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What is the Target?

Next Gen Colliders:

» Any definitively answerable
questions ?

* What CM energy and
precision are needed ?

» Naturalness ?
* Originofm,?
» Flavor ?

» Dark matter ?

» Baryogenesis ? 5



Dark Matter
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Key Ideas for this Talk

The “electroweak temperature” - a
scale provided by nature that gives us a
clear BSM target for colliders

Simple arguments - BSM physics that
gives rise to a first order EW phase
transition (needed for EW baryogenesis)
cannot be too heavy or too feeble

Concrete BSM models - exemplify
these arguments



Key Ideas for this Talk
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I. Context & Questions
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Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

» Baryogenesis — Was the matter-antimatter
asymmetry generated in conjunction with
EWSB (EW baryogenesis) ?

* Gravitational waves — If a signal observed in
LISA, could a cosmological phase transition
be responsible ?
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Thermal History of Symmetry Breaking

lEarly Universe The Phases of QCD

| Future LHC Experiments

‘ Current RHIC Experiments
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QCD Phase Diagram - EW Theory Analog?
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EWSB Transition: St’d Model

v 1st order \ F 2nd order

Increasing m,
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EWSB Transition: St’d Model

 F 1st order | F

Increasing m,

2nd order

v

Lattice Authors  ME (GeV)
4D Isotropic [76] 807

4D Anisotropic [74] 724+1.7
3D Isotropic [72] 72.3+0.7
3D Isotropic [70] 72.4+0.9

SM EW: Cross over transition
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EWSB Transition: St’d Model

FOEWPT
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Increasing m,, > Higgs Mass
. C .
Lattice Authors My (GeV) \ EW Phase Diagram
4D Tsotropic [76] 80+7
4D Anisotropic [74] 724+1.7 . .
3D Tsotropic (721 723+07 How does this picture change
3D Isotropic [70]  72.440.9 in presence of new TeV scale

physics ? What is the phase
diagram ? SFOEWPT ?

SM EW: Cross over transition -



Patterns of Symmetry Breaking

C
O(n-1)@0(n)

My

¢, Mass
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0(n)®0(n)

O(n)®0(n-1)

S. Weinberg, PRD 9 (1974) 3357
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Patterns of Symmetry Breaking

Vere (H, @)

Extrema can evolve differently as T evolves 2>
rich possibilities for symmetry breaking
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Patterns of Symmetry Breaking

Vere (H, @)
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rich possibilities for symmetry breaking
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Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

» Baryogenesis — Was the matter-antimatter
asymmetry generated in conjunction with
EWSB (EW baryogenesis) ?

* Gravitational waves — If a signal observed in
LISA, could a cosmological phase transition
be responsible ?



EW Phase Transition: Baryogen & GW
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EW Phase Transition: Baryogen & GW

Increasing m,

 F 1st order W F 2nd order
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Main Themes for This Talk

Tey =2 EW phase transition is a
target for the LHC & beyond

Important complementarity exists
between e*e  and pp colliders
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Il. EWPT: A Collider Target

MJRM 1912.07189

Mass scale
Precision
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T-, Sets a Scale for Colliders

High-T SM Effective Potential

V(haT)SM — D(T2 — TOZ) h2 -+ )\h4 5 Loc

2 2

3 1
Ty = (8A + loops) <4A +-g°+ =g ?+2y;

—1
_|_) 2

T,~ 140 GeV
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T-, Sets a Scale for Colliders

High-T SM Effective Potential
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First Order EWPT from BSM Physics

Veff T> TC

< ° Generate finite-T barrier

29



First Order EWPT from BSM Physics

Veir T>T.

< ° Generate finite-T barrier

Introduce new scalar ¢
interaction with h via
the Higgs Portal R
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First Order EWPT from BSM Physics

Veff T> TC

< : Generate finite-T barrier
T<T
tunnel
¢ ¢ ¢
? ? ?
T, Tew
Tew Tew

>—> h > h — h

a,H?¢> : T>0 a,H?¢? : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect



First Order EWPT from BSM Physics

a,H¢?> : T>0

a,H¢? : T=0 a,H: T=0

Va >, Simple arguments: T, +
first order EWPT -2
< I=T. M¢ <700 GeV
l’1;<T

s o

? ? 1

T(p %W i T
TEW : _{EW? 3
>—> h > h | h

loop effect tree-level effect
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First Order EWPT from BSM Physics

Va >, Simple arguments: T, +
first order EWPT >
< T-1, M, <700 GeV
;;<T

a,H?¢? : T=0
tree-level effect

a,H¢: T=0
tree-level effect 33

a,H¢?> : T>0
loop effect
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First Order EWPT from BSM Physics

T>T.,

T
AV(h.T) D —— M, (h.T)>

M@@JT%:F%T?+@+f§M

]3/2
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First Order EWPT from BSM Physics

T>T.,

T
AV (h.T) D —— M, (h. T)?

