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:/Understanding the EW Epoch:

= Yield Precise knowledge of EWSB in Early Universe

w‘ 2 (Possible) Cosmological Relics from the EW Epoch




Understanding the EW Epoch

= Yield Precise knowledge of EWSB in Early Universe
2 (Possible) Cosmological Relics from the EW Epoch

[Gravitational Wave Signal]
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[courtesy of David Weir] Sourced by bubble Collisions &

Hindmarsh, Huber, Rummukainen, Weir, PRD 96 (2017) 103520

subsequent plasma motions



iUnderstanding the EW Epoch\:

= Yield Precise knowledge of EWSB in Early Universe

w‘ = (Possible) Cosmological Relics from the EW Epoch

i . Particle Physi
= (Possible) Answer to Open Mysteries at Interface acézrio‘ OﬁY; =2

Matter-Antimatter Asymmc+ry
> Baryoacncsics

SAKHAROV CONDITIONS 7 diramiea generaton

B Violation Sphalerons

:Sphalerons

C/CP Violation

Broken Phase

<¢> =0

Departure from Thermal Equilibrium\

EW Phase Transition

Symmetric Phase
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FINITE-TEMPERATURE EFFECTIVE POTENTIAL

Higgs Evolution >

in Early Universe Vet (R, T) = Vy(h) + Volo‘:‘p(h) + Vr(h,T)

Tree-level Loop Thermal
potential corrections corrections

(Perturbative) Nature of EWPT




FINTE-TEMPERATURE EFFECTIVE POTENTIAL

Higgs Evolution >

| in Early Universe Vg (R, T) = Vi (h) + Vloop(h) + Vi (h,T)

Tree-~level Loop Thermal
potential corrections corrections
(Perturbative) Nature of EWPT
15" Order: 2™ Order:
() =0 = (R = hA(T) Discontinuous (h) =0 - (k) = A(T) Continuous
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FINTE-TEMPERATURE EFFECTIVE POTENTIAL

Higgs Evolution >

in Early Universe Vg (R, T) = Vi (h) + Vloop(h) + Vip(h, T)

Tree-~level Loop Thermal
potential corrections corrections

(Perturbative) Nature of EWPT

15" Order: 2™ Order:
() =0 = (R = hA(T) Discontinuous (h) =0 - (k) = A(T) Continuous

4

SM: EWPT (non-perturbatively) is Smooth Cross-Over

Kajantie, Laine, Rummukainen, Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887



FINITE-TEMPERATURE EFFECTIVE POTENTIAL
Vo (R, T) = Vo (h) + V,°°P(h) 4 Vip(h, T)

| Higgs Evolution >
~ in Early Universe

Tree-level Loop Thermal
R potential corrections corrections
V4 .’ ‘
:' A

(Perturbative) Nature of EWPT )

1°" Order:
(W =0 (k) = h(T) Discontinuous _ (only present for bosons)

A/Iultlple fields involved in the EWP’l\

may allow for tree-level potential barrier

qun—analytic term (m?)*? in V(\n,T)\
from Matsubara Zero-modes
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BSM: New Physics sizeably coupled to Higgs can
drastically change the EWPT nature



FINITE-TEMPERATURE EFFECTIVE POTENTIAL
Vo (R, T) = Vo (h) + V,°°P(h) 4 Vip(h, T)

| Higgs Evolution >
~ in Early Universe

Tree-level Loop Thermal
e potential corrections corrections
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(Perturbative) Nature of EWPT )

’
]
1
1

)

qun—analytic term (m?)*? in V(\n,T)\
from Matsubara Zero-modes

| |

1°" Order:
(W =0 (k) = h(T) Discontinuous B _ (only present for bosons)

m/lumple fields involved in the EWP’l\

may allow for tree-level potential barrier

J

BSM: New Physics sizeably coupled to Higgs can
drastically change the EWPT nature

> New Physics will induce deviations in Higgs couplings

» New Physics needed close to EW scale




What BSM Scenarios?

Chung, Long, Wang, PRD 87 (2013) 023509
NO Systematic approach for BSM
yielding 1* Order EW Phase Transition

©

Collider Phenomenology

© EFT not possible in general

2 New Particles Present in Thermal plasma — EW Scale

2 New Particles get mass from EWSB



What BSM Scenarios?

Chung, Long, Wang, PRD 87 (2013) 023509
NO Systematic approach for BSM
yielding 1* Order EW Phase Transition

©

Collider Phenomenology

© EFT not possible in general

2 New Particles Present in Thermal plasma — EW Scale

2 New Particles get mass from EWSB

® Models with same EWPT Dynamics & Very Different
Collider Phenomenology

e.g. Colored vs Uncolored BSM

¥
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What BSM Scenarios?

