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Introductlon
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= Sizable CP-violation, CP-violation in Higgs sector: sign of physics beyond the Standard Model

= Sizable CP-violation required for Electroweak Baryogenesis

e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry
in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]
5810710 « BB 66.1010
Ty
e Sakharov Conditions: [Sakharov '67]

* (i) B number violaton (sphaleron processes)
* (i7) C' and C'P violation

 (ii1) Departure from thermal equilibrium

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]

(Pe)
T.

e = > 1

(®.) and T field configuration and temperature at phase transition

—_—4

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 4



Why extended Higgs sectors?

* many new physics models require extended Higgs models
* fermion/gauge sectors not minimal - why should the Higgs sector be minimal?

* extended Higgs sectors:

- provide DM candidate
- new sources of CP-violation
- alleviate metastability

- allow for strong first-order phase transition A

- change di-Higgs cross section géd
- enlarged Higgs spectrum -> interesting phenomenology i
L \ﬁ

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024



J spin
% Quantum numbers of the Higgs boson:  J PC P parity ‘@

C' charge conjugation

* yy—Hor H-yy ~>J z1

< CP properties:
% SM Higgs J< = 0**; beyond the SM (BSM):

omore than one spin-0 particle possible
o CP-even, CP-odd, CP-violating Higgs states

%k Study of CP properties ~> insights in beyond-SM (BSM) physics

%k existing and future colliders:
establish CP properties, determine amount of CP-mixing

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 Z



= Quantum numbers of the Higgs boson:

[Plehn Rainwater,Zeppenfeld;
> angular correlations in production: Hjj in vector boson fusion Hankele Kldmke,Zeppenfeld]
9|uon gluon fusion [Odagiri; Klange,Zeppenfeld:;

Campanario eal;
Del Duca eal; Andersen eal]

> Hi d . W and Z . [Dell’Aquila,Nelson; Barger eal; Kramer Kiihn,Stong,Zerwas; Skjold,Osland;
'995 ZCGYS Info an palr's Choi,Kalinowski,Liao,Zerwas; Miller,MM,Zerwas; Bluj; Dova eal; Buszello,
Fleck,Marquard,van der Bij; Gao eal; Englert eal; Sancti eal]

- llisi [6rzadkowski,Gunion; Asakawa,Choi,Hagiwara;
gamma gamma collisions Godbole Rindani,Singh; Godbole Kraml Rindani,Singh]

= CP-Violation: [Gunion,He; Chang eal; Skjold,Osland; Choi eal; Niezurawski,
> angular' or other CP-sensitive observables Zc.xrneckl,Kr'awczy.k: Godbole,Kraml; Rindani,Singh; Godbole,
Miller MM, De Rujula eal]

. . . [Grzadkowski,Gunion,PLB350(1995)218]
> Combination of three deCGYS into bosons [Fontes,Romao,Santos,Silva,Phys.Rev.D92(2015)5,055014]
[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM, Santos,” 21]

> ,2-quise CP": CP-odd and CP-even decays [Fontes,Romao,Santos, Silva, THEP06(2015)060]
at the same time [Fontes,MM,Romao,Santos,Silva,Wittbrodt,JHEP 02 (2018) 073]

[Biekotter,Fontes, MM,Romao,Santos,Silva, TJHEP 05 (2024) 127]

M.M. Mithlleitner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024



+ Higgs Decay into Z boson pair: H = ZZ™ — (f1£1)(faf2)

CP-even or CP-odd

H>ZZ-> (1) A1)
M,, = 125 GeV

1T d[/dM, [GeV'']

[Adapted from Choi,Miller, MM ,Zerwas,” 03]

* EE NS
H>ZZ-> (1))
M, = 125 GeV

[Adapted from Choi,Miller, MM ,Zerwas,” 03]

M.M. Mithllettner, KIT
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[CMS PhysRevD.92.012004(2015)]

40

CMS 19.7 o™ (8 TeV) + 5.1 fb! (7 TeV)
| | L I LI | L I | I | I | L I LI I_
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The expectation for the SM Higgs boson is represented by the yellow
histogram on the right and the alternative JP hypothesis by the blue
histogram on the left. The red arrow indicates the observed q value.
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Observed (expected) values: vertical solid (dashed) lines; shaded areas = integrals of the
expected distributions to compute the p-values for the rejection of each hypothesis.
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[ ThecP-violating 2tpm (catem)

< C2HDM Higgs potential: w/ softly broken Z, symmetry (®;, - ®,, ®, - — ©,)

allows for a decoupling limit [Ginzburg Krawczyk,Osland, 02]

\ A 2 2
1 chl) 22(@@2)

V= m @10, + mA0i0, — (m0]®, +h.c. ) + - (@]

A 2
(@0 (PLD,) + A@]O(@D) + | 5 (chcI>2) Lhe

All parameters are real except for m2 and As: m>, = |m?, |72 Js = | )s| eV

The two complex phases are not independent of each other
2Re(m?y) tan ¢(m?y) = viva Re(Xs) tan ¢(Xs)
Ensure explicit CP violation (both phases cannot be removed simultaneously) by choosing:

P¢(As5) # 2q5(m%2)

* For CP violation in the 3HDM, cf. * For CP violation in BSM w/ natural alignment,
talk by M. Rebelo Monday afternoon. cf. talk by A. Pilaftsis, Tuesday afternoon.

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 12



* Mass spectrum and mixing: vy = 0 w DM: inert doublet model (IDM)
[ 9 .4 _ . . .
Insert @1 = witpiti;m | ®Po= | votpmtin in Higgs potential, collect bilinear field terms
% v
Diagonalize obtained mass matrix with
C1C2 S1C9 S9 Hy P1
R = | —(c15283 + s1c3) ci1c3 —S18283 €283 Hy | =R | po
—c182¢3 + 8183 —(c183 + $152€3) C2C3 H3 P3 (p3 = = sgmm + i)
—7/2 <o <7/2, —m/2 < ag < /2, —m/2 < az <m/2

Leads to mass eigenstates H;, i=1,2,3, with Mg, < mpg, < my;,

m%,l Ri3(Riotan 8 — Ry1) + m%fz R23(Ra2tan 8 — Ra1)
R33(R31 — R3a tan 3)

only two masses are independent:  m}, =

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 13



< Mass spectrum: CP violation ~> neutral formerly CP-even (h,H) and CP-odd (A)
states mix to mass eigenstates H; (i = 1,2,3) with indefinite CP quantum number.

