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I. Context & Questions



Was There an Electroweak Phase Transition ?

* Interesting in its own right
* Key ingredient for EW baryogenesis

 Source of gravitational radiation



Was There an EW Phase Transition?

What is the landscape
of potentials and their
thermal histories? How did we

end up here ?

How can we probe this
T > 0 landscape
experimentally ?

How reliably can we
compute the n evolve differently as T evolves 2>
thermodynamics ? ilities for symmetry breaking 5



MJRM: 1912.07189

Tew =2 Scale for Colliders & GW probes

High-T SM Effective Potential

V(h,T)sm = D(T? = TZ)h? + Ah* +

To ~ 140 GeV — TEW




Was There an EW Phase Transition?

Bubble Collisions

Higgs precision tests

¥ &

Grav Radiation i A7
X @ j_féi
Direct Production B e %
/S'/gg

£ S J& &

0@ J _ SM Higgs BSM Higgs
Vo5 . @Co * How heavy or light can @
S5 Hiaoe * How coupled to H ?
Extrema can evolv >

rich possibilities fc’ Can it be discovered at
the LHC or beyond ? y



BSM EWPT: Inter-frontier Connections

Robust theory:

EFT + lattice Observables:

Collider model specific

Signatures
Combined
reach

Hydro:
a, B/ H-

-

Mapping

™~

Phase

Diagram




BSM EWPT: Inter-frontier Connections

GW - Collider “inverse problem” **

Robust theory:
EFT + lattice

Observables:
Collider model specific

Signatures
/ Combined
I-)hase Mapping I reach
Diagram
Hydro:
a, B/ H-

** How can we exploit experiment to
identify EWPT-viable models &
parameters ?
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First Order EWPT from BSM Physics

o T>T. Representative thermal
histories = barrier for
< =L SFOEWPT
/ T<T,
h
tunnel
¢ TEW ~ 140 GeV ¢ ¢
1 1 1
T¢ TEW
Tew Tew
3 5 > h __— —> h
a,H*¢#? : T>0 aH*#* : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect 4
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First Order EWPT from BSM Physics

- T Simple arguments: Tgy, +
first order EWPT 2>
< M, <700 GeV
l";<T
o Coyy;.
,_________l ___________________________________ //’der 7
, ¢ o aer
TEW ~ 140 GeV :
() A 4
I
T¢ Tew E
TEW : TEW
L——s 5> h >h — 54
I
|
I
a,H*¢#? : T>0 aH*#* : T=0 i a,H¢: T=0
loop effect tree-level effect | tree-level effect 4



Veff

MJRM: 1912.07189

First Order EWPT from BSM Physics

loop effect

tree-level effect

tree-level effect

get

e | sin@| > 0.01 | A1 /2| > 0.003
. 1T =, HIggS — ¢0Mixing
T< T, , tar

tomnel b [ (Jo\\\der
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Tew ¢ \EW i Tew :
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a,H*¢#? : T>0 aH*#* : T=0 E a,H¢: T=0 E



BSM Scalar: EWPT & GW

LISA SNR

Collider probes of
BSM parameters
in L gy \ he?d
‘_T(_:\m'-\ . ‘s‘S.eea
S «2
© o
5 Dynamical BSM
10* ~
Q b scalars
N— _\.~ /
<§_ 10° 4 - z
¢ w4 TS T , ~
T.\ I‘.*L.i. \ \
VAR
Tew - AN
h 107
a Latent heat
* One-step

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604

* Non-perturbative
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Il. Theoretical Developments
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Models & Phenomenology

What BSM Scenarios?

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

X 08, Barger, Langacker, McCaskey, Ramsey-Musolf, Shaughnessy 09, Ashoorioon, Konstandin

SM + 5ca‘ar S"’Iﬁ‘@"’ 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, Perelsigin 1 ?
Profumo, Ramsey-Musolf, Wainwright, Winslow 14, Jiang, Bian, uang e 15,
Cline, Kainulainen, Tucker-Smith 17, Kurup, Perelstein 17, Cifin

Kozaczuk, Niemi, Ramsey-Musolf, Tenkanen, Weir.el

y!Z D h‘ Jenkms Moorhouse 94, Cline, Lemieux 97, Huber 06,

uro
SM + Sca‘ar DOUb‘i a‘ Slmuch 6 Cline, Kainulainen, Trott 11, Dorsch, Huber, No 13, Dorsch,

imasu; No 14, Basler, Krause, Muhlleitner, Wittbrodt, Wlotzka 16, Dorsch, Huber,

(2H ) masu, No 17, Bernon, Bian, Jiang 17, Andersen, Gorda, Helset, Niemi, Tenkanen, Tranberg,
IS Vuorinen, Weir 18...

