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1 Institut fir Technologi

The SM Higgs sector T

— T >V T~v — T <v

EW symmetry unbroken in early universe

!

Cross-over transition at 7" ~ v

i}
EW symmetry broken at T'= 0

Minimal parametrization of EW symmetry breaking
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The SM Higgs sector XIT

T>v T~v —— T<v
Consequences: ?

— One physical scalar particle )
— Couplings ~ Mass ? )

: ?
— No CP violation in Higgs potential

?
?
' N4

Any departure from these predictions - BSM physics
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Why extended Higgs sector? AT

arlsruher Institut fir Technologie

Atoms Dark DARK MATTER
4.6% Energy

Dark 71.4%

Matter

24%

TODAY GRAVITATIONA-
WAVES
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Matter-antimatter asymmetry T

SM prediction: We do not exit: % ~ 610719
Y

Observations: We exist: 22 ~6.10-10
Ty [BBN, CMB]

[DO, Fermilab]

Baryon Asymmetry of the Universe (BAU) — Sakharov conditions

1. B violation 2. Loss of thermal equilibrium 3. C and CP violation

Electroweak baryogenesis: Requires BSM around the EW scale
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EW baryogenesis IT
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1st-order electroweak phase transition R,
V(¢) ~ High t7lperature Baryon number preservation criterion:
v
2>
Critical temperature T~

(degenerate minima) [Kuzmin, Rubakov, Shaposhnikov,
Phys.Lett.B 155 (1985) 36]

|¢| ¢>+0

Currently probed at the LHC [osé Miguel Noj
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Gravitational waves A\K“

1st-order EWPT gives rise to a primordial stochastic GW background
LISA

[CERN] [NASA]

Complementarity: Colliders <> GW detectors
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The (next-to) 2HDM SKIT
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N2HDM = 2HDM(¢1, ¢2) + Real Scalar Singlet(¢s)

Scalar tree-level potential

A A
Viree = miy [ @17 +m3, | @2 —mi,y (@] @2 + he) + T (2]@1) + T2 (@)02)?
A3 (BT 1) (@5 d2) + M (®T @) (DD A
+ A3(D]P1)(PLD2) + Aa(P] Do) (PLP1) +

25

2
Xo A As, to
g‘@g + %(@}@1)4% + ?8(@5%)@%)

[(®1®2) + h.c]

1,
<+§m?;<bzs +

Extension of Z (&1 — ®; and &3 — —P3) to Yukawa sector = 4 types of the (N)2HDM
Type-11/IV(flipped): ugr coupled to ®,, dr coupled to ¢, ¢y coupled to ¥, /P,
EW vacuum:

(@) = (vl/o\/i> L (@) = (g) . (Bs)=vs/VZ E€R tanf:=wy/u

Scalar spectrum: CP-even scalars hy/h, ho/H, hs, CP-odd scalar A, charged scalars H*
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Opportunities?*** AT

 Institut fir Technologie

Cascade decays: 1st-order EWPT smoking gun signature A — ZH — Ztt
his5 self coupling: Non-resonant pair production and GW

A scalar at 95 GeV? gg — hgs — vy (CMS)
99 — hgs — 777~ (CMS)
ete” — Zhgs — Zbb (LEP)

1V -boson mass: CDF measurement and weak isopin breaking

*Personal selection
**At LHC and future eTe™ collider
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1st-order EWPT in 2HDM-II

[tan 8 = 3, cos(B — @) = 0, ma = mys]
Smoking gun at the (HL-)LHC:
pp — A— ZH — (Y0~ tt
Vital to exploit the H — tt channel
No limits yet!

