011) 020; AP, PLB706 (2012) 465;

N. Darvishi, A.P., PRD101 (2020) 095008.]

• Symmetries of the Three Higgs Doublet Model Potential
[N. Darvishi, A.P., PRD101 (2020) 095008, and references therein.]

– Symmetries: 40 = 19 [U(1)Y ] + 21 [Custodial]
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• Maximally Symmetric Two Higgs Doublet Model

[P.S.B. Dev, AP ’14; N. Darvishi, AP ’19]

GΦ = SU(2)L ⊗ Sp(4)/Z2 ' SU(2)L ⊗ SO(5)

V = − µ2
(
|Φ1|

2+|Φ2|
2
)
+λ
(
|Φ1|

2+|Φ2|
2
)2

= −
µ2

2
Φ†Φ+

λ

4

(
Φ†Φ

)2
,

where

Φ =





φ1

φ2

iσ2φ∗
1

iσ2φ∗
2




, with UL ∈ SU(2)L : Φ )→ Φ′ = ULΦ ,

such that under global field transformations,

Sp(4) : Φ )→ Φ′ = U Φ , with U ∈ U(4) & UCUT = C ≡ iσ2 ⊗ σ0

SU(2)L gauge kinetic terms remain invariant.

Breaking Effects: m2
12 φ

†
1φ2 (or Mh±), U(1)Y coupling g′, Yukawa’s Yu,d.
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• Quartic Coupling Unification (up to two loops) [N. Darvishi, AP ’19]
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First conformal unification point: µ(1)
X ∼ 1011 GeV (of order PQ scale)
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Second conformal unification point: µ(2)
X ∼ 1018 GeV (of order mPl)

[N. Darvishi, AP ’19]
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Low- and high-scale quartic coupling unification: tanβ vs µ
(1,2)
X
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1

[N. Darvishi, AP ’19]

Chicago U./Fermilab, May 2023 Back to the Future: CPX A. Pilaftsis



• Misalignment in the MS-2HDM

CP-even mass matrix in Higgs basis:

M2
S =

(
Â Ĉ

Ĉ B̂

)
seesaw
−−−−→
approx.

M2
H ' Â−

Ĉ2

B̂
& M2

h ' B̂ , Â, Ĉ

Light-to-heavy scalar mixing:

θS ≡
Ĉ

B̂
=

v2sβcβ
[
s2β (2λ2 − λ34)− c2β (2λ1 − λ34)

]

M2
a + 2v2s2βc

2
β (λ1 + λ2 − λ34)

- 1

Higgs couplings to V = W,Z:

gHV V ' 1 −
1

2
θ2S , ghV V ' − θS

Higgs couplings to quarks:

gHuu ' 1 + t−1
β θS , gHdd ' 1 − tβ θS ,

ghuu ' − θS + t−1
β , ghdd ' − θS − tβ .
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Misalignment predictions in the MS-2HDM with low- and high-scale
quartic coupling unification, assuming Mh± = 500GeV.

[N. Darvishi, AP ’19]

Couplings ATLAS CMS tanβ = 2 tanβ = 20 tanβ = 50

|glow-scaleHZZ | [0.86, 1.00] [0.90, 1.00] 0.9999 0.9999 0.9999

|g
high-scale
HZZ

| 0.9981 0.9999 0.9999

|glow-scaleHtt | 1.31+0.35
−0.33 1.45+0.42

−0.32 1.0049 1.0001 1.0000

|g
high-scale
Htt

| 1.0987 1.0003 1.0001

|glow-scaleHbb | 0.49+0.26
−0.19 0.57+0.16

−0.16 0.9803 0.9560 0.9590

|g
high-scale
Hbb

| 0.8810 0.9449 0.9427

→ Misalignment predictions consistent with experiment
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• Natural Alignment in the 2HDM and Beyond

– nHDM potential with m inert scalar doublets: [P.S.B. Dev, AP ’14,
AP ’16]

VnHDM = Vsym + Vinert + ∆Vsoft ,

– 3 continuous alignment symmetries in the field space of the active
EWSB sector (NH = n−m):

(i) Sp(2NH)×D (ii) SU(NH)×D (iii) SO(NH)× CP ×D,

where D acts on the inert sector only.