SM + Scalar Sinachr

SM + Scalar Doublet
(2HDM)

SM + Scalar Tripchr

MSSM

NMSSM..

EFT Approach (H°)

Espinosa, Quiros 93, Benson 93, Choi, Volkas 93, Vergara 96, Branco, Delepine, Emmanuel-
Costa, Gonzalez 98, Ham, Jeong, Oh 04, Ahriche 07, Espinosa, Quiros 07, Profumo,
Ramsey-Musolf, Shaughnessy 07, Noble, Perelstein 07, Espinosa, Konstandin, No, Quiros
08, Barger, Langacker, McCaskey, Ramsey-Musolf, Shaughnessy 09, Ashoorioon, Konstandin
09, Das, Fox, Kumar, Weiner 09, Espinosa, Konstandin, Riva 11, Chung, Long 11, Barger,
Chung, Long, Wang 12, Huang, Shu, Zhang 12, Fairbairn, Hogan 13, Katz, Perelstein 14,
Profumo, Ramsey-Musolf, Wainwright, Winslow 14, Jiang, Bian, Huang, Shu 15, Kozaczuk 15,
Cline, Kainulainen, Tucker-Smith 17, Kurup, Perelstein 17, Chen, Kozaczuk, Lewis 17, Gould,
Kozaczuk, Niemi, Ramsey-Musolf, Tenkanen, Weir 19...

Turok, Zadrozny 92, Davies, Froggatt, Jenkins, Moorhouse 94, Cline, Lemieux 97, Huber 06,
Froome, Huber, Seniuch 06, Cline, Kainulainen, Trott 11, Dorsch, Huber, No 13, Dorsch,
Huber, Mimasu, No 14, Basler, Krause, Muhlleitner, Wittbrodt, Wlotzka 16, Dorsch, Huber,
Mimasu, No 17, Bernon, Bian, Jiang 17, Andersen, Gorda, Helset, Niemi, Tenkanen, Tranberg,
Vuorinen, Weir 18...

Patel, Ramsey-Musolf 12, Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir 18 ...

Carena, Quiros, Wagner 96, Delepine, Gerard, Gonzalez Felipe, Weyers 96, Cline,
Kainulainen 96, Laine, Rummukainen 98, Carena, Nardini, Quiros, Wagner 09, Cohen,
Morrissey, Pierce 12, Curtin, Jaiswal, Meade 12, Carena, Nardini, Quiros, Wagner 13,
Katz, Perelstein, Ramsey-Musolf, Winslow 14...

Pietroni 93, Davies, Froggatt, Moorhouse 95, Huber, Schmidt 01, Ham, Oh, Kim, Yoo, Son 04,
Menon, Morrissey, Wagner 04, Funakubo, Tao, Yokoda 05, Huber, Konstandin, Prokopec,
Schmidt 07, Chung, Long 10, Kozaczuk, Profumo, Stephenson Haskins, Wainwright 15...

Grojean, Servant, Wells 05, Bodeker, Froome, Huber, Seniuch 05, Huang, Joglekar, Li,
Wagner 15...



What BSM Signatures?

Indirect Probes (Higgs couplings)

Kz (%)
O
H
-_‘ .- ECFA Higgs Study Group, 2019
free kv free ki (for the ESPP Update)
I I
Higgs@FC WG Kappa-3, May 2019
00 04 0812 16 20 00 04 08 1.2 1.6 2.0 Bl FCC-ee+FCC-eh+FCC-hh CLICsg9
B FCC-ee365+FCC-eerqg ILCs09-+ILC350+ILCysg
1 FCC-eepq ILCys
Ko (%0) Ky (%) W CEPC B LHeC (k| < 1)
B CLIC3009+CLIC500+CLIC3g9 o HE-LHC (‘Kv| <1)
i CLIC500+CLIC3g HL-LHC (|ky| < 1)

[courtesy of Christophe Grojean]
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What BSM Signatures?

Indirect Probes (Higgs couplings)

Kw (%) Kz (%)
n O
B [
— — ECFA Higgs Study Group, 2019
(for the ESPP Update)
e 3
nggs@FC WG Kappa-3, May 2019
00 04 081216 20 00 04 08 1.2 1.6 2.0 Bl FCC-ee+FCC-eh+FCC-hh CLICsg9
B FCC-eezq5+FCC-eey [LCs00+1LC350+ILC550
] FCC-eepq ILCys
Kg (%) Ky (%) CEPC B LHeC ([ky[ < 1)
- l B CLIC3009+CLIC500+CLIC3g9 HE-LHC (‘ Kv| <1)
| I i CLIC500+CLICsg HL-LHC (|ky| < 1)
N | -
[courtesy of Christophe Grojean]
[ [
] ]
D’l
0 1 2 3 4 0.0 15 30 45 6.0 7.5
Scenario BR,,» BRs include HL-LHC

kappa-3 measured measured yes




What BSM Signatures?