Charged Higgs sector is unchanged.
3 neutral CP-mixed Higgs bosons: H,, H,, H;,

with my <my <my
2 charged Higgs bosons: H", H™

< Allowed amount of CP violation: stringently constrained by EDM measurements

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 14



< C2ZHDM case with: SM-like Higgs boson H; = h ,m;, = 125 GeV

< Couplings to gauge bosons:

Higgs couplings to gauge bosons have the same Lorentz structure;
they are simply multiplied by a numerical factor

1ohvv  _ o v |
\&mpm = sin(ff — a)gqy, I

T —

C2HDM

| hVV _ hVV |
| 8c2rpM = OS5 X 82Dy I

.pseudoscalar”

|sina, | = 0 w Ay pure scalar
component

|sina, | = 1 w hy pure pseudoscalar

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 15



< Yukawa sector: avoid flavour-changing-neutral couplings (FCNCs) by transferring

Z, symmetry to Yukawa sector v four 2ZHDM types

u-type d-type leptons
Type | (I)2 (I)z @2
Type II CI)Q (I)l (I)l
Lepton-Specific 28 d, b,
Flipped &5 ®, 0P
< Yukawa coupling modifiers Y>yp) = K :
cosa cosa sin
TypeI: KI =KI =KI= - Tvpe IT: K‘Hz—’ KH=K'H=—
Vo T sing 7P U sing bt cos ff
cos a sin o cos a sin o
Type F(Y): K{; =Kkl'= — : Kg = — Type LS(X): K{}S = KI%S =—, K£’S = —
sin 3 cos f} sin 3 cos f}

< Higgs Yukawa coupling in the C2HDM:

| Yeorpm = €0S &y Ysupy X 1ys Sina, tan (1 /tan f) I

T —

M.M. Mithllettner, KIT

Extended Scalar Sectors From ALl Angles, Oct 2024
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| Figgs couplings in Soalar Extensions |

< Yukawa < Gauge < Scalar
Ypsu = fr(@) Yy % iysgy(ay) I 8psm = Jo(X)8sm I Apsm = (@) Ay I
T ———— —— T ——
functions of mixing angles and function of mixing angles and with gauge bosons:
(maybe) other parameters (maybe) other parameters; existence of combined
CP-conSer'ving Iimi’r:fY(ai) and Jfg(ai) =0 for pseusodscalar terms shows that CP
gy(a;) not simultaneously non-zero  in CP-conserving limit is broken

< Alignment limit: limit where all couplings of the SM-like Higgs are exactly the SM ones; e.g.

eliy = sin(p - glly sinB-w =1 gl = el

*adapted from Rui Santos

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 17



Measurements

Df C'P—\/LoLatLow
| :, ': f 0, ,. '

i)
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< Combination of three decays:

forbidden in exact alignment limit

Away from alignment limit: many other combinations possible

< Combinations involving three Higgs bosons: [Fontes Romao,Santos, Silva PRD92(2015)5,055014]

| J

Decay CP eigenstates Model
hy - hy,Z CP(h;) = — CP(h,) None C2HDM, other CPV extensions
hyay = MZ  CP(hys) = —1 2 CP-odd; None C2HDM, NMSSM,3HDM...
hy—>ZZ CP(hy) =1 3 CP-even; None ~ C2HDM, cxSM, NMSSM,3HDM...

* For test through loops, cf. talk by Rui Santos on Monday morning.

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 19



[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
+ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

+ Example C2ZHDM T1: Hi=SM-like Higgs CP-even, mus= 267 GeV

mp, [GeV] | my, [GeV] | my+ [GeV] o1 a9 a3 tan 3 R.e(m%Q) [GeVQ]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
0?11;[% fb] | K-factor F'ﬁf (GeV] F‘ﬁ; (GeV] F‘ﬁg (GeV] F‘}gti (GeV]
387 2.06 4106 x 1072 | 3.625 x 10~2 | 4.880 x 10~ 0.127
Xamy [Dam | yig, /yeE | og, o [Pb] | op, P [pb] | o, Y [pb]
0.995 1.005 49.75 0.76 0.84

o(Hs) x BR(Hy — H1Hy) = 191fb, o(Hs) x BR(Hy — WW) = 254 b
o(Hy) x BR(Hy — ZZ) = 109fb, o(Hy) x BR(Hy — ZH,) = 122 fb
O'(Hg) X BR(H3 — H1H1) = 235 1b , O'(Hg) X BR(Hg — WW) = 315 1b
o(Hs) x BR(Hs — ZZ) = 136fh, o(Hs)xBR(Hs — ZH,) = 76fb.

Benchmark point compatible w/ all relevant theor. & exp. constraints (also di-Higgs constraints)

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 20



[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
+ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

+ Example C2ZHDM T1: Hi=SM-like Higgs CP-even, mus= 267 GeV

mp, [GeV] | my, [GeV] | my+ [GeV] o1 a9 a3 tan 3 R.e(m%Q) [GeVQ]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
0%&% fb] | K-factor F'ﬁf (GeV] F‘ﬁ; (GeV] r ‘ﬁg (GeV] r ‘ﬁti (GeV]
387 2.06 4106 x 1072 | 3.625 x 10~2 | 4.880 x 10~ 0.127
Xamy [Dam | yig, /yeE | og, o [Pb] | op, P [pb] | o, Y [pb]
0.995 1.005 49.75 0.76 0.84

o(Hs) x BR(Hy — HiHi) = 191fb, o(Hs) x BR(Hy, —» WW) = 254 fb
o(Hy) x BR(Hy — ZZ) = 109fb, o(Hy) x BR(Hy = ZH,) = 122 1fb
O'(Hg) X BR(H3 — H1H1) = 235 1b , O'(Hg) X BR(Hg, — WW) = 315 1b
o(Hs) x BR(Hs — ZZ) = 136fh, o(Hs)xBR(Hs — ZH,) = 76fb.

CP-even

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 21



[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
+ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

+ Example C2ZHDM T1: Hi=SM-like Higgs CP-even, mus= 267 GeV

mp, [GeV] | my, [GeV] | my+ [GeV] o1 a9 a3 tan 3 R.e(m%Q) [GeVQ]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
0%’;};1 fb] | K-factor F'ﬁf (GeV] F‘ﬁ; (GeV] r ‘ﬁ,f (GeV] r ‘}‘I)ti (GeV]
387 2.06 4.106 x 1073 | 3.625 x 103 | 4.880 x 10—* 0.127
A3H, [ A3H yﬁHﬂ@hil UEELole] OHQLO[pb] OHQLO[pb]
0.995 1.005 49.75 0.76 0.84

o(Hs) x BR(Hy — HiHi) = 191fb, o(Hs) x BR(Hy, —» WW) = 254 fb
o(Hs) x BR(Hy — ZZ) = 109fb, o(Hs)xBR(H, — ZH;) = 1221fb
O'(H3) X BR(H3 — H1H1) = 235 1b , O'(Hg) X BR(Hg — WW) = 315 1b
o(Hs) x BR(Hs — ZZ) = 136fh, o(Hs)xBR(Hs — ZH,) = 76fb.