Mg(h,T)? = {%W + by + %hQ]

2

3/2

v

Choose b, , a,tocancelat T ~ Tg,,
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First Order EWPT from BSM Physics

Veff

T
AV (h.T) D ——— M. (h.T)?

My(h,T)® = {%W + by + %fﬂ]

2

3/2

v

T>T,
=
/A
NS ®
Ty 6o ¢
AV (h, T )
( ) EW> = 127 2\/5
Mo(T = 0)° = 3 (v* = Tiw/3
& )* = 9 (” i) )

36
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First Order EWPT from BSM Physics

Verr T>T. T
AV (h,T) D ———My(h,T)*
127
T=T
/ T<T.
a - 3/2
tunnel\/ ¢ M¢(h7 T)3 — |:€2T2 + b2 -+ §h2i|
2 7
Tew &3/2 3 V
AV(h, Tew) 2 = 197 Qﬁh Choose b, , a, to cancel at T ~ T,
5 M, <350 GeV for
My(T = 0)* = 5 (v* — Tgw/3) perturbative a,
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First Order EWPT from BSM Physics

V“f b Simple arguments: T, +
first order EWPT >
< M, <700 GeV
T<T
tunnel Analogous logic
¢ ¢ ¢
0 1 0
|
7y Tew
Tew E Tew
>—> h i > h — 5
|
|
a,H: : T>0 | a,H2 : T=0 a H¢ : T=0
loop effect i tree-level effect tree-level effect .4




First Order EWPT from BSM Physics

A

71\
> h
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First Order EWPT from BSM Physics

* Tree-level barrier: a, ¢*¢p H'H
/ e Want T1>T2~TEW

T, T,

A

> h

40



First Order EWPT from BSM Physics

* Tree-level barrier: a, ¢*¢p H'H
/ e Want T1>T2~TEW

T, T,

A

> h

V(QO,T) — 5 [—|b2| + F (ag + 5[)4)] 902 + ESO
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First Order EWPT from BSM Physics

¢
1 * Tree-level barrier: a, ¢*¢p H'H
/ e Want T1 > T2 - TEW
T2
> h Negative for T, > T, ~ T,
1 T? 3 b
Vie,T) = 5 [—|bz| + — (az + —64)] 0 + o

6 2 4
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First Order EWPT from BSM Physics

¢
1 * Tree-level barrier: a, ¢*¢p H'H
/ « Want T;>T;~ Tgy
T, T,
= Ut My(T = 0) < [%vz _ TEEW (a2 + gm)] -

M, <350 GeV for
perturbative a, , b,

43



First Order EWPT from BSM Physics

a,H¢? : T>0

a,H¢? : T=0 a,H: T=0

- T Simple arguments: Tg,, +
first order EWPT >
< M, <700 GeV
T<T, N
tunnel \
¢ ¢ i ¢  Collider Target:
A A i A ¢ pair production
I
T¢ Tew : T
Tew E EW
>—> h > h ! — 5
I
|
|
|
|
|
|

loop effect tree-level effect

tree-level effect 44



T, : Direct ¢*¢~ Production in e*e

Mass Reach:

Ecm(GeV) | M, (GeV) |6 (fb) | [dtL (ab™ )| N x 10~°
340 100 142 b 5 710
500 100 94 fb 2 188

150 63 fb 2 126
1500 150 13 fb 2.5 32.5
440 7 b 2.5 17.5
3000 440 3 b 5 15
700 2 fb 5 10

Lots of events---but need energy



Higgs Boson Properties
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First Order EWPT from BSM Physics

* I'(h 2 yy)
 Higgs signal strengths
* Higgs self-coupling

 Exotic Decays
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First Order EWPT from BSM Physics