Red: Extrapolations of
projections for 41 fb™*

Huge discovery potential (low tan /3)

[TB, S. Heinemeyer, J. No, O. Olea, G. Weiglein,
2208.14466)
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1st-order EWPT in 2HDM-II

Pair production and GW at LISA:

SKIT

Karlsruher Institut iir Technologie

6
g'&'z; ! ¥ Qoggoy— - §
'}>_fi__< pur. l 5
0 N o ILC-500
- HL-LHC
2HDM\ (1 /
_ ()‘hhh )( : 44 = ATLAS limit
oA (ASMY©) © EW SnR
hhh Trapped

Expectations at LISA will be shaped SNR 2 1

by (HL-)LHC results gf T 1#-“"-":

For points with potentially detectable
GW signals: Ir - . . . .
kix ~ 2 = exp. HL-LHC limit 0 100 200 300 400

[TB, S. Heinemeyer, J. No, O. Olea, G. Weiglein, 2208.14466]
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1st-order EWPT in 2HDM-II

Exp. precision on x) ~ 2: (For ky = 1: 6xP = 60%/27% at HL-LHC/ILC-500)

kS %] at HL-LHC

0k [%] at ILC-500

70 71 72 73 9 10 11
— -—— ="
220 F ] 220F e ]
2.15F . 2.15F ]
< ~< .
4 o » - 4 T P
-”‘. ’ \ /' /". ’
210 F ’ 1 210F [/ v et 1
2.05F /QHDM-H, tan = 3: SNR > 0.1 2.05F 2HDM-IL, tanf = 3: SNR > 0.1
107! 10° 10! 10? 107! 10° 10! 10?
SNR(vw = 0-6)7yrs SNR(vw = 0~6)7yrs
[TB, S. Heinemeyer, J. No, O. Olea, G. Weiglein, 2208.14466]
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The 95GeV excesses

Y 1 ! T
2 LEP ]
S (@ Vs = 91210 GeV
= 1
£ ]
=
-l —— Observed
&) . - Expected for background
B 10 4
in
N 1

2
10 L Ll .

20 40 60 80 100 120
my(GeV/c?)
[LEP: hep-ex/0306033]
Local significance: 2.30
Extracted signal strength:
pub (eTe™ — Zh — Zbb) =
0.117 + 0.057

[Cao, Guo, He, Wu, Zhang: 1612.08522]

Thomas Biekotter

4 CMS 197" (8 TeV) +35.9 10 (13 Tev)
T T T T T

H=yy — Observed
B8 Expected = 10

----- Expected = 20 ]

/ oy x B(H» yy)SM
N
T

85%CL

o, X B(H = yy)

| |
80 8 90 95 100 105 110
my, (GeV)

[CMS: 1811.08450]

Local significance: 2.80

Extracted signal strength:

Py (99 = R — yy) =
0.6+0.2

[CMS: 1811.08459]
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- CM§ Preliminary 138157 (13 Tev)
—e— Observed

102F -------- Expected 4
- 68% expected

10 |: 95% expected E

95% CL limit on o(gge)BR(9—7) (pb)

High-mass

Low-mass
L

" .
70 100 200 300 1000 2000
m, (GeV)

[CMS: 2208.02717]
Local significance: 3.10
Extracted signal strength:

prr (99 = h—7177) =
1.2405

[CMS: 2208.02717]
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The 95GeV excesses

CMS Preliminary

132.2 b7 (13 TeV)

SMm

T T T T [ e T T

H-> yy

4
©

T

Moriond23

S ‘ i
= LEP ]
S (@) Vs = 91-210 GeV
= ]
Z ,
- —— Observed
Q X -+ Expected for background,
B 10
n
= ]
2
10 L Il Il Il L
20 40 60 80 100 120

my(GeV/c?)
[LEP: hep-ex/0306033]
Local significance: 2.30
Extracted signal strength:
pob (eTe™ — Zh — Zbb) =
0.117 + 0.057

[Cao, Guo, He, Wu, Zhang: 1612.08522]
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/ oy XB(H > vyy)
o
o

esterday)