CP-even CP-odd

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 22



[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
+ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

+ Example C2ZHDM T1: Hi=SM-like Higgs CP-even, mus= 267 GeV

mp, [GeV] | my, [GeV] | my+ [GeV] o a9 o3 tan 3 | Re(m?,) [GeV?]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
oncg, fb] | K-factor | T'p [GeV] ' [GeV] g [GeV] | T9L [GeV]
387 2.06 4106 x 1073 | 3.625 x 1072 | 4.880 x 103 0.127
Xamy [Dam | yig, /yeE | og, o [Pb] | op, P [pb] | o, Y [pb]
0.995 1.005 49.75 0.76 0.84

o(Hs) x BR(Hy — H1Hy) = 191fb, o(Hs) x BR(Hy — WW) = 254 b
o(Hy) x BR(Hy — ZZ) = 109fb, o(Hy) x BR(Hy — ZH,) = 122 fb
O'(H3) X BR(H3 — H1H1) = 235 1b , O'(H3) X BR(Hg — WW) = 315 1b
o(Hs) x BR(Hs — ZZ) = 136, o(Hs)xBR(Hs— ZH,) = 761b.

CP-even

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 23



[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
+ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

+ Example C2ZHDM T1: Hi=SM-like Higgs CP-even, mus= 267 GeV

mp, [GeV] | my, [GeV] | my+ [GeV] o a9 o3 tan 3 | Re(m?,) [GeV?]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
oncg, fb] | K-factor | T'p [GeV] ' [GeV] g [GeV] | T9L [GeV]
387 2.06 4106 x 1073 | 3.625 x 1072 | 4.880 x 103 0.127
Xamy [Dam | yig, /yeE | og, o [Pb] | op, P [pb] | o, Y [pb]
0.995 1.005 49.75 0.76 0.84

o(Hs) x BR(Hy — H1Hy) = 191fb, o(Hs) x BR(Hy — WW) = 254 b
o(Hy) x BR(Hy — ZZ) = 109fb, o(Hy) x BR(Hy — ZH,) = 122 fb
O’(H3) X BR(H3 — H1H1) = 235 1b , O’(H3) X BR(H3 — WW) = 315 1b
(7(H3) X BR(H3 — ZZ) = 136 tb , O'(Hg) X BR(Hg — ZHl) = 76 1b.

CP-even CP-odd

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 24



@ Higgs Decay H — 77" — (f,/)(f,/>): (spin-0 assumed for H) [Godbole, Miller MM JHEP 12 (2007) 031]
- B
1gmyz p,up p*k
Ve, = ——— +b—"—~ +ce o
HZZ " cos Oy, [ Ky m2, pap m2, ]

CP violation: (a # 0 and/or b #0)and c # 0

< CP-sensitive asymmetry: sensitive foIm(¢) X7 7y
fa
0.8 | | I I | | I I I | I 1 | 1 I I | 1 |
- My =200GeV a=1,b=c=0(SM)- hormalized distribution
\ ——- a=b=0,c=i 1
07K ’ . M
’\\ —_ a=1,b=0,c=1 4,
D \ ) _ (Paz — P1z) - (D3 + Pun)
L‘ 8 0 6 B '\\ / o O]_ — — — — —
Bl 3 . D2z — Diz||Psm + Dar|
o
- 0.5
p—
O; = cos Oy
04
O 3 | ] | | I ] | | | | | | | | | | ] | |
-1 -0.5 0 0.5 1
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@ Higgs Decay H — 77" — (f,/)(f,/>): (spin-0 assumed for H) [Godbole, Miller MM JHEP 12 (2007) 031]
igmz Puby p*kP
pyo I
Vizz = cos Oy [agw, b m2, +CCuvap m—ZZ]

CP violation: (a # 0 and/or b # )and ¢ # 0

< Angular distribution in ¢:

0.25 | ,
Mj; = 200 GeV a=1,b=c=0(SM)
- — == a=b=0,c=1 -
— a=1,b=0,c=1 ) CL :
021 ez a=1,b=0,c=2 _ normalized distribution
5 = effect washed out for large Mu
!—4| -
Caveat: degenerate CP-even +

0.15
| CP-odd Higgs in CP-conserving

theory could mimic effect

| |
0'10 1t/4 7t/2 3rt/4 T

¢

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 26



< CP-conserving theory: pseudoscalar A (tree-level A = ZZ forbidden)

If tree-level coupling hiZZ coupling
is very small, of the order of the

loop induced coupling w
impossible to distinguish the models

cf. e.q. [Arhrib,Benbrik,El Falaki,Sampaio,
Santos,Phys.Rev.D 99 (2019) 3, 035043]

To unambiguously identify CP-violation

combine as many CP-sensitive
measurements as possible

M.M. Mithllettner, KIT Extended Scalar Sectors From ALl Angles, Oct 2024 2F



+Directly accessible in Higgs coupling to fermions:  wi(a + ibys)yw¢

+ Allowed region based on rates:

CP-conserving Yukawa ~a = |a|2 < meas. rate

CP-violating Yukawa ~ (a + ibys) = |a|*+ |b|* < meas. rate

b

A/v
CP-even axis

\ The allowed region is a ring

» a In the CP-odd/CP-even plane.
This is based only on rates.

CP-odd axis

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 2L



+Directly accessible in Higgs coupling to fermions:  wi(a + ibys)yw¢

+ Allowed region based on rates:

CP-conserving Yukawa ~a = |a|2 < meas. rate

CP-violating Yukawa ~ (a + ibys) = |a|*+ |b|* < meas. rate

b

A
CP-even axis /
‘. The allowed region is a ring

To resolve the ring, we need > a In the CP-odd/CP-even plane.
to look into each particular This is based only on rates.
Yukawa at a time

CP-odd axis

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 29



+ Top Yukawa Coupling: Probe vertex in production pp

S
£ sF o
g E 20
g 30,
0.5}
oE
-05 ;—
- ATLAS Preliminary
1.5 (5-13Tev, 139 fb"

N
s
7

.....
- .~
.
S

-
.

- .

--------

I]IIIIIII|IIII|IIII|IIII|IIII|IIII|II]

o
<15 -1 -0.5

—
—
()]
QN

— (h = yy)it

Consistent with the SM. Pure CP-odd coupling

excluded at 3.90, and || > 43° excluded at 95% CL.

K, =KCOsa

GV = L;ZT(KI + iRyo)ih

K, = Ksina

+ Tau Yukawa Coupling: Probe vertex in Higgs decay pp — h — t71~

CMS 137 fb~! (13 TeV)
Q 12 B T T T | T T T I T T T I T T T i
® — Observed: 17" = —1+19°(68.3% CL)
<10 -~ Expected: 557 = 0+ 21 °(68.3% CL) —
|

L 99.7%

-90 —45 0 45 90
#H77 (degrees)

[CMS THEP06(2022)012]

-AIn(L)

o - N W » (41} (2] ~
TTT T[T T T T[T T T T[T T T T TTIT [T

T T T T T
- ATLAS —— Observed: ¢7* = 9+16° (68% CL) ]

Vs=13TeV, 139" ... Expected: ¢ = 0x28° (68% CL) |

A S N AT
80 60 -40 -20 0 20 40 60 80
¢_[degrees]

Measurement of the
CP-violating mixing angle @ __

CMS: -1+19° (0+21°) obs(exp) at 68% C.L.
+41° (+49)° obs(exp) at 99.7% C.L.