E « I'(h > yy) i H?¢? Barrier ?
* Higgs signal strengths
* Higgs self-coupling

 Exotic Decays
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First Order EWPT from BSM Physics

E « I'(h > yy) i H?¢? Barrier ?
* Higgs signal strengths /
¢: EW Multiplet
* Higgs self-coupling /

 Exotic Decays Z,
LAV y

EACSE

RREYYYY y
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First Order EWPT from BSM Physics

E « I'(h > yy) i H?¢? Barrier ?
* Higgs signal strengths /
¢: EW Multiplet
* Higgs self-coupling /

 Exotic Decays

. _é 9L AV y
o |
. —> = vy 14
Collider Target: —
Precision
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H - yy:Is There a Barrier ?

-0.05[

-0.10F

-0.15F

-0.20 ]

-0.25F

EWPT - Decrease in rate
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H - yy:Is There a Barrier ?

Bl HL-LHC B HL+LHeC [ HL+HELHC HL+ILC2sp HL+CLICag I HL+CEPC
. s B HL+ILCs0p I HL+CLICys500
Higgs@FC WG SMEFT, 1t B HL+OLICsoo -

-0.05[

~0.10}

— = as=1
)

9:’ | — ap»=1.9
8 E— 32=2.5

off
Guyy

52
Thanks: M. Cepeda




First Order EWPT from BSM Physics

« Thermal I (h - yy)

* Higgs signal strengths
H?¢ Barrier ?
* Higgs self-coupling

 Exotic Decays
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First Order EWPT from BSM Physics

Veff

T>T.
p = Higgs — ¢° Mixing
T<T
h
t 1
ety |
¢ ¢ ¢ :
? ? L4 ;
| |
| |
T¢ TEW : T i
TEW i EW :
>—> h > h ; — 5 |
| |
| |
| |
a,H¢? : T>0 a,H’¢? : T=0 i a;H%: T=0 i
loop effect tree-level effect | tree-level effect | 54



First Order EWPT from BSM Physics

« Thermal I (h - yy)
* Higgs signal strengths
| H2¢ Barrier ?

* Higgs self-coupling l

- Exotic Decays N

H-¢ Mixing
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First Order EWPT from BSM Physics

« Thermal I (h - yy)
* Higgs signal strengths
| H2¢ Barrier ?

* Higgs self-coupling l

« Exotic Decays
Y N H-¢ Mixing
/
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Strong First Order EWPT

Prevent baryon number washout

Observable GW

Y



Strong First Order EWPT

Prevent baryon number washout

Observable GW
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Strong First Order EWPT

* Prevent baryon nhumber washout

e Observable GW

| sin6| > 0.01

2N TEw | AL/ | > 0.003




Strong First Order EWPT

* Prevent baryon nhumber washout

Collider Target: Precision

e Observable GW and single ¢ production
_ 7
‘aly | sin6| > 0.01

2ATEwW | AL/ | > 0.003
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First Order EWPT from BSM Physics

« Thermal I (h - yy)
* Higgs signal strengths

* Higgs self-coupling

H?¢ and/or H?¢?
Barrier ?

Back up slides
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lll. Models & Phenomenology
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Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:
 Real gauge singlet (SM + 1)

 Real EW ftriplet (SM + 3)
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Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real EW ftriplet (SM + 3)
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Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies

< pp 2 h, > h; h,
/ e R P
& ey [ " | Nextgenpp 100 TeV, 30/ab —
1000 T :\ 100 TeV, 3/ab —
900¢ SFOEWPT ® i 100= NTeV, 3/ab —
800§ Max o-xBR ! f‘
> 700f | MinoxBR * . A3 . 10} %
Q 3 Or'?n = B o o o e e e e ——
O 600} > o ! R
£ 500} EWPO < S >
400¢ N E
s0f | ; RIS 0.1y |_LHC ~
094 095 096 097 098 099 1.00 400 500 600 700 _ 800
h-S Mixing —> cosf m, (GeV)
bbyy & 4t
Kotwal, No, R-M, Winslow 1605.06123
See also: Huang et al, 1701.04442; -

Li et al, 1906.05289



Singlets: Higgs Self Coupling

700,
C 139 —
1301 309, — :
I 50% - . . ©
u r o L]
S 100 - 3 :
500, st
[t
O" L , L i,
0 0.25 0.50 0.75 1.00 1.25 1.50 1.75
9111/9%

Profumo, R-M, Wainwright, Winslow:
1407.5342;

see also Noble & Perelstein
0711.3018

Higgs@FC WG |l di-H, excl. Bl di-H, glob. I single-H, excl. [l single-H, glob.

