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e Radiative Higgs-Sector CP Violation in the MSSM

Lagrangian part describing the MSSM Higgs potential:

Lv = pi(®I®1) + p3(@]Ps) + miy(@10) + mi5(®5dy)
FA(P]D1)?2 + Na(RID2)2 + M3(1D1)(1D2) + Mi(@] D) (D)D),

with

1 | |
miz=Bp, M=X=—2(0,+9"), d=-7(09"), M=50,

: 2 . . .
by — 2812 o, — Tree-level Higgs potential is invariant under CP !

Higgs-boson mass spectrum:

(bll CP:‘I‘l
qbzl CP:—|—1
a: CP=-1
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® How o get the HA mixing g

popular scenarios :

e Through Majorana fermions (mn=m°) in a 2HDM.

n; [AE., PRLTT(496)4996.)
B A In the MSSM, m;+> meutralinos
'flj charginos 5
Ly =- 4%“ X% H %[ (mg+m) ReCy + iyg (my-m;)Im G |n;
Ly = ‘Haw - A %y [ys(mﬁmj)ReCij + i(m‘j-mi)lmcg]@

Va,
w J—
A ~ X4 ~ tanp Ve

CP violation ==  Cy#:Cjj or ImC} #0

e Through soft-breaking (GF) terms in the Higgs
potential of a 2HDM . [ T.D.Lee, PRRE(T3) 1226 ]

V="V +V§1‘;

Hipge A The mixing occurs at iree level

o Through radi.a’c'gyegeffects of 11,12,,791 b, in MSSM
'ti,'z.aﬁl,z, ff"\ '

h i TN ‘ ohe S
H,7 - * A Sy —5 UV finite + large
‘:'; ¥ ’b*" :A
'91,2 ) ¥1,% [A.P. ,TLB435, 88 (1998)

PRDS58 ,096010 (1998)



— 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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— 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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— 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.]

P, Rt o] hept 7 hept

N ~ ®----- | —-=-=-- ®o--------- ®o-----
ot ! :

hiel i+ f FERNEEE
AT el LSS S
D; heAr @ heA, U hA,

< | Im(mizpAip) # 0

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:

$1
G2
a

= O

H;
H,
H3

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

$1
G2
a

= O

H;
H,
H3

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

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

Mgy

1

< My, < My,
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The mixing of the three neutral Higgs bosons:

D1 H,
D2 = O | H
a H3

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

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

My, < Mg, < Mg,

1

At the 1-loop level, My, ,, and O are predicted by the input parameters:

MH—l- (mt) , tan B(mt) )
w(Qw), AQw), Ap(Qu),
M&(Quw) MA(Qu), MAQu).

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



Effective Higgs couplings to gauge bosons and fermions

H; ZM . M?
—-- P 10w M—Z (65011‘ + 35021) Iuv
Zy

)y Wi
el +290 (cs02; — 5501 + i03:)(p — k),
~H T (p)
A iGw
Hz(k rff v | _gT]\é/Z [Ogi (C@Ogj — 8501j)
\\ "
*Hj(p) — (<7 =k
d
H; o .
< —ij"Tcdﬁ(Ou — 285031175) + o
d
U
< —zfj"Tgﬁ(O% — 1cgO3;v5) + -
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Elusive light CP-violating Higgs bosons at LEP2
CPX scenario: U= 4MSUSY; At,b = 2MSUSY (mt = 174.3 GEV)

[M. Carena, J. Ellis, A.P., C.E.M. Wagner, PLB495 (2000) 155.]