ATLAS: 9+16° (0+28°) obs(exp) at 68% C.L.
+34° (*75.70°) obs(exp) at 95% C L.

[ATLAS Eur.Phys.J.C83(2023)563]
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+ Same Higgs boson couples once scalar-like, once pseudoscalar-like:

i(a,+ ibys) uh b,~0 w a, iuh scalar

d(a,+ibyys)ah  a;~0 ~w  ib,dysdh pseudoscalar

+Possible in C2HDM: couplings of h (h = Hy,,) for a; = n/2
close to 1

wv oo _ hvV
8oy = €08 Ay cos(f — ay)gay,

small

8cotpm 25 4 tan § Vs | gy

cosa; . . I hbb  _ hf
8Catpy = (COS %2 cos F; —isina, tan fj 7’5> gsg 8c2HDM = (75) Esm

+ Experiment tells us:

S1n (0%} < 1 bu1. sin a, tanﬁ = @(1)

tan f
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+ C2HDM Analysis 2017: [Fontes,MM Romao,Santos,Silva,Wittbrodt, JHEP 02 (2018) 073]

| & 125 GeV Higgs signal strengths from the combination of ATLAS and CMS collected at 7 and 8 TeV
| ® HiggsBounds 4.3.1 for constraints from searches for additional scalars

| = Electron EDM (eEDM) limit of 8.7x10-29 e.cm |
|= Lower bound of 580 GeV on the charged Higgs mass from B-meson decays in type IT & Flipped models‘

T —

+ C2HDM Analysis 2024: [BiekGtter,Fontes,MM,Romao,Santos,Silva, JHEP 05 (2024) 127]

= 125 GeV Higgs signal strengths from ATLAS and CMS w/ all run 2 data collected at 13 TeV

| ® HiggsBounds 5.7.1 for constraints from searches for additional scalars w/ all available LHC data
= Electron EDM (eEDM) limit of 1.1x10-2° e.cm (ACME) and 4.1x10-30 e.cm (JILA)

= Updated bounds on the charged Higgs mass from B-meson decays |

= Impact of direct searches, in particular the one using angular correlations in decay planes of the
tau-lepton in hy,s — 777 setting an upper limit on the pseudoscalar component of the tau Yukawa

+~ strong impact on the analysis

| |

* For C2HDM facing future EDM and collider tests, cf. talk by Y. Mao Tuesday afternoon.
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< Most 2-guise scenarios already excluded 2017:

[Fontes,MM,Romao,Santos,Silva,Wittbrodt, JHEP 02 (2018) 073]

Type I | II | LS | Flipped
h1 = h125 X X v v
hz = h125 X v v X
h3 =his | X | X | V X

> consider 2HDM type IT with hz being SM-like Higgs

No constraints
included from

hirs = 57~

sgn(ky) cB

1.5

0.5

-0.5

Type-Il, hp=hqp5

 hizs LHC2017  new scalar searches LHC7/8TeV ]
- old eEDM (light g cent ACME (dark green)

-0.5 0 1.5

sgn(ky) c§

[Biekotter,Fontes, MM ,Romao,Santos,Silva, THEP 05 (2024) 127]

1.5
LHC

eEDM

= |

Update
0.5

sgn(ky) cp

-0.5

-1.5

Type-ll, ho=hq25 *

[ hi2s LHC2024
[ JILA (dark red)

I

new scalar searches LHC13TeV |

. .:... 95.. JYON .. seue H —
ot .r. -
i‘.ﬁ!ﬂ.’}é}’ ]

° ‘{% :

: %

w3
e

. .;.5,-;:3:
I g e 6 A
2024
1.5 ...1 0.5. 0 - 0.5. 1
sgn(ky) c§

1.5

*OS top/tau
masses and

m,(my,) in
eEDM loops
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< Impact of the eEDMs: [Biekétter Fontes, MM ,Romao,Santos,Silva, JHEP 05 (2024) 127]

- Results crucially depend on significant fine-tuning of model parameters to achieve compatibility
with stringent eEDM bounds

- Limits can be evaded only as a result of a cancellation between different contributions to the
eEDM at 2-loop level in the perturbative expansion

Type-Il, ho=h125 Type-Il, ho=h425
A5 W/Iimits15””””'”_””””””
- 2024 $ - 2024
1 - running masses in eED"I:/I loops at Mz | 1 from extra4 [ running masses in eEDM loops at Mz ]
"ﬁ""‘% 1 scalar
: % { searches
05 : : L - 05 - ~ - -
&) “ &)
c C [
(o) (o) I
(2} (72} i
0.5 - 05 F -
L i q4[ :
[ no limits from searches for extra scalars ] [ including limits from searches for extra scalars
_1.5. PR I S S R ST SR S SN [ S ST S S N S S S S R S S S _1.5....I....I....I....I....I....
-1.5 -1 -0.5 0 0.5 1 15 -1.5 -1 -0.5 0 0.5 1 1.5
sgn(ky) cf sgn(ky) cf

- Cancellation » strong dependence of predicted eEDM on model parameters, including mass values
of virtual fermions in the loops of the Barr-Zee type diagrams
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< 2HDM type LS with h; being SM-like Higgs

Lepton-Specific, h1=h425

15 AL | vor | | ot T L B ot
[ hio5 LHC2024 new scalar searches LHC13TeV
L .
05 F i
or
o -
2 of :
= i
5 i
w L
0.5 .
[ 2024 Without i1 — 77 data
_15 MRS RS S S RS SR B P SRR RS S R
-1.5 -1 -0.5 0 0.5 1 1.5

sgn(ky) c§

[Biekotter,Fontes, MM ,Romao,Santos,Silva, TJHEP 05 (2024) 127]

0.5

-1.5

-1.5 -1 -0.5

Lepton-Specific, h1=h425

| hios LHC2024 new scalar searches LHC13TeV

-

[ 2024 With i — Trdata: a;,, < 41°

0 0.5. - 1
sgn(ky) c%

| LHC (direct) experiments give us information beyond EDMs! |

|c?| > | cf|not allowed any more, but |c?| =~ |c¢| still possible
T T y T T p

M.M. Mithllettner, KIT
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% Situation 2017: [Fontes, MM Romao,Santos,Silva,Wittbrodt, THEP 02 (2018) 073]
Type I | II | LS | Flipped
hi=hios | X | X | V % v large CP-odd
h h < | v 1 « 9 component possible
2 = h12s
hs =hios | X | X | V X X large CP-odd

component not possible

< Situation 2024: Can we still find large CP-odd Yukawa couplings?

Type I | IT | LS | Flipped
hi=hyos | X | X | T X
h2 = h125 X | X T X
hs =hyjos | X | X | T X
Crosses X: not possible to have a large CP-odd component;
Notation : exclusion comes from the direct searches for CP-violationinh — t7~;

Underlined crosses X: refer to scenarios that were previously allowed.