Indirect Probes (Higgs couplings)

Kz (%)

ECFA Higgs Study Group, 2019

free Ky free Ki (for the ESPP Update)
K < 1 K| < 1
Higgs@FC WG Kappa-3, May 2019
00 04 08 1.2 1.6 2.0 00 04 08 1.2 1.6 2.0 Bl FCC-ec+FCC-eh+FCC-hh CLICsg39
B FCC-ee365+FCC-eerqg ILCs09-+ILC350+ILCysg
1 FCC-eepq ILCys
Ky (%) W CEPC B LHeC (jxy|<1)

B CLIC3009+CLIC500+CLIC3g9 W HE-LHC (|ky| < 1)
i CLIC500+CLICsg HL-LHC (|ky| < 1)

[courtesy of Christophe Grojean]
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What BSM Signatures?

Indirect Probes (Higgs couplings)

Kw (%) Kz (%)

? o o ILCs0-+ILC350+HLCaso

- rrrx;C'-”ééJjAo ILCys9
CEPC B LHeC (k| <1)
B CLIC3000+CLIC;500+CLICs50 HE-LHC (|xy| < 1)
CLIC)500+CLIC3g0 HL-LHC (|ky| < 1)

[courtesy of Christophe Grojean]
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What BSM Signatures?

Indirect Probes (Higgs couplings)

r (%)
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What BSM Signatures?

Indirect Probes (Higgs couplings)

Kw (%) Kz (%)

40 [LCs00-+1LC350+ILCys0
re-eeyy ILC»s0
CEPC B LHeC (k| < 1)
B CLIC3009+CLIC500+CLIC3g9 HE-LHC (‘KV| <1
CLIC;500+CLIC389 HL-LHC (|ky| < 1)

[courtesy of Christophe Grojean]
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What BSM Signatures?

“Indirect” Probe: Higgs self-coupling

ECFA Higgs Study Group, 2019

(for the ESPP Update)
5K, (E):Tin-ﬂ

-1 1 2
HL-LHC | 28 W
HE-LHC | 92 02
FCC-hh |07 1019
FCC-ee |07 1080
ILC | 73 1042
CLIC (stage Ill) | 2% 1022
-1 01

Dark: 68%CL, Light: 95%CL

Di Vita, Durieux, Grojean, Gu. Liu, Panico, Riembau, Vantalon, JHEP 1802 (2018) 178



What BSM Signatures?

“Indirect” Probe: Higgs self-coupling

ECFA Higgs Study Group, 2019

(for the ESPP Update)
Sk, (= ,\A_ -1)

-1 1
HL-LHC | 28 f W
HE-LHC | 92 02
FCC-hh |07 1019
FCC-ee |07 1080
ILC | 73 1042
CLIC (stage Ill) | 2% 1022
L

Dark: 68%CL, Light: 95%CL

Di Vita, Durieux, Grojean, Gu. Liu, Panico, Riembau, Vantalon, JHEP 1802 (2018) 178

Also 1n this case, NP may manifes
itself via direct signatures!

tJ




EWPT Scenarios within (LHC)Reach



EWPT Scenarios within LHC Reach

[[> MSSM ( light stop scenario)]

Pure Bino LSP model: L, production, t—bff7., Wb, t—tX,

%' 700;—|AITLL¢\SI Prellimlina;ry1 T Observed lmit (+10,) _;
0] 500k Is =13 TV, 36.1107 === Expected imit (+1,,) E
3 :_L'm't at 95% CL . ATLASt1L 13 TeV, 320"  J
= 5003_ e[| ATLAS 8 TeV, 20.3 fo” =
- R .
400F- =
300F Y —
[courtesy of Kimmo Kainulainen] 200 : “, E
. e . . 100 o =
Large Deviations from SM Higgs Signal L 7 -
Strengths due to light stops 0 e
2 1000 200
m- [GeV]
1
g
i
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EWPT Scenarios within@l—?c Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

V(Hl,Hz) = /JJ% |H1|2 —|—/J,§ |H2|2 — /_L2 [HIHQ ‘|—hC:|
A1 4, A2 4 2 2
b DA 22 g

+ M\

2 )\ 2
HIH2| —|—55[(HIH2) —|-h.C.]