@ @ TIT7 @ I TTT I
o c o
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] inaccessible inaccessible
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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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[ M. Carena, J. Ellis, S. Mrenna, A.P., C.E.M. Wagner, NPB659 (2003) 145 ]

CPX,  140° 140"

100 125 150 175 200 225 250 275 100 125 150 175 200 225 250 275

tanfy

WW—H.
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIII i 2
100 125 150 175 200 225 250 275 100 125 150 175 200 225 250 275

M+ (GeV)

H. i

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



CP Violation in Higgs Production — Mixing — Decay at the LHC

. [ A.P., NPB504 (1997) 61;
91 J. Ellis, J.S. Lee, A.P., PRD70 (2004) 075010 |

I€1,\€1\
kQW

95

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

_ . . —1
8 — My, +iImIT1(3) ilmIT1(3) iTmITy5(3)
A(3) = iTmIT5: (8) § — My, + iImIT2(8) iTmIys(3)

MH.Z

1

Imﬁij(§): PT absorptive parts, with Imﬁm(§ = Mpy,) = Mgy,

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

PT is used to obtain a GFP-independent A(S), consistent with tree-like Wls
and unitarity, i.e. cancellation of s*-dependent terms in ImH};V’VH(§).

[ J. Papavassiliou, A.P., PRL75 (1995) 3060; PRL80 (1998) 2785; PRD58 (1998) 053002 |
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P CP violation in ’c'romsihon amplitudes

e

T = TRES 3 :rBOX —-VP ) VD i :]-BOX
sl-H<5) i

:TC& fJ‘RES_,_ »J-BOX -Vr( 1 )VD i me
s1-Hes i

V{' - IV;‘ cl'-sfet(pw r-EL vi. = rv;_l elS'Fe"icPw
§; : absorptive or final state phase
¢w : wWeak phase

ViFP . CFP in the production and deca_\;} e’-{;ﬂpe
effect

amplitudes

e Hes) : GF in the mass matrix ’
T ; - : 6 {'.'HPG
Hey#Hes)y in oo K°-K'-like basis
cffec’(

Hes) 5 Hesy= Hes !

CP asymmetry :
EE-T . -
[l R




Resonant CP Violation at the LHC
[J. Ellis, J.S. Lee, A.P., PRD70 (2004) 075010; PRD71 (2005) 075007. ]
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e Maximal Symmetry and Quartic Coupling Unification

e Symmetries of the Two Higgs Doublet Model Potential

- SU(2) .®U(1)y-preserving symmetries: 6
= 1. CP, 2. Z,, 3. CP2, 4. U(1)pq, 5. CPxS0O(2), 6. SU(2)
[ I.P. lvanov, PRD75 (2007) 035001; P.M. Ferreira, H.E. Haber, J.P. Silva, PRD79 (2009) 116004.]

— Hypercustodial SU(2)-preserving symmetries: +7
= 1. Sp(2), 2. CPxSp(2), 3. Z,xSp(2), 4. U(1)xSp(2),
5. Sp(2)xSp(2), 6. SpxSp(2)xSp(2), 7. Sp(4)
[RA. Battye, G.D. Brawn, AP, JHEP1108 (2011) 020; AP, PLB706 (2012) 465;
N. Darvishi, A.P., PRD101 (2020) 095008]

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

— Symmetries: 40 = 19 [U(1)y]| 4+ 21 [Custodial]
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e Maximally Symmetric Two Higgs Doublet Model
[P.S.B. Dev, AP '14; N. Darvishi, AP '19]

Gs = SU(2), ® Sp(4)/Z5 ~ SU(2), © SO(5)

2 2 2 2 2\ ? ,U2 A 2
V=—u (]CI)1| +| P4 )—|—)\ <|<I>1| +| P ) = —?@T@—FZ((I)T(I)) :
where ( b1 \

b = ,QZZ* ,  with Up, € SU(2)L: ® — ® = U,
10°Q]

\ io°é5 )
such that under global field transformations,

Sp(4): ® — & =UP, withUecUH4) & UCU'= C=ir*®o’

SU(2) . gauge kinetic terms remain invariant.