M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 326



+ C2HDM with Hi SM-like: a1 =0.853, ag = —0.103, a3 = 0.0072, tan 3 = 0.969 , Re(m3,) = 70957 GeV?
(eEDM®@2017 included) my, = 125 GeV , mpyg, = 377.6 GeV , my+ = 709.7 GeV ,

[6rober MM ,Spira,'17]

j> - | HiSM-like | NLO QCD corrections
g R : = in heavy top-limit
S included
+ 10 ';
T
Sy
)
B
o
SM reference value E
(NLO QCD heavy top-limit): ! K
38.2 fb e '
0.15 0.1 -0.05 0 4 005 0.1 0.15
0%

mr2 as function of a2 drops below tf threshold

+~ main decay channel into HiH1 ~ large resonant enhancement
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+ C2HDM with Hi SM-like: a1 =0.853, ag = —0.103, a3 = 0.0072, tan 3 = 0.969 , Re(m3,) = 70957 GeV?
(eEDM®@2017 included) my, = 125 GeV , mpyg, = 377.6 GeV , my+ = 709.7 GeV ,

[6rober MM ,Spira,'17]

resonant enhancement L :
o M= 2 | HiSM-like _ NL.O QCD cor'r'e.c‘rfons
= _ | in heavy top-limit
g 7000) q\ i S included
q Hk d 10 B .
1 --'e + | _
q I T
9 Q0 N Hy on
7
s
Q
SM reference value E
(NLO QCD heavy top-limit): ! K
0.15 0.1 -0.05 0 4 005 0.1 0.15

mr2 as function of a2 drops below tf threshold

+~ main decay channel into HiH1 ~ large resonant enhancement
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< Maximum SM-like Higgs pair production from resonant heavy Higgs production: after applying
all relevant theoretical and experimental constraints (including di-Higgs constraints)

[Abouabid,Arhrib,Azevedo El Falaki,Ferreira, MM,Santos,” 21]

in fb Hq H> <- SM-like Higgs
resonant eni_\anfemen'r RQHDM-I 444 1l.a.
e R2HDM-II | 81 n.a.

C2HDM-1 | 387 47
C2HDM-II | 130 -
N2HDM-1 | 376 344
N2HDM-II | 188 63
NMSSM 183 65

- —
SM Cross Section (NLO QCD, heavy top limit): 38 fb
max. enhancement (R2ZHDM-I): non-resonant: 1.2, resonant: 10.2

* For NLO QCD corrections w/ full mtop,
cf. talk by M. Spira Wednesday afternoon.
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CP-Violation L Supersy mmetrie NP Extensilon

Standard Model particles Supersymmetric partners
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0007, 20000
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|
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\ / \

( JQuarks OlLeptons ©)Gauge O Higgs ( JSquarks ()Sleptons ( JGluino () Neutralinos
bosons & charginos
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< Minimal Supersymmetric Extension (MSSM): two complex Higgs doublets (type IT 2HDM)
Minimum condition precludes CP-violating phase in the tree-level Higgs sector*

0 2, si U1 . !
M¢oco _ mio 1n(§) tC? = _Etcg — ﬁm%zvz sm(f) =0

—m?, sin(§) 0

< Next-to-Minimal Supersymmetric Extension (NMSSM): two complex Higgs doublets + complex singlet
Tree-level CP-violation in Higgs sector possible

*While tree-level CP-violation in the Higgs sector is not possible, there is radiatively induced CP-violation which impacts
the Higgs (and other) observables.
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+ The Higgs spectrum: two doublets Hy,Hg plus complex singlet S v after EWSB

CP-conserving (CPC): 3 CP-even Higgs bosons H; (i=1,2,3), Qéd
2 CP-odd Higgs boson Aj (j=1,2), y

2 charged H*,H-

CP-violating (CPV): 5 CP-mixing Higgs bosons Hk (k=1,..,5), |
2 charged Higgs bosons H*, H- 1

T —

+ Tree-Level CP-Violating Phase:
Py = Pr— PAT 205 — Pu

CP-violating mixing in the Higgs mass matrix is proportional fo sin ¢,

+ Higher-Order Corrections to Higgs Masses: required to shift SM-like mass to 125 GeV

CP-violating phases independent of each other, CP-violating phases from all other sectors

(electroweakino, sfermion) enter
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ato

and of Higgs Decay Widths
in the CP-conserving and the CP-violating NMSSM

NMSSMCALC g
Calculator of One-Loop and
O(a; ag + (a; + ay, + a,)?) Two-Loop
Higgs Mass Corrections \ly'

Higgs masses in the CP-violating high-scale NMSSM
based on EFT pole-mass and quartic-coupling matching
at one-loop order and MSSM-limit 2-loop order

Computation of the Loop-Corrected Effective Higgs Self-Couplings
and the Loop-Corrected Higgs-to-Higgs Decays

up to O(a; ag + a;?)
Computation of the muon anomalous magnetic moment and the electric dipole moment

Computation of the @ parameter up to O(a + o4 og + (o + o) + au)z));
W-mass prediction in the SM, at 1-loop NMSSM, 2-loop QCD NMSSM, 2-loop EW NMSSM

New: Higgs masses in the CP-violating high-scale NMSSM
based on EFT pole-mass and quartic-coupling matching
at one-loop order and MSSM-limit 2-loop order

_ Julien Baglio, Christoph Borschensky, Thi Nhung Dao, Martin Gabelmann, Ramona Gréber, Marcel Krause, Duc Ninh Le, Margarete Miihlleitner, Heidi Rzehak, Michael Spira,

Authors: Juraj Streicher and Kathrin Walz
Program: NMSSMCALC version 5.3 NEW! Higgs mass predictions in the CP-violating NMSSM based on EFT pole-mass and quartic-coupling matching - 26 June 2024.

Program Extension: NMSSMCALCEW which includes the SUSY-EW and SUSY-QCD corrections to the decay widths and branching ratios. Information and download at: webpage of
NMSSMCAILCEW.