EWPT Scenarios within (LHC)Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

V(Hl,Hz) = /JJ% |H1|2 —|—/J,§ |H2|2 — /_L2 [HIHQ ‘|—hC:|
A1 4, A2 4 2 2
b DA 22 g

2 )\ 2
+ )\4|HIH2| +55[(HIH2) +h.c.]

Nature of EWPT dominantly controlled by

T=0 Vacuum energy difference
Dorsch, Huber, Mimasu, JMN, JHEP 1712 (2017) 086
Bernon, Bian, Jiang, JHEP 1805 (2018) 151

2

AF=Fy-FM = —%COS(B — )’ (3, —m})

m m? 1 m m? 1
§ S _ - _ —S 1 § _ -
D (log Q? 2) D i (Og Q? 2)

_I_
Fo

S )

v
Broken \ / VSymmetric

F OS M 1-loop (Coleman-Weinberg)
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EWPT Scenarios within@ Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

7 m? =W+ AV )

HA H

Difference between Synmetric - Broken
phase in CW piece guaranteed for large
BSM mass splitting!

\ Mma, —MH, /
Dy
A )

s
:
, s
SM v* 9, 9 9 e
AF=F-F" = ——cos(B—a) (my, —my) .

m m? 1 m m? 1
§ S _ - _ —S 1 § _ =
D (log Q? 2) D i (Og Q? 2)

S )

v
Broken \ / VSymmetric

1-loop (Coleman-Weinberg)

0



EWPT Scenarios within (LHC)Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

" / m? = w2 + AV \

500
i;mn— Difference between Synmetric - Broken
3 (b) tan(3) = 2.0 phase in CW piece guaranteed for large
S0 W BSM mass splitting!

200 300 400 500 600
>
s

my, (GeV)

GO0
.- .
500 - \‘
e SM v’ 2, 2 2 ‘

% 400 - AF = fo — _7:0 = —gcos(ﬁ — Ot) (mHg — mh) :
<) (¢) tan(3) = 2.5
L:-*f 300 ‘ 1 Z mi‘ log |m§| _ 1 _ Z m_;l log |mg‘ _ l

U .. ~64r2 \ Q2 2 =6 \ 7 Q72|

Broken \ / Symmetric

200 300 400 500 600 .
mu, (GeV) 1-loop (Coleman-Weinberg)

Andersen, Gorda, Helset, Niemi, Tenkanen, Tranberg, Vuorinen,Weir, Phys. Rev. Lett. 121 (2018) 191802



EWPT Scenarios within@ Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

[mAU —MH, ~U ] Search for 2HDM 1% Order EWPT region via A - H_Z

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802




EWPT Scenarios within (LHC)Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

[mAO — MHy, ™~ U} Search for 2HDM 1% Order EWPT region via A - H_Z

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

CMS-PAS-HIG-15-001 (1603.02991)

Search for H/ A decaying into Z and A/H, with Z— (¢ and ATLAS-PHYS-EXO-16-034 (1804.01126)
A/H—bbor A/H— 11
~1000¢ CMS rreliminary  19.81b" (8 TeV) 10 g 800
S 900;, | I = O,
= f & < 700
8001 | - § S
7000 | | 2 600
- 05
10 500 0.4
ATLAS ;
400 Vs=13TeV, 36.1 =" {| 40.3
Observed 95% CL upper limitson 154 0.2
300 o x B(A— ZH) x B(H — bb) 0.1
i , . gluon-gluon fusion |
%~ "200 00 600 800 7000 | 200 300 400 500 600 _ 700 O
M, (GeV) My [GeV




EWPT Scenarios within@ Reach

> NON-MINIMAL HIGGS SECTOR |
e.g. 2HDM

[mAU — g, ~ ’U] Search for 2HDM 1% Order EWPT region via A_ - H_Z

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

Very strong LHC 13 TeV limits on 2HDM EWPT!

| |IIIIIIII—I—

ATLAS ]
\s = 13 TeV, 36.1 ﬂ:ﬂ'
2HDM Type Il
95% CL exclusion

Obs. tanf=1
| | Exp. tanp=1 A
— Obs. tanp=5 1
[ ]Exp. tanf=5 -
-------- t1ctanf=5 1
Obs. tanp=10 -
Exp. tanp=10 ~
— Obs. tanfi= =20 -
[:] Exp tanB 2[} :

T

200 300 400 500 GUU TUU 800 900 1000

my [GeV]

700},

m, [GeV]

6004 ...

500

400

300

[courtesy of Kimmo Kainulainen]




EWPT Scenarios within LHC Reach

>

for Higgs Physics at HL-LHC & HE-LHC

Report, 2019 (by K.Mimasu, JMN)
NON-MINIMAL HIGGS SECTOR |

e.g. 2HDM

Type Il (ma — my = 100 GeV)

[

10!