— Observed

NEW RESULT meowces-w

~~~~~ Expected =20

95%CL

oy XB(H > yy)

100 105 110
m, (GeV)

[CMS HIG-20-002]

75 80 8 90 95

Local significance: 2.90

Extracted signal strength:
tiry (99 = h — v7) = 0.35
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CMS Preliminary 138 fb' (13 TeV)
T T

10°
—e— Observed

102F - Expected 4
I 68°% expected

10 \:l 95% expected E

95% CL limit on o(ggo)BR(9—7) (pb)

Low-mass High-mass

107 .
200 300 1000 2000

m, (GeV)

70 1(;0
[CMS: 2208.02717)
Local significance: 3.10

Extracted signal strength:
firr (99 = h —TH77) =
1.2+0.5

[CMS: 2208.02717]
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This week’s news from CMS A“("

«10°CMS Preliminary 132.2 fo" (13 TeV CMS Preliminary 132.2 fb" (13 TeV)
> T T T T T ] = 3
o 100-H - 7] B
S [~ w + Data ] E H- yy — Observed B
@ M,=95.4 GeV — S+Bfit 1 E
£ 80 — E
S N e B component | + . Expected £16  J
> [ T ]
w 60 [ E+o | % rrrrr Expected £20
R L .
2 w0 :— —: 5 E
=t 1 T E
) L B 3 E
@ 20 - ] A§ é
@ ol I L L | Q 3
component subtracted= T J

E L

[22]

X

I
=] 80 85 90 95 100 105 110
L m, (GeV)
70 80 %0 100 110 120
m,, (GeV) [CMS: CMS HIG-20-002]

Refined analysis (see Susan Gascon-Shotkin's talk), but the excess persists in the updated analysis!

~ 30 local significance (unchanged), but signal strength reduced
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[CMS: CMS HIG-20-002]
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1st-year Run 2 __

Hoyy _
0.6 +£0.2

Full Run 2
Hoyy ~
0.354+0.12

[TB, S. Heinemeyer, G. Weiglein,
2303.12018]

Refined analysis (see Susan Gascon-Shotkin's talk), but the excess persists in the updated analysis!

~ 30 local significance (unchanged), but signal strength reduced
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Implications:

[TB, S. Heinemeyer,
G. Weiglein,
2303.12018]

Refined analysis (see Susan Gascon-Shotkin's talk), but the excess persists in the updated analysis!

Thomas Biekotter

~ 30 local significance (unchanged), but signal strength reduced
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Singlet-extended 2HDM

0.20 F

0.15

AT

Karlsruher Institut fiir Technologie

[TB, S. Heinemeyer, G. Weiglein, 2303.12018]
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Singlet-extended 2HDM

CMS-PAS-EX0-21-018: ttH with H — 77~

Thomas Biekotter

fer

AT
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0 2 1 6
0.6 FType IV, I X5 500 = 16,15
g Y 2 R L 'ETE B,
CMS-PAS-EXO-Zl-O%S s
. o
L a
04 o % "¢ 3
L o
0.2F ]
0.2 0.4 0.6
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[TB, S. Heinemeyer, G. Weiglein, 2303.12018]
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My, in the SM and beyond XIT

er Institut fir Technologi

v,

1 1 am
= M3 = M3 (2 + 1 m(l + Ar)) = M3 (G, Mz, Ar(my,my,...)
2
Loop corrections: Ar = Aa — —Ap+ ...
s

w

Custodial symmetry: p = 1 at classical level « holds in (N)2HDM
Quantum corrections from isospin splitting: Ap # 0

SM: Ap ~ (m? —mj) (N)2HDM: Ap ~ (m?% — m3e)(myy — maL)
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CDF measurement of My K
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What to make of this? —Totaluncerainty