All future colliders combined with HL-LHC

HL-LHC ] i
HE-LHC | : :

FCC-ee/eh/hh - [ s e e

FCC-ee,,, . ; 5

FCC-eeyqs

II‘C250

ILC350

ILCyy,

CEPC

CLIC,,

CLIC 5

CLICm'O"’:j ) : , ; :

0 10 20 30 40 50

May 2019 68% CL bounds on x; [%]

Thanks: M. Cepeda
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Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

—————————————————————————————————
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Real Triplet

T
¢ ¢ i
0 4 ;

|

|

T¢ Tew :

TEW E

>—> h > h j

|

|

|

a,H?¢> : T>0 a,H*¢? : T=0 E
loop effect tree-level effect :

<

7-EW
Z-) h

a,H¢: T=0
tree-level effect

T

EW precision tests 2>
too tiny
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a,H?¢> : T>0
loop effect

Non-perturbative results

Real Triplet

|

¢ |
i |
1

|

T, Tew E
|

> h E

|

|

a,H¢? : T=0 E
|

1

tree-level effect

<

7-EW
Z-) h

a,H¢: T=0
tree-level effect

T

EW precision tests 2>
too tiny
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Real Triplet: One-Step EWPT

FOEWPT
4.0
0, JONA=]10/(0
Pe dies to date r3.5
- -3.0
I’,
’I
// ", -2-5
o ,% ”’
S ,I ,/’ '20
A4 -~
2 L A -1.5
§ e l” -~ .
&) s s *’|
& 7/ ,I - - i
g /// L Crossover (r > 0.11) 1.0
- o .
§ /:’/",/ B First order PT (0 < = < 0.11) 0.5
) B DR breaks down (z < 0) '
T T T v 0.0
100 200 300 400 500
My,
*  One-step
Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 » Non-perturbative 70




Real Triplet & EWPT

FOEWPT

4.0

3.5

-3.0

-2.5

3 -2.0
2 -1.5
g Crossover (z > 0.11) -1.0
§ B First order PT (0 < z < 0.11) 0.5
§ B DR breaks down (z < 0) '

r T T T v 0.0

100 200 300 400 500
My
*  One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500

Non-perturbative
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Real Triplet & EWPT

FOEWPT
h = ,IIW'VV’ Y 4.0
LI 6\
R ILV, TV 3.5
-3.0
\
S) -2.0
2 15
: .
O
disappearing (\tu Crossover (I = 011) B 10
. § B First order PT (0 < = < 0.11) Lo.5
g B DR breaks down (z < 0) '
; - ; - 0.0
Disappearing 200 300M 400 500
charge track HE
* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 * Non-perturbative




Real Triplet & EWPT

FOEWPT
h = ,IIW'VV’ Y 4.0
—_— ! - - I I ———
R ILV, TV 3.5
-3.0
\
g e 2.0
2 15
: .
O
disappearing (\tu Crossover (I = 011) B 10
. § B First order PT (0 < = < 0.11) Lo.5
g B DR breaks down (z < 0) '
; - ; - 0.0
Disappearing 200 300M 400 500
charge track HE
* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500

Non-perturbative
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Real Triplet

¢ ¢ ¢
4 4 $
|
1
Ty Tew
=y i Tew
>—> h : > h Z_> h
|
|
|
a,H2¢2 : T>0 L a,H2 : T=0 a,H2¢ : T=0
3 loop effect | tree-level effect tree-level effect
Pert theory: back-up slides T

EW precision tests 2>
too tiny
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1V. Outlook

» Determining the thermal history of EWSB is field
theoretically interesting in its own right and of
practical importance for baryogenesis and GW

» The scale T, = any new physics that modifies
the SM crossover transition to a first order
transition must live at M < 1 TeV

» Searches for new scalars and precision Higgs
measurements at the LHC and prospective next
generation colliders could conclusively determine
the nature of the EWSB transition
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First Order EWPT from BSM Physics

« Thermal loops involving new bosons
« T=0loops (CW Potential)

 Change tree-level vacuum structure
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First Order EWPT from BSM Physics