– Symmetry invariants:

(i) S = Φ†
1Φ1 + Φ†

2Φ2 + . . . = 1
2 Φ

†Φ

(ii) Da = Φ†
1σ

aΦ1 + Φ†
2σ

aΦ2 + . . .

(iii) T = Φ1ΦT
1 + Φ2ΦT

2 + . . .

– Symmetric part of the scalar potential:

Vsym = −µ2 S + λS S2 + λD DaDa + λT Tr (T T ∗) .
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– Inert part of the scalar potential:

Vinert = m̂2
âb̂
Φ̂†

âΦ̂b̂ + λâb̂ĉd̂ (Φ̂
†
âΦ̂b̂)(Φ̂

†
ĉΦ̂d̂) + λâb̂cd (Φ̂

†
âΦ̂b̂)(Φ

†
cΦd)

+ λab̂ĉd (Φ
†
aΦ̂b̂)(Φ̂

†
ĉΦd) +

[
λab̂cd̂ (Φ

†
aΦ̂b̂)(Φ

†
cΦ̂d̂) + H.c.

]

ZI
2 : Φa → Φa (a = 1, 2, . . . , NH) , Φ̂b̂ → − Φ̂b̂ (b̂ = 1̂, 2̂, . . . , m̂)

– Soft-symmetry Breaking:

∆Vsoft = m2
abΦ

†
aΦb

– Minimal Symmetry of Alignment in the Higgs basis:

ZEW
2 : Φ′

1 → Φ′
1 , Φ′

a′ → −Φ′
a′ (a′ = 2, 3, . . . , NH)

where m2
ab becomes diagonal.

=⇒ Minimal Alignment Symmetry: ZEW
2 × ZI

2

[AP ’16]
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• Phenomenology at the LHC

– Branching ratios in the MS-2HDM [Dev, AP ’14]
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– Discovery channels for aligned Higgs doublets:

• gg → tb̄h− → tb̄t̄b [Dev, AP ’14]

g
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• gg → tt̄(h, a) → tt̄tt̄

g

g
t̄

t

h, a

t̄

t

[Dev, AP ’14]
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– Realistic simulation analysis with a reconstruction BDT
[Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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Reconstruction BDT trained on 57 observables:

• ∆R(bi, l
a), ∆η(bi, l

a), ∆φ(bi, l
a), p

bi+la

T , m(bi, l
a),

where i = tH, t and a = +,−

•
∣
∣m(l+, btH) − m(l−, bt)

∣
∣ and

∣
∣m(l−, btH) − m(l+, bt)

∣
∣

• p
bj
T , where j = tH,H, t

• ∆R(btH, bk), ∆η(btH, bk), ∆φ(btH, bk), p
btH+bk
T , m(btH, bk), where k = H, t

• ∆R(tHa, bH), ∆η(tHa, bH), ∆φ(tHa, bH), p
tHa,bH
T , m(tHa, bH),

where a = +,−

• ∆R(tHa, tc), ∆η(tHa, tc), ∆φ(tHa, tc), where (Ha, tc) = (H+, t̄) or (H−, t)

• m(Ha) − m(bH), where a = +,−

• m(H+) − m(t̄) and m(H−) − m(t)

• p
H±+tother
T

• m(H±, tother)
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– Results [Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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Back-Up Slides
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• Quartic coupling unification in the MS-2HDM

[Dev, AP ’14; N. Darvishi, AP ’19]

Symmetry-breaking of Sp(4)/Z2 ∼ SO(5):

• Soft breaking (e.g. through m2
12):

M2
H = 2λ2v

2, M2
h = M2

a = M2
h± =

Re(m2
12)

sβcβ

Heavy Higgs spectrum is degenerate at tree level.

• Explicit breaking through RG running (two loops):

Sp(4)/Z2 ⊗ SU(2)L
g′%=0
−−−→ SU(2)HF ⊗ U(1)Y ⊗ SU(2)L

Yu,d

−−−→ U(1)PQ ⊗ U(1)Y ⊗ SU(2)L

m2
12−−−−→

〈Φ1,2〉
U(1)em
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A closer look at the RG evolution of λ2
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