Stat. uncertainty
. . e Tevatron I combination
At the moment it is not justified to PRD 70 (2004) 092008 °
disregard neither the CDF DO I _ = o
. PRL 108 (2012) 151804
measurement nor the previous ones LEP combination
Phys. Rept. 532 (2013) 119
Precision of My, measurements g1 —— —a—
dominates EW fits in SM a.n;l beyond LHC s .
(second most important: sin® O.g) SDETE
-
Science 376 (2022) 170
H Electroweak Fit (J. Haller et al.)
New _PDG average will have. . et L Y
significantly inflated uncertainties E[ec,mwedkpn(_} de Blas etal.) A
arXiv:2112.07
80100 80200 80300 80400 80500

my [MeV]
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CDF measurement of My N

What to make of this?

At the moment it is not justified to
disregard neither the CDF
measurement nor the following ones

Precision of My, measurements
dominates EW fits in SM and beyond
(second most important: sin® f.g)

New PDG average will have
significantly inflated uncertainties

T

arlsruher Insttut fir Technologie

Overview of m, Measurements

ILEF??TP““"" ATLAS Preliminary =~ =

DO (Run 2)
FXiv-1203 0293

CDF (Run 2)
ERMILAB-PUB 22-2

4PPD
LHCb 2022
Xiv2100.01113
® Measurement - =
[Cstat. une. ;
ATLAS 2023 [ Total Une.

©"iSM Prediction ———

______________________ )

N
80200 80300 80400
[See yesterday's talk by Matthias Schott]
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My and a Higgs boson at 95 GeV XIT

AM‘%V ~ Ap=aT

Xm+rr+bz,
1 2 3 014 016 0.13 020 022
200 F N2HDM Type IV : % E /7y [ N2HDM Type IV
XHiggs < Xiliggs,SM ) ,I “ >(H%S < X3M, Higes
100k Xogrrstn < 353 P ] 1D X <353
X2 jopr—new < 4 P i 2 oprne < 4
15 : 0232 F V) Xpygprnew <4 ]
\
E >N
1
E . { )
i < e
I —100 : E o A
: = [ARY
& : 2 1
s 3 oz} R -
—200 F % 3 vV
H s
—300 F ! E -== PDG Avrg. CDF-2022 +1o
-=- Apg (LEP) SM
a0k Xy trrivp > 3.53 ] 0.230 F === Arg (SLD) 1
—400 —300 —200 —100 0 100 80.2 503 801 805 80.6
Mpy — M= Mw
Coloured points fit excesses at 95 GeV Preference: sin? O extracted from Argr
Preferred mass hierarchy: mp, < ma =~ mpg=+ measured at SLD

[TB, S. Heinemeyer, G. Weiglein, 2204.05975]
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My and a Higgs boson at 95 GeV XIT

X‘y ,+ﬂ—+bb

200 N2HDM Type IV

2 2 |
XHiggs < XHiggs,.SM : c$
2 9 9 H
Xoytrribh < 3:53 : 2o
100F 3 N
xM;_m-,.M <4 :

4

= :

g ;

Lc —100 1st-order PTs E
—200 f E
—300 f ! ]

e > 3:53
—400 F

. . h . i \
—400 —300 —200 —-100 0 100
Mhy — My=

Coloured points fit excesses at 95 GeV

Preferred mass hierarchy: mp, < ma =~ mpg=+
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AM‘%V ~ Ap=aT
014  0.16 0.18 020 022

i N2HDM Type [\
,’ ‘| Xnggs = XbM Higgs
1 : Xoyirritn < 353
2
0.232 F \ ! Xpgepr-new S 4
\
>
!
= { 1
5 ]
~ "
g 1
g CEN
0.231F | .
[}
!
N/
=== PDG Avrg. CDF-2022 +10
==~ Apg (LEP) SM
0.230 | === Arg (SLD) B
L L L
80.2 80.3 80.4 80.5 80.6
My

Preference: sin? 6.5 extracted from Arr
measured at SLD

[TB, S. Heinemeyer, G. Weiglein, 2204.05975]
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Conclusions and prospects XIT
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EW baryogenesis smoking gun: Searches are ongoing by CMS (U. Hamburg) and