« T=0loops (CW Potential)

 Change tree-level vacuum structure
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First Order EWPT from BSM Physics

T>T.,

< - Generate finite-T barrier
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First Order EWPT from BSM Physics

A T>T.,

T=T., . . .
< A Generate finite-T barrier

/ < C

V(H, ¢)r—0=V (H) + = ¢'6H H + V(9)
V(H)_—MQHTH + NHTH)?
V(e)=266+ 2(819)
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First Order EWPT from BSM Physics

A T>T.,

< ° A Generate finite-T barrier

D

V(H, §)r—o=V (H) 4 o 6H H[+ V(9)
V(H)_—MQHTH + NHTH)?
V(e)=266+ 2(819)
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First Order EWPT from BSM Physics

« Thermal loops involving new bosons

« T=0loops (CW Potential)
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T-, : A Mass Scale for Colliders

Foregoing arguments: good up to factor of
~2 > M,< 800 GeV (-ish)

QCD production: LHC exclusion =2 ¢ is
colorless

Electroweak or Higgs portal (h-¢ mixing...)
production 2 oprop ~ (1- 500) fb (LHC) and
(0.1-25) pb (100 TeV pp)

Precision Higgs studies: see ahead .



First Order EWPT from BSM Physics

« Thermal I (h - yy)

i H?¢ Barrier ?

* Higgs self-coupling l

Z, - breaking \ H-¢ Mixing

b
AVo(H, §) = 76" + %HT 6H + h.c.
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First Order EWPT from BSM Physics

« Thermal I (h - yy)

i H?¢ Barrier ?

* Higgs self-coupling l
Z, - breaking \ H-¢ Mixing
AVo(H,0) = 26 4 LHIOH | bor”
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EW Multiplets: EWPT

va 1st order \ F 2nd order

A 4

Increasing m,,

o

‘ New scalars lllustrate with real
triplet: 3~ (1,3,0)

» Thermal loops
 Tree-level barrier

H?¢? Barrier ?

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1504.05195



EW Multiplets: One-Step EWPT

va 1st order \ F 2nd order

P

Increasing m,,

o
<

New scalars

* One-step: Sym phase =2 Higgs phase

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1504.05195

On

/ e step '
()

lllustrate with real
triplet: 2~ (1,3,0)

H?¢? Barrier ?




EW Multiplets: Two-Step EWPT

va 1st order \ F 2nd order

A 4

Increasing m,,

o

‘ New scalars

* One-step: Sym phase =2 Higgs phase
» Two-step: successive EW broken
phases

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1504.05195



EW Multiplets: Two-Step EWPT

 F 1st order \ F 2nd order
l One step
0
N L
@)
7 Small entropy
. > Quench 0
Increasing m,, sphalerons dilution

o

« New scalars

» Step 1: thermal loops
» Step 2: tree-level barrier

]
/ ’
& / L
Baryogenesis \
] ]

tep 1
&» =
/.
&~
)
“
us

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1504.056195
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EW Multiplets: Two-Step EWPT

va 1st order \ F 2nd order

One step

Two step

Triblet Mass

TR=125 GeV Dim0 TS
200} T 620% (SM) = o%
| Two-step EWB
180} 220% ]
. favorable /
[ +10%
160}
[ ~30%
40t
[+20% / —40%
20+ /
. | -50%
r————— :
100} / y
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Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1504.056195
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T-,, : Direct ¢*¢~ Production at LC
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EW Phase Transition: Singlet Scalars

SFOEWPT Benchmarks: Resonant di-Higgs
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Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies
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See also: Huang et al, 1701.04442
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Heavy Real Singlet: EWPT & GW

Non-dynamical heavy BSM scalars
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Heavy Real Singlet: EWPT & GW
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Singlets: Associated Production

Real Scalar Singlet Model
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Huang, Long, Wang 2016



Higher Dim Operators: (¢*¢)°

V(H) = p*|HI* + N H|* — co|H|°

1 1
< —Cg <
(089 TeV)? ~ = (0.55 TeV)?

- Implications for oy,

Cao, Huang, Xie, Zhang 2017
Grojean, Servant, Wells 2004...

Grinstein, Trott 2008...
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Singlets: Exotic Decays

h, > h, h, > 4b
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Singlets: Exotic Decays

h, > h, h, > 4b

cosd = 0.01
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