M o de +oScalar Tr|P|C+ 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,

MSSM 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,
NMSSM Menon, Morrissey, Wagner 04, Funakubo, Tao, Yokoda 05, Huber, Konstandin, Prokopec,
Schmidt 07, Chung, Long 10, Kozaczuk, Profumo, Stephenson Haskins, Wainwright 15...

Thanks: J. M. No Extensive references in MJRM: 1912.07189
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Challenges for Theory

Perturbation theory

* LR. problem: poor
convergence

« Thermal resummations

« Gauge Invariance
(radiative barriers)

* RG invariance at T>0

BSM proposals I/

Non-perturbative (I.R.)

Computationally and labor
intensive

16



Theory Meets Phenomenology

A. Non-perturbative

» Most reliable determination of character
of EWPT & dependence on parameters
* Broad survey of scenarios & para
space not viable t thesrfy

B. Perturbati
/\Beﬂ&‘nrﬂ pproach to survey broad

ranges of models, analyze parameter
space, & predict experimental signatures
* Quantitative reliability needs to be verified

17



Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

—————————————————————————————————

 Real EW ftriplet (SM + 3)

18



Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies

/ = n | Nioaovltr miorn mnyy | = = = g =5 = = = g = =
~$’ Next G elp 100 TeV, 30/ab =
1000 : D 100 TeV, 3/ab —
900¢ SFOEWPT ® \ 14 TeV, 3/ab =—

800 Max o-xBR
700 Min oxBR %
600¢

m,(GeV)
TAN
y

500 EWPO
400} |
300f | ~
094 095 096 0 "400 500 600 700 800 .
h-S Mixing ——> cosf@
bbyy & 4t

Kotwal, No, R-M, Winslow 1605.06123 ‘e >

See also: Huang et al, 1701.04442; @
Li et al, 1906.05289




Lattice Benchmarking

L. Niemi, MRM, G. Xia in prog M,, = 350 GeV
2.01 % i i — 2loop PT
C hange 07 ' @ lattice 3 =40 / - /Oop B
condensate
at T
\ L attice:
FOEWPT
| Lattice:
Crossover
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Lattice Benchmarking

L. Niemi, MRM, G. Xia in prog M,, = 350 GeV
2.0+ i 3212213 i — 2 loop PT
. " @ lattice =40 "
Change in : :
1 loop PT
condensate T 157 i &
at T. —~
\* < 1.0- Lattice:
= FOEWPT
g 0.5
: | Lattice:
: Crossover
0.01 i :
—02 =01 00 io0.1 0.2
Future e*e <—§ Sin 9 i >

« When a FOEWRPT occurs, 2 loop PT gives a good description
» Lattice needed to determine when onset of FOEWPT occurs
» Future precision Higgs studies may be sensitive to a greater

portion of FOEWPT-viable param space than earlier realized 21



EW Phase Transition: Singlet Scalars

| F

1st order

W F

2nd order

Modified Higgs Self-Coupling

Real Scalar Singlet Model

700,
L 13% —
101 309 — .t
L 50% — K R D
&T’ 100 oo o .c.-.:.: O I
[ * . *e’ 'b.’.‘.-.
500 s
[t
0! P B . 1 . 1 R
0 025 050 0.75 1.00 1.25 1.50 1.7
Scan for m, < 2m; 9111/9?141

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

also Noble & Perelstein 0711.3018

1 = _Scan
s T current InCIUdeS
< : x
N - s >
000 o m, > 2m;
o
=
a2 0.010
2
O CEPC - Similarly FCC-ee and ILC 250
N 0.001
= L =
[ pg £
(@] (@]
3 3
10_4 o [S] 1TeV = SPCC / FCC-hh / ILC 1 TeV
0.5 1.0 1:5 2.0 25
hhh coupling: As/A3 sm Huang, Long, LTW, 1608.06619
(my[GeV], K, pus[GeV], vs[GeV] , ps' [GeV])
0.99 =(166.4, 0.96, =80, 90 , =30) |
D z
) R :
(N LISA(10): 1, 3, 10yr
Q 098} N
O
I o
097! Fiducial point |
X
o9 N
095/ //
094t .l
160 162 164 166 168 170 172 174
mu[GeV]

K. Hasino et al, PRD 99

(2019) 075011
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EW Phase Transition: Singlet Scalars

Real Scalar Singlet Model
1 N Scan
ol wrent | INcludes
< : e .
\ ' 1st order \ F 2nd order 0100}, . | my > 2m;
s
£
a 0.010
3
O CEPC  Similarly FCC-ee and ILC 250
E 0.001
T<T, g ('=7
107 8 8 1{TeV=SPCC/FCG-hh/ILC 1 TeV
/all/gi\/ 05 1.0 15 2.0 25
(& hhh coupling: Aa/Assm  Huang, Long, LTW, 1608.06619