ATLAS (U. Freiburg) [AFAIK]

Self-coupling of hy55: lst-order EWPT in 2HDM — Difficult to probe at HL-LHC
— ete™ collider at /s = 500 GeV: dky ~ 10% for k) =~ 2

My in 2HDMs: Cannot disregard neither the CDF measurement nor the previous ones
Problem for pheno analyses: EW fits driven by My,
— Conclusions depend on what you choose (average value? .. .separate scans?)

Excesses at 95 GeV: Clarification from low-mass di-photon searches with full Run 2 data

Thanks!
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ATLAS di-photon search (80fb~') XIT
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3.5 . . . . : " " " [ATLAS-CONF-2018-025]
—— CMS obs. limit
3.0 === CMS exp. limit
—— ATLAS obs. limit

=== ATLAS exp. limit | |
—4— CMS excess

2.5}

2.0

o/osm

1.5

1.0

0.5

0.0 ‘ ‘ : ‘ : : : :
65 70 75 8 8 90 93 100 105 110

M, [GeV
n [GeV] [S. Heinemeyer, T. Stefaniak, 1812.05864]
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B-number preservation criterion SXIT

Outside the bubbles: Quantum mechanical sphaleron processes create the B-asymmetry
Inside the bubbles: Sphalerons must be suppressed.
S.Dimopoulos, L. Susskind, Phys.Rev.D 18 (1978) 4500-4509:

events are really important. The point is that the rates for these
processes are of the renormalizable type for T>250 GeV. Thus they can
allow the system to return to equilibrium and may wash out any excess which
developed at super high temperature.

Condition to prevent the washout of the asymmetry: 21

Nl <

— Strong lst-order phase transition [Kuzmin, Rubakov, Shaposhnikov,
Phys.Lett.B 155 (1985) 36]

Thomas Biekotter 57th Rencontres de Moriond: EW Interactions and Unified Theories



HH pair productlon at the LHC XIT
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HH productlon at 14 TeV LHC at (N)LO ln QCD

———————————— My=125 GeV, MSTW2008 (N)LO pdf (68%¢l)
102 T
— 10"k g T
£ E
i) E
z C
© i 3
(0]
10° e LUNUNINN NN NN AN ANRNENNAORARATESS =
| &S]
=
[
o
—— - <
,1 ------- \)\ %
10 E pP—*ZHH QQ)“\'(\ E g
F 1%
1 1 1 1 1 1 1
-4 -3 2 -1 0 1 2 3 4

}“‘IA‘SM
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HH pair production at the ILC

e'e” > Zhh

CLIC 1.4 TeV, unpolarized, 0.09 fb
CLIC 3 TeV, unpolarized, 0.03 fb

>
S 2f
5
1L - i
“2 10 1 2
6K,\
4/6
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h95: Future prospects

T T T T T 4. il T T T T .
S2HDM: 0.23 < 1 < 047, Ax3ys < 6.18 .. 0-45 E S2HDM: 0.23 < 15y < 0.47, Axiys < 6.18 ”
3 o £
« Typell ---- HL-LHC s .
1.000 F P b 4
« TypeIV == ILC250 0.40 F j. E
: y
0.975 F 4 0”-"".
= = 035F
= > ¢
50950 F g 0
0.30 F =
0.925 F
025 « Type II
0.900 F . = Type IV
0.75 080 08 09 095 1o0 01 02 03 04
‘Ch1257+77 ‘ IchgstrT’ |
Indirect via h125 couplings Directly producung h95 at ILC
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Singlet-extended 2HDM IT
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AX%zs AX%zs
—2 0 2 4 6
w—‘—;‘—ﬁ
0.6 F Type II ' \ ' I X2a5.5m = 146.15
[ \\ 6
: N
F \\_/
04F B
‘ i
3

0.2 0.4 0.6

[TB, S. Heinemeyer, G. Weiglein, 2303.12018]
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