HL-LHC will fully explore
2HDM EWPT

tangs

== A ZHHL-LHC
K 7 == H — 77 HL-LHC (bb)
1/ ~ = H - 77 HL-LHC (gg)
1

A — ZH Current
/ B H — 77 Current (bb)
mn H - 77 Current (gg)

100

500 600 700 800

10!

tang

10°
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EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |
e.g. EW Triplet

Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024

Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ — %H’EZ;H _I— %HTH Tr 22




EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |
e.g. EW Triplet

Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024

Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ — %H’EZQH 'I_ %HTH Tr 22

[Possible multi-step EWPT]

One step

[courtesy of Michael Ramsey-Musol{]
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EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |

e.g. EW Triplet
-~
Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024 a M 2N ’ ‘ a _‘_ 2
Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ p— %H’EEH —I— 72H H TI' Z
¢ .
o L 3

[Possible multi-step EWPT]

my=125 GeV, by=0.75

20007 77T 5=0% (SM)
180
160

140

my (GeV)

120+

100

IR AN SISO § ¥, St Two-step PT “strip”?
-0 ' ' ' ' ' ' (a, vs m_ relation)
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EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |
e.g. EW Triplet

Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024

Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ — %HJEZQH + %H TH Tl" 22

Non-Perturbative EWPT Study

Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir, arXiv:1802.10500

4.0
- 3.9
- 3.0
- 2.0
S) 2.0
Dim. Reduction
- 1.5 (3D Eff. Theory)
Crossover (z > 0.11) - 1.0 (TZ,(H) = i3H'H + ;\S(HTH)}
-"_';"" ng BN First order PT (0 <2 < 0.11) - _
-~ - _‘.d"' i O-L] )\3 ‘l__l,g
= B DR breaks down (z < 0) rT=—, Y= —
. . | | | 0.0 U I3 B
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EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |
e.g. EW Triplet

Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024

Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ — %HJEZQH + %H TH Tl" 22

Non-Perturbative EWPT Study

Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir, arXiv:1802.10500
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. : 3.9
e ‘\
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&
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[ Charged component of ]
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EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |
e.g. EW Triplet

Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024

Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ — %HJEZQH + %H TH Tl" 22

Non-Perturbative EWPT Study

Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir, arXiv:1802.10500

e B very small (radiative) mass
| . 4.0 splitting between charged-
V‘:Ww |>‘ neutral triplet states
AR . - 3.0
&
N .o OM_ ~ 100 -300 MeV
\~ 'y . >
23 | )
~s~ “ 2.5
& o o
Y% Disappearing

Track Signature!

Charged component of
triplet modifies h = yy

disappearing
track

Crossover (z > 0.11) -1.0

- a “ -"_';"':_,-"' BN First order PT (0 <z < 0.11) | 0.5
5= [ (h = y) =T (b= 1) Zol” Bl DR breaks down (2 < 0) R o L R f
FSM(h _> f}/’)() I T T T ! 0-0
100 200 300 400 500

My,
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EWPT Scenarios within LHC Reach?

> SM + SCALAR EW MULTIPLET |
e.g. EW Triplet

Fileviez Perez, Patel, Ramsey-Musolf, Wang, PRD 79 (2009) 055024

Patel, Ramsey-Musolf, PRD 88 (2013) 035013 VHZ — %HJEZQH + %H TH Tl" 22

Non-Perturbative EWPT Study

Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir, arXiv:1802.10500

’/WVW PREEREN . .
e e very small (radiative) mass
o " = 4.0 splitting between charged-

V‘:Ww [> / neutral triplet states
e ‘\ 3.9 )
L 3
.. \‘ m oM_ ~ 100 - 300 MeV
~S~ )}
e ‘\ 2.9
& 'y 4’ N N
Yo s I j- v 2.0 Disappearing

Track Signature!

A

Charged component of
triplet modifies h = yy

||||||||||hq||

disappearing
track

= Crossover (z > 0.11) 1.0
First order PT (0 <2 < 0.11) |
DR breaks down (z < ()

TN = ) - T (h = 1)

§
[ (h = 77)
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EWPT Scenarios for Future Colliders!

ek
5‘(‘6\6 EW Phase Transition
priven

[(lots of) Motivation]

= Neutral Naturalness

= Hi@@g Portal (Dark Sectors)
= Non-minimal sUusY (e.g. NMSSM)

= Warpcd Extra Dim (dilaton...)
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EWPT Scenarios for Future Colliders

5 BSM Parameters

The xSM (singlet scalar extension of the SM) Ty PEVEN

Profumo, Ramsey-Musolf, Shaughnessy, JHEP 0708 (2007) 010
Espinosa, Konstandin, Riva, Nucl. Phys. B854 (2012) 592