Breaking Effects: m2, ¢! ¢ (or M,+), U(1)y coupling ¢, Yukawa's Y.
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e Quartic Coupling Unification (up to two loops)

[N. Darvishi, AP '19]

1.5 ,
= | MS-2HDM | g,
E tanﬁ:50 ....... d,
1.0 _\L M,-=500GeV | ....... 95
. el
(@) 1 S~ —o_ T yb
R S e At s
8 | | %
— M
\:\
00k E —_— _}\2
| —
E I
-0.5 : L ' ! !
2 4 6 8 10 11

Logo(u) [GeV]

First conformal unification point: ) ~ 101! GeV (of order PQ scale)
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Second conformal unification point: ,u()?) ~ 10'® GeV (of order mp))
[N. Darvishi, AP "19]

1.5 —
o MS-2HDM
5 tanp=50
10 M.. =500 GeV
0 I
(@)) i - - . N
E : ............. -\.\..~.~~.....“‘ ............
B0 L b TTERLD I
> T S T T T T
O ! - - -
o |
\,:*\\\
0.0— : ——— e
_05 E. 1 N 1 N 1 N 1 N 1 N 1 1
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Low- and high-scale quartic coupling unification: tan 3 vs p

(1,2)

0.5 TeV - — -low-scale ——high-scale

1 TeV : - — -low-scale ——high-scale

10 TeV: — — -low-scale ——high-scale

100 TeV: - - -low-scale ——high-scale

Ay =Ny, Ay = 2,

| | | | 1
1 10 20 30 40 50
tan .
[N. Darvishi, AP '19]
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e Misalighment in the MS-2HDM

CP-even mass matrix in Higgs basis:

2 zzl\ 6 seesaw 2 n 62 2 S T~
C B approx. B

Light-to-heavy scalar mixing:
g B V25508 [S% (22 — Azq) — 3 (2\1 — A34) |

Os =
S B M(% + 2@28%6% ()\1 + )\2 — )\34)

< 1

Higgs couplingsto V =W, Z:

1
9HVV21—§9§a ghvv ~ —bs
Higgs couplings to quarks:

gHwe ~ 1+ t5' 0s, gHad ~ 1 — tgls,
Jhuu = _98"—1551, ghddﬁ—eg—tg.
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Misalighment predictions in the MS-2HDM with low- and high-scale

quartic coupling unification, assuming M, + = 500 GeV.
[N. Darvishi, AP '19]

Couplings ATLAS CMS tan3 = 2 tan 3 = 20 tan 3 = 50
|gI1c_j)Iwés§ale| [0.86, 1.00] [0.90, 1.00] 0.9999 0.9999 0.9999
|gEh-scale, 0.9981 0.9999 0.9999
low-scale +0.35 +0.42

|9 te | 1.317 355 1.457 ' o5 1.0049 1.0001 1.0000
high-scale

IgHtt | 1.0987 1.0003 1.0001
low-scale +0.26 +0.16

|gbe | 0.49_° )'7g 0.57 " 1’ 16 0.9803 0.9560 0.9590
high-scale

9 by | 0.8810 0.9449 0.9427

— Misalignment predictions consistent with experiment
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e Natural Alighment in the 2HDM and Beyond

— nHDM potential with m inert scalar doublets: [P-58. Dev. QE }g]

VnHDM — V;,ym + ‘/inert + AVvsofta

— 3 continuous alignment symmetries in the field space of the active
EWSB sector (Ng =n —m):

(i) Sp(2Ngy) x D (i) SU(Ng)xD (iii) SO(Ng) x CP x D,

where D acts on the inert sector only.
— Symmetry invariants:
i) S =olo, + ol +... = lot®
(i) D* = ®lo*®; + dlo"®y + ...
(i) T = &;®] + PP + ...
— Symmetric part of the scalar potential:

Vam = —p2S + AsS? + Ap DD + \pTr (T T¥) .
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— Inert part of the scalar potential:

AN P AN AN /\_‘_

Vit = 15 Ly + Ay (P10 (O

F Agiea (@FB)(B100) + [ Ay (@18;)(@18) + Hee.

a

Z,: o, > ®, (a=1,2,....Nyg), @

;= =@ (b=1,2,...,Mm)

— Soft-symmetry Breaking:
AV = m2, d! @y
— Minimal Symmetry of Alighment in the Higgs basis:
zzV. o -9, &, --0, (d=23,...,Ny)

where m?, becomes diagonal.