L : L ¢
Modified Higgs Self-Coupling ,0%’&
\)

200 (mAlGeV], &, pys[GeV], vs[GeV, us' [GeV])
[ 13(/ . i o =(166.4, 0.96, =80, 90, =30)
1500 20 ]
L 30% . I ] A JSA19): 1,3, 10yr
[ 506/6 I d e . . '. . I . o d (] 0.98 7 &
Q [ 0 dd °le '. . ]
& 100, .:..... . . ..u...o. ‘. I 097 Fiducial point |
i o . . 5.0 g 3 X
r o... .0': °
50; vt ] 096 L CEEE g
(]S — : . L] 0.95 ! ]
0 0.25 050 0.75 1.00 1.25 1.50 1.7 //
Scan for m, < 2m; 9111/9?141 Y Ry
160 162 164 166 168 170 172 174
my[GeV]
Profumo, R-M, Wainwright, Winslow: 1407.5342; see K. Hasino et al, PRD 99 23

also Noble & Perelstein 0711.3018 (2019) 075011



Light Singlets: Exotic Higgs Decays

h, >h, h, >4b

EWPT viable: ) cos¢ =001
numerical  ~~ 10 E
Ni — 1 |
<| 10 / =1 _ EWPT viable:
N £ 11 Semi analytic
T2 - ] y
| & 10724 =
e [ 3
a7 I ]
?; . _3j_ 4b (ILC) ]
gl Future e*e
‘,, 10_4 L1 [ [ R
Other .»° 30 40 50 60
probes? my [GeV]

J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena

et al 2203.08206, Wang et al 2203.10184, 2



Light Singlets: Exotic Higgs Decays

COn .

fMoq
EWPT viable: O
numerical \\10
s 10T EWPT viable:
E ; Semi analytic
T = | |
S
5 |
S |
2 |
X 1 _3’!_
5 o
e Future e*e
‘,, 10_4 B ST NS NI S N
ey 30 40 50 60|
probes? -

J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena

2
et al 2203.08206, Wang et al 2203.10184, °



Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

—————————————————————————————————
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Real Triplet & EWPT: Novel EWSB

-3.0
/ One Step
D
/
-2.0
) - 1.5
é’ B . EW minimum metastable
§‘ II: O cr(ﬁo;'er 2 lst_or(>1er CI) N 10
g BN I O Loy Loy
« R S 0.5
F V: 0 T4 4
T T T T ! 0.0
100 150 200 250 300 350 400

My,

« 1or2step
Niemi, R-M, Tenkanen, Weir 2005.11332 . Non-perturbative 27




Real Triplet & EWPT: Novel EWSB

Higgs Portal Coupling (9

B . EW minimum i
IIZ O crossover 2 lst; _ol

 E o M e - jsomls05%

V0L
V: 0 "= ¢

-3.0

One Step
/227;7

[ m First Order EWPT |'.

MRM, Yu, Zhou 1
- 2104.10708 ]

(] I6Rhw| S 6- 9

200 300 400 500
Ms (GeV)

0.0

100 150 200

Niemi, R-M, Tenkanen, Weir 2005.11332

9250 300
Ms:

350 400

1 or 2 step

Non-perturbative 2




GW & EWPT Phase Diagram

1 Step FO

(a)

as

- metastable
- two-step Sso d

. one-step S~ e ’ LISA

: CrOSSOVer | ].04- ay; = 1.54 ',', \
100 150 200 250 < ool
my (GeV) E o160} L
two — step W s
- 100¢

. e 7:\ — myg = 150 GeV

 Single step transition: GW 3 e — 200 Gey
- agm = "CE 10_ . . \ \ J
well outside LISA sensitivity Y ST '

« Second step of 2-step Q

o « Latent heat
transition can be observable

Friedrich, MJRM, Tenkanen, Tran 2203.05889 29



GW & EWPT Phase Diagram

1 Step FO

2.0

B BMA (20)

1'0 I BMA' (20)
Crossover B LISA sensitivity
05—
100 150 200 250 ;
my (GeV) 100: [(BpA°
105 o -
BMA: ms + h=> yy 0.00L  0.010  0.100 1
a
BMA’ : BMA + 39> 77
« Two-step

Friedrich, MJRM, Tenkanen, Tran 2203.05889 « EFT+ Non-perturbative £







Tunneling @ T>0: Gravitational Waves

Amplitude & frequency: latent heat & intrinsic time scale

Normalized latent heat Time scale
AQ = AF +TAS
S = —9F /0T B _pd 55
F~V H, dl’ T
AQ ~ AV —TOAV/OT
e?