’

s oy by oy byoa b
V(H,S) = —u? [H[*+\ |H|4+%S|H|2+%SQ|H|2+§2SQ+§BS3+Z454

Higgs Portal (Higgs - Singlet Mixing)




EWPT Scenarios for Future Colliders

Simplest case 3 BSM Parameters
The xSM with Z_ T
o by b
V(H,S) = —u? |H|2+)\|H|4+%>Q:ﬂ|2+%82|ﬂ|2+§232+ L

Higgs Portal



EWPT Scenarios for Future Colliders

Simplest case 3 BSM Parameters
. T
The xSM with Z_ R

a ’¢' b 'l
V(H,$) = —a® [HP+A [ H*+ S+ 2 S 4 5458

Higgs Portal

b4

04 4
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EWPT Scenarios for Future Colliders

(FCC-ee, hh, CLIC)

Simplest case
The xSM with Z_

3 BSM Parameters

ag bo
V() =~ |H[- | H|+ S+ 2 5% [+ 5%+ 580+

4

Direct Searches («“Higgs portal above threshold”?)

95% Exclusion

q i Y S L L ‘V"BF‘ 1
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100200 300 400 500 600
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Craig, Lou, McCullough Thalapillil JHEP 1602 (2016) 127
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EWPT Scenarios for Future Colliders

(FCC-ee, hh, CLIC)

Simplest case
The xSM with Z_

3 BSM Parameters

ag bo
V() =~ |H[- | H|+ S+ 2 5% [+ 5%+ 580+

b4

04 4
48

Direct Searches («“Higgs portal above threshold”?)

95% Exclusion
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[direct searches very tough !] "

(with a caveat... ask me!) 100 200
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EWPT Scenarios for Future Colliders
(FCC-ee, hh, CLIC)

Simplest case 3 BSM Parameters
. '1 4
The xSM with Z_ R

as o by b
V(H,S) = —p2 |H|2+) |H|4+%>%@|2+§SQ|H|2+§SQ+ S Sath

Indirect Searches

Kz (%) Real Scalar Singlet (Z,-Limit)
w0 .
| e o
B =N , current Precision to probe
%< 0.100 U e loop corrections!
] g }
T e 0.010 (AN, )
K I - : h:
c 1 %
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5 0.001 it 'T'.-" g FCC-ee 1S
8 v 5, - | S J\
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00 04 08 1.2 1.6 2.0 N \_ Y,
L .
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[ FCC-cenp LCyso singlet mass: M (GeV)
CEPC B LHeC (x| < 1)
B CLIC3000+CLIC;509+CLICs5 HE-LHC ([ky| < 1) Huang, Long, Wang PRD 94 (2016) 075008
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EWPT Scenarios for Future Colliders
The General xXSM Case

a a b b b
V(H,S) = —p2 [H>+) |H|4+718|H|2+?282|H|Q+§SQ+§BS3+ZA‘S4
g G+ Gt h inherits its couplings
a ( 75 (vo + 1 +iG?) ) e ‘to SM via Higgs Mixing
h'l _ CO:SQ sin 6 h sin 20 — (&1 -+ 2&2.’1?0)‘1}0 m = 125 GeV
ho —sinf cosf S (m? — m3) h1



EWPT Scenarios for Future Colliders
The General xSM Case

a a b b b
V(H,S) = —p2 [H>+) |H|4+718|H|2+?282|H|Q+§SQ+§BS3+ZA‘S4
" ( 1 Gt » ) S zots | h inherits its couplings\
73 (o +h+iGY) ) ‘to SM via Higgs Mixing
h'l _ CO:SQ sin 6 h sin 20 — (&1 -+ 2&2.’1?0)’1}0 m = 125 GeV
ho —sinf cosf S (m? — m3) h1

[m2 > 250 GeV Resonant Higgs Pair Production]

Dolan, Englert, Spannowsky, Phys. Rev. D87 (2013) 5, 055002
JMN, Ramsey-Musolf, Phys. Rev. D89 (2014) 095031
Chen, Dawson, Lewis, Phys. Rev. D91 (2015) 035015

7 1 89
e e = 2l ) + 2o -3

| o h — (a1 4 2a9:z0 — 2b3 — 6byzo)cosp — astos;|



EWPT Scenarios for Future Colliders
The General xSM Case

a a b b b
V(H,S) = —p? [HP4+ X H|*+= S| H|*+—=S*|H [P+ = 52+ 2§34+ — 5
2 2 2 3 4
I ( Gt ) S — g0+ /hz inherits its couplings
B % (vo +h+iGO) > 2 =0T ‘to SM via Higgs Mixing
hq _ 00?9 sin 6 h “in 20 — (a1 + 2a9x¢)vg m = 125 GeV
ho —sinf) cosf S (m2 — m2) h1
[m2 > 250 GeV Resonant Higgs Pair Production] - hz _> hlhl _ (bbﬁ’m” + 4T) .