- _ EW | [AP '16]
— Minimal Alignment Symmetry: Z5;° x Z,
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e Phenomenology at the LHC

— Branching ratios in the MS-2HDM [Dev, AP '14]

1= : , , , . 1

0.1 0.1

1073 1073
/ ,—"‘é tg=2
10—4HH\HH\HH\HH\HH\HH\HH 10—45‘.”\HH\‘H‘\HH\HH\HH\HH
300 400 500 600 700 800 900 1000 30 400 500 600 700 800 900 1000
M,, (GeV) M, (GeV)
15 s aYE!
i — tb
WH
0.1; ]
ts
-------- TV,
% 10—2, |
10—3? ................................................................................... !
i tg =2
10—4 S T S S S S  NSSS H RO
300 400 500 600 700 800 900 1000
M,: (GeV)
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— Discovery channels for aligned Higgs doublets:

e gg — tbh— — tbtb [Dev, AP "14]
g b
g t
[ p7 > 20 GeV,
10003 n‘| < 2.5,
ARY > 0.4,
2100, My > 12 GeV,
0
+,T |M££—Mz| > 10 GeV,
<
10 pir > 30 GeV,
o ) - - CMS 95% Ct-.. | Nee ;
L t=104Tev) N 7] < 2.4,
----- ts = 2 (14 TeV) Er > 40 GeV.
-------- ts =5 (14 TeV)
o —————t . .
200 400 600 800 1000

M,: (GeV)
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e gg — tt(h,a) — ttit

t

g t
h,a

g i i
t

[Dev, AP '14]

r

— t3=1(14TeV) |
----- ts = 2 (14 TeV)
-------- t; =5 (14 TeV)

g x BR(h—tt) [fb]
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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:

o AR(b;,1%), An(b;,1%), Ad(bi, 1), pii™  m(bs, 1),

where ¢t = tH,t and a = 4, —
o ’m(l*, bi) — m(l, bt)’ and ‘m(l_, birr) — m(ﬁ, bt)‘

b
® p;l, where j =tH, H,t

o AR(buu,br), An(bim, bi), Ad (b, bi), ptH ™k m (b, by), where k = H, t

o AR(tya,by), An(tya,by), Ap(tya,by), pH1* " m(tya, by),
where a = +, —

o AR(tga,t.), An(tya,t.), Ap(tya,t.), where (H* t,) = (H',t) or (H ,t)
e m(H") — m(by), where a = +, —
o m(H') —m(t) and m(H ) — m(t)

HE 4t
Pr

L m(Hia tother)

other
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— Results [Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]

o rm—————
g 30| E—— L =150 fb
30 | (s =13 TeV
o0 | . Expected exclusion
10 1
5 |
4 t
3t
2

1
200 300 400 500 600 700 800 900 1000

H* mass [GeV]
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Thank you Marcela and Carlos

for the wonderful Physics
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e Quartic coupling unification in the MS-2HDM

[Dev, AP '14; N. Darvishi, AP '19]

Symmetry-breaking of Sp(4)/Z, ~ SO(5):

e Soft breaking (e.g. through m3,):

M% = 220% M} = M? = M2 =

Heavy Higgs spectrum is degenerate at tree level.

e Explicit breaking through RG running (two loops):

Sp(4)/Z, ®SU(2);, 7% SU@)ye @ U(1)y ®SU(2),

u,d
S U(L)pg @ U(1)y ®SU2)

m2
—12> U(]')em
(®1,2)
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A closer look at the RG evolution of A\,
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