Web page: https://www.itp.kit.edu/~maggie/NMSSMCALC/
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Note: no constraints from EDMs included here

tree-level dependence on oy (x=p,A+,M2):

0.02
0.018
0.016
0.014
0.012

0.01
0.008

F(H*>W*H,) [GeV]

0.006

40
30
20
10

0

or [%]

¢px-dependent HO corrections to mui

8r: size of relative 1-loop correction
[Dao,MM Patel,Sakurai,' 20]

I I I 1 I 1 1 T l 1 I I 1
- dashed: tree-level i
full:- one-leop--—i---- b it B

! P=Om, ——
) -
\ [
............. S S W W
N ™ — - - g ]
=3 = s = I T
| | | 1 1 1 1 i | | |
[T

10 k- i
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....................
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0y [7]
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H: SM-like Higgs: loop-corrected Higgs self-coupling

as a function of @asof At = |At| exp(i @ar)

[Borschenschky,Dao,Gabelmann, MM Rzehak, 22]

210

e+
1 —one-loop®® —O(aras)® —O(ai(as +ap))°s

. - one-loop™ - O(arag)PR - O(at(as +ar))PR

-

| APR| = 250 GeV

* For precision predictions of A5y, cf.
talk by M. Gabelmann Friday afternoon.
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e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry
in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]

ng —ng
N~

58-1071° < <6.6-10"1°

e Sakharov Conditions: [Sakharov '67]

* (1) B number violaton (sphaleron processes)
% (71) C' and C'P violation

 (7i7) Departure from thermal equilibrium

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]

* For viable model for v, DM & EWBG, cf.
talk by S.Kanemura Tuesday afternoon.
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+ Next-to-Minimal 2-Higgs Doublet Model: [Azevedo Ferreira, MM Patel,Santos, Wittbrodt, 18]
ohe exact Z; symmetry: @1 = @1, Pg—= —Py, Pg— —Dg
CP-violating

2
m
VO = m?2|®1)% + m2,|®)? + TSCI% + (A@‘;@z@s + h-C-) portal term

A A A
—1|<I>1|4+—2|<1>2|4+A3|<1>1|2|<1>2|2+A4|<I>I<I>2|2 + 5 [(2122)* + (2121)*
/\6 2 A8 222 CP-conservin
220 + 21Dy | B2 Dy |° D% . -
T 4 S+ l 1["®s + 5 | 2| @5 portal terms

+ General vacuum structure at T=0: no VEVs for ®@,, ®¢ ~ 3 particles in the dark sector

1 /0 0
(q)1)|T=O — ﬁ (VI) 3 <‘I)2>|T=O — (O) 9 <<I)S>|T=O =0 w1|'r=o Gev =Vl = v =246.22 GeV

+ General vacuum structure at TzO0:

1 p1 + im 1 P2 + weB + i
o= — ), e = . &5 =
1 (C1+w1+l\1’1) ? \/Q(C2+w2+l(‘1’2+wc1>) s =Gt ws

electroweak VEVs: wi,w2  CP-violating VEV: wcp
charge-breaking VEV: wce (unphysical; found to be zero for all of our scan points)

Z2-symmetry breaking VEV: ws
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+ Next-to-Minimal 2-Higgs Doublet Model: [Azevedo, Ferreira, MM Patel,Santos, Wittbrodt,18]
ohe exact Z; symmetry: @1 = @1, Pg—= —Py, Pg— —Dg

m% CP-violating

2
%'(I)S + (Aq)I@?q)S + h.c.) portal term

VO = m?|1®1|2 + m2,| @2 +

A1 A5 T 2 T 2
— @4 — (D1 P o, D
T 2 ! CP violation purely in the dark sector ) 2 (2122)" + (@221)7
4+ ﬁqﬂ | > not constrained
4 by electric dipole moment

+ General vacuum structure at T=0: no VEVs for ®,, ®; w 3 DM candidates

1 /0 0
<¢1>|T=0 — ﬁ (Vl) 3 <¢2>|T=0 — (O) 9 <<I)S>|T=O =0 w1|'r=o Gev =Vl = v =246.22 GeV

+ General vacuum structure at TzO0:

1 p1 + im 1 P2 + weB + i
O = — ) By = — . By =
1 \/E(C1+w1+l\1’1) ? \/E(C2+w2+l(‘1’2+wc1>) s =Gt ws

electroweak VEVs: wi,w2  CP-violating VEV: wcp
charge-breaking VEV: wce (unphysical; found to be zero for all of our scan points)

Z2-symmetry breaking VEV: ws
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[Biermann, MM Miiller,22] [Biermann,MM ,Santos,Viana, 24]
CP-Violation in Dark Sector: at T=0 unconstrained by EDMs!

0 100 200 246 300 350
() [GeV]

- possibility of SFOEWPT & spontaneous
CP violation (CPV)
- spontaneous Z, violation also possible
=> non-standard CPV transferred to
visible sector
- interesting for EWBG! cf. talk by F. Joaquim Tuesday afternoon.
W—W

* For spontaneous CPV by a scalar singlet,
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+ Sizable CP-Violation:

- clear sign of BSM physics; required for EWBG
+ Measuring CP-Violation in the Higgs sector:

- Combination of Higgs-to-Scalar Decays

- Angular distributions, CP-sensitive observables in Higgs production/decay
- Measurement of CP-violating Yukawa couplings

- Caveat: Combination of measurements required to unambiguously identify
CP-violation (2-guise Yukawa couplings, misidentification of CPV/CPC)
+ CP-Violation in supersymmetry:
- Large number of CP-violating phases
- NMSSM allows for tree-level CP-violation in the Higgs sectors
- Masses/trilinear couplings affected by CP-violation (tree-level, radiatively induced)
+ CP-Violation and EWBG

- Sizable CP-violation required, conflict w/ EDMs
- Nice way out: CP-violation in Dark Sector

CP-Violation appears in many different guises |

|
| v Creativity required both on Exp and Th side |
| to identify unambiguously CP-violation |
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Test of CP-Violation in ,,CP in the Dark”
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< Another possibility to detect P-even CP-violating signals: through loops

< Remember detection through combination of decays:

h2 — hIZ CP(hz) —_- = CP(hl)

hy =z CP(h3) = — CP(hy) In case of no access to decays:

build Feynman diagram with the
same vertices:

h AT z
And see if it is possible to extract / I
information from the measurement Z "'W"”<\ | ha
of the triple ZZZ anomalous coupling: N
P pling hs N | >

Can we build such a model?
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+ How can we fest CP violation? Look at the vertex ZZZ <- CP-violation from C-violation inside loops

. p12 — m% 7 [Gaemers,Gounaris,79;Hagiwara,Peccei,
il =—e > fa (gﬂapz,ﬂ + gﬂﬂps,a) +... Zeppenfeld Hikasa,'87;6rzadkowski,
mz Ogreid,Osland, 16]
N < 0.002CMS____ 137fb7(13TeV)
(v - B i
[CMS Collaboration, EPJC78 (2018) 165]
0.00 1|t
~12x 1072 < £ < 1.0x 1073 SN G ENN
4 0— \\ (\{\ < \\ N\
i \\ \\ \ \
: \\\\~~_.// /,
[ATLAS Collaboration, PRD97 (2018) 032005] -0.001f O
=
-3 _ (7 -3 L Oboorved.95% C
—-1.5x 1077 < fF <1.5x10 -0.002 —§§5§eggg;gt i
K ) est i
-0.002 -0.001 0  0.001 0.002
Y
fs

[CMS Collaboration, EPTC81 (2021) 200]
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+ How can we fest CP violation? Look at the vertex ZZZ <- CP-violation from C-violation inside loops

p12 — m2 [Gaemers,Gounaris,79;Hagiwara,Peccei,
ilygp=—e 2 2 (8uaPrp+ 8upP3ra) + Zeppenfeld Hikasa, 87:6rzadkowski
pap m2 4 \Sual?.p upl3.a eppenfeld,Hikasa, 87;6rzadkowski,
Z Ogreid,Osland,'16]