\\ 100 TeV, 30/ab ==
- 100 TeV, 3/ab =
1001

NTGV,?’/&[‘J — 1.

'FCC-hh largely probes 1* Order EW Phase
~ Transition parameter space via h, —» h h

Kotwal, JIMN, Ramsey-Musolf, Winslow, PRD 94 (2016) 035022
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EWPT Scenarios for Future Colliders
The General xSM Case
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EWPT Scenarios for Future Colliders
The General xSM Case

b
V(H,S) = —p? [H>+\ |H|4+%S|H|2+%s2|H|2+§52+—53+—s4
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EWPT Scenarios for Future Colliders
The General xSM Case

b
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Chen, Kozaczuk, Lewis, JHEP 1708 (2017) 096
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EWPT Scenarios for Future Colliders

The General xXSM Case

by oo b
V(H,S) = —p® [H[4X H '+ S H P+ S H P+ 282 2

by

S3 44—
T

S4

+ Higgs self—coupling!]
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ILC | 3: 1042
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T 01

Dark: 68%CL, Light: 95%CL

Di Vita, Durieux, Grojean, Gu. Liu, Panico, Riembau, Vantalon, JHEP 1802 (2018) 178
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EWPT Scenarios for Future Colliders [ cLIC]
The General xSM Case

by o by . b
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EWPT Scenarios for Future Colliders [ cLIC]
The General xSM Case

b b b
V(H,S) = —p* [HX H '+ S|H P+ S H P+ 2 8%+ 2%+

D4 @4
3 4S

[Large VBF (heavy) Higgs production XS]
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JMN, Spannowsky, Eur. Phys J. C79 (2019) 467
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The General xXSM Case
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EWPT Scenarios for Future Colliders [ cLIC]
The General xSM Case

¢ a b by u
V(H,S) = = [H[A [H[*+ 5 S H[+ S 8| H 42574 2§47

b

2

mo = 500 GeV, sinf = 0.05
" T
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200 300 400 500 600 700 800 900 1000
mo (GeV)

JMN, Spannowsky, Eur. Phys J. C79 (2019) 467
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LISA in the Context of
High-Energy Colliders Timeline

Physics
= Shutdown

Beam commissioning
- Technical stop

|[Extended) Year End Technical Stop: (E)YETS

| 2015 2016 2007 | 2018 2019 2020 2021 202 2023 004 | a5 | a2 | a2 | 208
(10203 04|01 02 03 0401 @203 0401 G2 03 Q401 Q2 03 Q4[Q1 02 03 04|01 Q2 Q3 0401102 03 04[Q1 2103 Q4]Q1 Q2 03 Q4101 Q2 Q3 Q4101 Q2 0304101 Q2 03 Q4fQ1 02 03 Q4

—

ILC Approval? (5-10 years until operation)
2030 ‘ 031 | 0% 2033 2034 035 e » LATE 2030s? — > LATE 2040s?

Qi Q2043 04|01 02 Q3 _ﬂ-i!ﬂi @ _ﬂ.?_ﬂ-:_.l'.]! Q2 Q3 Qq Qi Q2 Qs _Ed:ﬂ! (G203 o4
LS 4 Run 5 LS5 FCC-ee FCC—pp
3'000 fb- CLIC

2029
QI |02 |03 04

After LHC, LISA may be Next Step in Exploration
of ElectroWeak Scale Physics



Indirect Probes

hZZ 27% 7%

0.25% 0.25%

0.15%

I(h=>v) 20% 8% 2% : 1.5% :
hhh : 0.8 7.7] 43% 27% 43%
95% (L

Assumptions & references:
hZZ current = 5 b at /s =7 TeV & 20 fb' at 8 TeV (1606.02266)
hZZ @HL-LHC = 3000 fb" at /s = 14 TeV (1307.7135, CMS)
hZZ @ CEPC = 5000 fb-' at /s = 250 GeV (pre-CDR)
hZZ @]LC = 2000 fb' at /s = 250 GeV (1506.05992)
hZZ @ FCC-ee = 2600 fb™' at v/s = 250 GeV (1601.0640)
hhh @ HL-LHC = 3000 fb™' at /s = 14 TeV (ATL-PHYS-PUB-2017-001, hh->bbyy)
hhh @ ILC = 4000 fb' at /s = 500 GeV (1506.05992, e*e">Zhh, hh->bbbb & bbWW)
hhh @ FCC-hh = 30000 fb* at /s = 100 TeV (1606.09408)
hhh @ CEPC/FCC-ee = 5000 fb™' at /s = 240 GeV + 1700 o' at /s = 350 GeV (1711.03978
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2H[IM

CMS-PAS-HIG-15-001

Phys. Lett. B759 (2016) 369 (ArXiv:1603.02991)

Search for H/ A decaying into Z and A/H, with Z— ¢/ and

A/H— bbor A/H— 11

The CMS Collaboration

One important motivation for 2HDMs is that these models provide a way to explain the asym-
metry between matter and anti-matter observed in the Universe [4, 5]. Another important mo-
tivation is Supersymmetry [6], which is a theory that falls in the broad class of 2HDMs. Axion
models [7], which would explain how the strong interaction does not violate the CP symmetry,
would give rise to an effective low-energy theory with two Higgs doublets. Finally, it has also
been recently noted [8] that certain realizations of 2HDMs can accommodate the muon g — 2
anomaly [9] without violating the present theoretical and experimental constraints.

In the most general case 14 parameters are necessary to describe the scalar sector in a 2HDM.
However, only 6 free parameters remain once the so-called Z, symmetry is imposed to suppress
flavor changing neutral currents, in agreement with experimental observations, and the values
of the mass of the recently discovered Higgs boson (125 GeV) and the electroweak vacuum ex-
pectation value (246 GeV) are assumed. The compatibility of a 125GeV SM-like Higgs boson
with 2HDMs is possible in the so-called alignment limit. In such a limit, one of the CP-even
scalars, h or H, is identified with the 125GeV Higgs boson and the condition cos( — &) ~ 0 or
sin(B — ) ~ 0 is satisfied, where tan f and a are, respectively, the ratio of the vacuum expecta-
tion values, and the mixing angle of the two Higgs doublets. A recent theoretical study [5] has
shown that, in this limit, a large mass splitting (>100 GeV) between the A and H bosons would
favor the electroweak phase transition that would be at the origin of the baryogenesis process
in the early Universe, thus explaining the currently observed matter-antimatter asymmetry in
the Universe. In such a scenario, the most frequent decay mode of the pseudoscalar A boson
would be A—ZH.

CMS Frreiiminary  19.81b™ (8 TeV)
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Singlet

RESONANT HIGGS PAIR PRODUCTION

10°

100}

o x B.R. [pb]
2

1072

10—3 | | | | | | | 1 1 1 1
250 300 350 400 450 500 550 600 650 700 750 800 850

mo (GeV)

Huang, No, Pernie, Ramsey-Musolf, Safonov, Spannowsky, Winslow, Phys. Rev. D96 (2017) 035007




» Scan of 1* Order EWPT Parameter Space
» Project Scan into m_, O(h) x BRth, - h h) @ IOO TeV

Kotwal, No, Ramsey-Musolf, Winslow, PRD 94 (2016) 035022

¢
/Qb
1000 ‘é\)l ”‘12 (43
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900} : BI 0.976 0220 341 2239 074> ~ 47 pb
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Decay channel Branching ratio

bbbb 333 % 107!
tthb 729 x 1072
Wt (= )W~ (= lv)bb 1.09 x 1072
[mwr 3.99 x | ﬂ‘j
yybb 263 x 1073
W= )W (- lv)rr 120 x 107
YYTT 2.88 x 107
bbut 253 x 10~
Z(= FI)Z(= IT17)bb 141 x 107
bbZ(— ITT7 )y 121 x 107
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ho — hih1 (bl_)’}”}’ + 4’?’)

100 TeV, 30/ab ==
100 TeV, 3/ab ==

\\14 TeV, 3/ab
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> In+cr'|9|ay with hZ - VW searches

Crucial for Hiaac; + Sir\ﬁchr Par'amc+cr' extraction

cos ve A

FCC hh (30 ab™) largely probes
1°* Order EWPT parameter space

Via h, - h h

o

Buttazzo, Sala, Tesi, 2015
< 100k
N W,
1 AR
> 10F M %
M Ny Sey
3 NIRRT
-G MU Tt 100 TeV, 3 ab™" |
& .,... h.-‘ .......
-'h -.--
b -~ -~ -
~ -~
14 TeV.3ab™" ™~ -~
0.1r " 33 TeV, 3 ab™ -

1000 2000 3000 4000 5000

my |GeV]

6000

> ImPach ofF Resonant Di-HiaaG on Hia@é c;clf——couplina extraction at FCC hh
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How 5cnc5'|+ivi+y scales with COM. Encray?

What C.OM. Energy Needed to Quantitatively 5+ua|y Singlet-Driven EWPT?
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