[Belusca-Maito,Falkowski,Fontes,Romao,Silva,
JHEPO4 (2018) 002]

[Azevedo, Ferreira, MM Patel Santos,

Wittbrodt, JHEP11(2018)091]
C2HDM Type I
104 ¢ — —
- | 2 _ i :
V¢? =500 (GeV) 1ol Re(f7/fizs)
i -/ \ mm=- Im(ff/fm)
109 F - .
: . 0.5}
B R S A N
<2 10° | S - [ A
T _os}
107 7 E [ _
A C2HDM T1 rof CPiin the Dark
108 -t SO h— — 5 10 15 20 25 30 35 20
102 103 10% 2
mg (GGV) h Z
M.M. Mithllettner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024

55



+ How can we fest CP violation? Look at the vertex ZZZ <- CP-violation from C-violation inside loops

. p12 — m% 7 [Gaemers,Gounaris, 79;Hagiwara Peccei,
il =—e > fa (gﬂapz,ﬁ + gﬂﬂps,a) +... Zeppenfeld Hikasa,'87;6rzadkowski,
mz Ogreid,Osland, 16]
[Belusca-Maito,Falkowski,Fontes,Romao,Silva, [Azevedo, Ferreira, MM Patel Santos,
JHEPO4 (2018) 002] Wittbrodt,JHEP11(2018)091]

C2HDM Type I

10— — 7 & .
: /@2 = 500 ((aV) [ i
i Re(f{/ fi2) )
B """ Im(f/ fi2s)

T e The typical maximal value
- o | for f4 seems to be below 10-4

S 100 Ty . _— = Ol
—0.5-
107 R E '
] | CP in the Dark
C2HDM T1 “1of n the Dar
10_8 —— ] ' S— 5 10 15 20 25 30 35 40
10° 10° 10*
pi/my
mg (GGV)
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PM Observables and LHC Observables L, CP L the Dark“
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U Hogstowwisibleveay

[Biermann,MM Miiller,'22]
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- SFOEWPT points scattered across allowed ScannerS parameter space

- BR(h->inv) strongly correlated w/ pyv (V=W=,2Z): for pvw->1 SM-like Higgs
BRs converge to SM values ~ BR(h->inv) forbidden =>

- future increased precision in BR(h->inv) and pyy constrain parameter space,

however, no further insights in strength of EWPT gained
- S
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[Biermann,MM ,Santos,Viana]
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- Viable GW points (SNR(LISA-3yrs)>1 - colored points):
compatible w/ relic density (<h2)

above neutrino floor

testable at future direct detection experiments

T

M
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Extended sScalar sSectors From ALl Angles, Oct 2024 59



.

—
/ H. Kalka /G. Soff

4

/) Supersymmetrie

M.M. Mithllettner, KAT Extended scalar sSectors From ALl Angles, Oct 2024 &0



< C2HDM contains three neutral CP-mixing Higgs bosons Hi (I=1,2,3), My, > My, > My -

w Interesting possibility of Higgs-to-Higgs cascade decays

> Spectacular production of four Higgs bosons!

M.M. Mithlleitner, KAT Extended Scalar Sectors From ALl Angles, Oct 2024 o1



@ Heavy Higgs mass spectrum for Hi SM-like (red points): rather compressed for m; > 250 GeV ~
no Higgs-to-Higgs cascade decays H, — H H| — (H H|)(H,H,) in contrast to e.g. N2ZHDM, NMSSM

M.M. Mithllettner, KIT

[Abouabid,Arhrib,Azevedo El Falaki,Ferreira, MM,Santos,” 21]

® Hi=Hgy ® Hp=Hsy @ Hi=Hgy ® Hi=Hgy
. ' ' C2HDM-I ‘ 4 C2HDM-II , ‘
Q0007 T ’ 5000 "c‘aas'+.'~z.'.'r;+;ac'r'aaa'z';'s"y """" T .
E [Misiak eal] E
L : 1000 - ----§------ === ======= -2 i i-
> | . > o E
§ 500 , R S
100} -+----4---* 100 -+----1----- o
Ny CZHDM type I o CZHDM ‘rype II
50— - 50—
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® Hi=Hsy ® Hy=Hsy @ H;i=Hgsy ® Hi=H, ® Hy=Hgpy
N2HDM-I N2HDM-II
3000 -+----i--=mgg-mmmmmmnoooo o |
1000 +---*+--
~
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100- ----------------4-------:. ------------ 100--:- ------------------------------------------------
o N2HDM type I oL NZHDM type II
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+C2HDM Type IT: degenera’re mass spec’rr'um! my, — mH3| <0.1mpg, [Basler,DawsonEnglert,MM,21]

30 : [ 0.3 . . .
691 GeVtintf. —— N 691 GeVtintf. ——
694 GeV+intf. —— ! o, ot .| 694 GeV+intf. ——
= 207 691 GeV ------ 1 = oo 691 GeV ------
3 694 GeV ------- o 694 GeV ------- ]
2 1 2
S =
= -
5 5
3 5
—20 L L L L L L L L L L L L L
400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
m(tt) [GeV] m(hh) [GeV]
heavy Higgs production heavy Higgs production
w/ subsequent decay into t1 w/ subsequent decay info SM-like hh
destructive interference effects constructive signal-signal (Hz-H3)
between signal and SM background interference effects

* For interference effects in simplified model,
cf. talk by R. Kumar Thursday afternoon.
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BP1 BP2 BP3 BP4
mu, [GeV 125.090 125.090 125.090 125.090
mu, [GeV 764.044 691.319 608.588 442.903
mu, [GeV] 814.578 694.637 609.393 626.371
my+ [GeV] 853.064 654.204 679.601 651.550
a1 0.746 0.766  0.818  0.736
a2 -0.132 0.042 0.053  0.045
a3 -0.086 1.144 0913  1.567
tan(p) 0.921 0.870 0.892  0.928
Ri, 0.017 0.002 0.003  0.002
R34 0.007 0.827 0.624  0.998
R34 0975 0.171  0.373  0.000
o(gg — H1)[pb] 45.908 49.699 53.640 43.233
o(gg — Hz)[pb] 0.651 1.700 2.903  19.042
o(gg — H3)[pb] 0.637 1.284 2670  1.899
i, Hy H, GeV] -30.633 150.815 115.626 -184.173
AH,H H, [GeV]  -49.478 253.524 305.386 -55.652

A, H, H;y [GeV]

-448.381 120.882 -121.714 6.123

T'(H;) [GeV. 0.004 0.004 0.004  0.004
I'(Hz) [GeV] 36.623 41.150 31.551  21.580
T'(Hs) [GeV. 51.865 34.787 29.057  32.449
BR(H2 — HiH1) 0.001 0.021 0.044  0.003
BR(H, — t1) 0.936 0.962 0.922  0.990
BR(Hs — H1H;) 0.045 0.006 0.008  0.000
BR(Hs — t7) 0.871 0.979  0.965  0.793

[Basler,Dawson Englert MM'21]



+ Tree-level Higgs potential: (neglecting D-term contributions)

Vg =(I\S|” + m% )H Hy + (I\S|” +m% ) H}H,, +m?%|S|?
1

+|KkS% = \Hy - Hy|” + (5,@4&53 — AA\SHy - Hy, + h.c.)

e — N

+CP violation in the Higgs sector: A, x, Ay, Ax can be complex

+Higgs fields after electroweak symmetry breaking (EWSB):

1 : -
—=(va + ha + | h.t i
H,— —5 (v + ha +iaq) CH, — ot g ¢ (0. + hy +ia,)
h, 715(1)“ + hoy + 1ay,) V2

15

. AUs
effective u parameter: p = NG
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+ Computation of EDMs: included in NMSSMCALC

+ Tree-level CP-violation in the Higgs sector: ﬁ) wﬁ&/

Py = P2 — Py Q=@+, + @, MSSM-like
0, = @, + 30, NMSSM-like

Due to cancellation of diagrams contributing to EDM: rather larger CP-violating NMSSM-like ¢, phase
still possible

P

. + (8 | i P\ &
[King, MM ,Nevzorov,Walz Nucl Phys.B 901 (2015) 526] Lirr=—gr 7" (¢} +ic,vs) 7 H; tang; = 5
X

10° pr——— T 0.5

- . tanf>5 - |- 0.45 L :

101 _ . . Lo .;. tanB<_5 . _ 04 k&
4 o ° ~é.. : .

0.35

o 0.3
= 0.25
0.2
0.15
0.1
0.05

0

[dE/dES® |

. o b %) 2 _al ‘ il o & o3k
-1 -0.8-0.6-0.4-02 0 0.2 04 0.6 0.8 1
Oo/T
Note: these are EDM constraints of 2015 Full (empty) circles: allowed (forbidden) by EDMs
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arg(m3y) + arg(wy + iw3) + cm [°]

[Basler MM ,Wittbrodt,'17]

Total CP-violating angle at the phase transition

+ C2HDM type 1 + C2HDM type 2
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+ C2HDM Type I+IT baryon asymmetry calculated in FH approach normalized to observed value:
bubble wall velocity fixed to vw=0.1, Lw: bubble wall length, T.: critical temperature at degenerate
vacua V(vcz0)=V(v=0), £.=v./T. phase transition strength, 8: CP-violating phase of m+ (m; = [mi(2)| exp(i 69 (2))

10-1 B —— ____________ . [Basler,Biermann,Miiller,21]
. ® 500
.. °
-3 “ ‘. o
10721 - o o T o o’
. r %ot 400 _
i - c s > _
~ L ‘e ¢ 5 m average
= 1070 Y LA = non-SM-like
3 oo 300 | .
< . o Higgs mass scale
7 i. .'o Se E
U o 200
y ¢
@ {
102 10
@tchch

See also [Bahl Fuchs Heinemeyer Katzy Menen Peters, Saimpert, Weiglein,22] for impact of tau-lepton CP-violating
phase in ,VIA" approach; caveat, however: VIA approach overestimated [Postma,van de Vis,White, 22]
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[Biermann, MM Miiller,22] [Biermann,MM,Santos,Viana, 24]
CP-Violation in Dark Sector: at T=0 unconstrained by EDMs!

. 2.4 o0 : 50
80 - 2.2 ..
40 , 40
. 2.0 ) 7
> 60- =30 &
) 18 3 N2
_ ur — %
=9 . . A —
s 40 1.6 52 . 20 &2
. Z
1.4 e -
20 - 10 -
1.2 . :
0+ o O‘H"‘W'?RﬁIMINARY 1
10-3 10! 10! 10% 10~ 10~ 10! 10°
[Im (A)/Re (A)| [Im (A)/Re (A)]
| | I
- possibility of SFOEWPT & spontaneous - SNR(LISA-3yrs)>1 (colored) for max.
CP violation (CPV) |wer|=0(10-1)
- spontaneous Z, violation also possible - spontaneous Z, violation leads to
=> non-standard CPV transferred to plasma friction w/ (former) DM
visible sector direction =>
- interesting for EWBG! - spontaneous CPV may escape run-away
Ww M
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2 Higgs Decay into Z boson pair: H = ZZ™ = (f1f1)(f2f2)

SM Double polar angle distribution

! dr’ 9 1 4 - 2 . 9
— _ 9 ; .
I'" dcos 0;1d cos 05 16 v4 + 2 [’Y sin” 6 sin” 6,

—|—1 (1 + cos?6;)(1 + cos® 92)]

2

SM Azimuthal angular distribution

< Angular distributions for particle w/ arbitrary
spin and parity:
helicity analyses & operator expansion

1 dr” 1 1 1

N 2
T do | T2 2 ¢]

= Azimuthal angular distribution differs for scalar and pseudoscalar particle:
0t : dl'/dp ~1+1/(29*+4) cos2¢
0~ : dI'/dp ~1—1/4cos2¢

= Threshold behavior allows to determine the spin of the particle:

spin O: linear rise w/ p dCTH — 7+ 7
spin 1 (2) particle ~ p3 (~ p3) [ FIVE L. B=+/(My — Mz)? — M2/Mpy
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Other Spectrum Ca Leulators

- FlexibleSUSY
through FlexibleEFTHiggs
- NMSSMCALC
mixed OS-DR
- NMSSMTools : FO, DR scheme
- SOFTSUSY
- SPheno : FO, DR scheme

. DR, FO & hybrid,

: FO, real & complex NMSSM, DR and

: FO, DR scheme

W

Remarks:

- comparison of codes in DR scheme:

FlexibleSUSY, NMSSMCALC, NMSSMTools, SOFTSUSY, SPheno

- comparison of codes in mixed OS-DR scheme:
FeynHiggs, NMSSMCALC

- solution of Goldstone boson catastrophe

- advances in FeynHiggs:

- OS masses CP-violating NMSSM, consistent description production/decay

- Review on Higgs mass predictions in the MSSM and beyond

- Higgs mass predictions w/ heavy BSM particles

W

e
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< Recap SM Higgs Sector:
Z = (D,®)(D'D) — (' + A(@'D)*) > <0,1>0

Parametrization of the complex Higgs doublet:

( ¢+ )

b= L(v+,0+i;7
| V2 /

2
v=‘/ ";' = 246 GeV

Mass and trilinear couplings (uniquely determined in terms of ma!):

Minimum of the potential is at:

3m? 3m
2 _ 2 oy, _omy,
my =24v7, Ay = — A = ——

Spectrum: Physical Higgs boson + 3 Goldstone bosons; potential does not allow for C or P violation
(neither explicit nor spontaneous)
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