30Aq HQ\N /

7-‘-29*T4

o =

32



T=0: S. Coleman, PRD 15 (1977) 2929

Tunneling @ T>0

Scalar Quantum Field Theory

Tunneling rate / unit volume:

tiof! .
«goune® sol¢ Vet 35‘{.2/9”(” =0 = A& 14+ O]
- / * ¥ 2 dy /
—— = — = V(o
dr? i r dr (. T)
Exponent in I Path: minimize Sg \

Friction term

Sy = /d% {%(690)2 + V(gp,T)}

A~O1)xT*

33



Tunneling @ T>0

Radiative barriers -2 st’d
method gauge-dependent Tunneling rate / unit volume:

[ = Ae 1+ O(h)]

\
1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

J

’I
l o 2 dy
| — -t —— — Ve, T
/:/y dr? ~ r dr (%, T)
Exponent in I” Path: minimize Sg \--------------\- ______________ -
1 - Friction term
%= /d% {§(V¢)2 + V(%T)}
A~O1)xT*

34
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Tunneling @ T>0

Theoretical issues:

» Radiatively-induced barrier (St'd Model) = gauge
dependence

« T =0Abelian Higgs: E. Weinberg & D. Metaxas: hep-ph/9507381

o T=0 St'd Model: A. Andreassen, W. Frost, M. Schwartz 1408.0287

T >0 Gauge theories: recently solved in 2112.07452 (- PRL) and
2112.08912

« Multi-field problem (still gauge invar issue)

 Cosmotransitions: C. Wainwright 1109.4189
 Espinosa method: J. R. Espinosa 1805.03680
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(Re) Organize the Perturbative Expansion

lllustrate w/ Abelian Higgs - Lofgren, MRM, Tenkanen,
Schicho 2112.0752 -2 PRL
1
L= ZF[.I.I/ F., +(D,®)"(D,®) * Hirvonen, Lofgren, MRM,

‘ Tenkanen, Schicho 2112.08912
+p0*® + N(@* @)% + Lo + Loy

Full 3D effective action

Sy — /d3x[V°ff(¢, T) + %Z(@,T) (0:0)% + .. ]

Adopt appropriate power-counting in couplings

3 1
S3=apg" 2 +a1972 +A

36



(Re) Organize the Perturbative Expansion

lllustrate w/ Abelian Higgs - Lofgren, MRM, Tenkanen,
Schicho 2112.0752 - PRL
1
L = ZF[.I.I/ Fpu + (Du d)* (D# D) * Hirvonen, Lofgren, MRM,

. Tenkanen, Schicho 2112.08912
+p0*® + N(@* @)% + Lo + Loy

Full 3D effective action

Sy — /d3x[V°ff(¢, T) + %Z(q’),T) (0:0)% + .. ]

Adopt appropriate power-counting in couplings

o —2 S G.l. pertubative expansion only valid
53 _ ) ;@g i +@ up to NLO = A: higher order
7

AN contributions only via other methods
G.l. pertubative expansion

37



Tunneling @ T>0: Take Aways

For a radiatively-induced barrier, a gauge-invariant
perturbative computation of nucleation rate can be
performed for S; to O (g7 ) by adopting an appropriate

power counting for T in the vicinity of T,

Abelian Higgs example generalizes to hon-Abelian
theories as well as other early universe phase transitions

Remaining contributions to I,,. beyond O (g -7?) in S;
and including long-distance (nucleation scale)
contributions require other methods

Assessing numerical reliability will require benchmarking
with non-perturbative computations 38



lll. Collider Pheno Developments
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Singlets: Resonant Di-Higgs & H,> VV

SFOEWPT Max Benchmarks: HL LHC Combination bbyy & 4 lepton

- ] O
3 Lo x
B B e
810 ox — §1o
c FE ] ) E
& [- ol S S P— = -
w
1_ ........ @ 1
a e |
107! SR -1
= 10
102 102
- @EEMQXHH—PW('Y = | mc I “ o
- e - m MDA Son + & and e HH - DDYY
- mvv_)ﬂ - e
103 e ——— LIL L -t e S e e S —L 103—1 lllllllll llllllllllllllllllllllllllllllllll L
30035040045050055080065073‘1;[673\9] 300 350 400 450 500 550 600 650 700 750
m, [GeV]

SFOEWPT Min Benchmarks:

2w

=}
—rrrmr‘ llllﬂrrmmfllllm L |

-t

Significance (o]
=

102

10°

107306356 200450 500 550 600 650 700 750 - _ 40
m, [GeV] S. Arunasalam, Hao-Lin Li, Kun Liu, MJRM,

Yongchao Zeng, Wenxing Zhang 2211.0303612



Singlets: Resonant Di-Higgs & H,> VV

SFOEWPT Max Benchmarks: HL LHC Combination bbyy & 4 lepton

X

S
Trrmm

LI
1
14

)

1

}

1

]

1

1

]
g
1

]

1

1

T

1

}

)

L

]

Significance [ql
o
]
Significance lo]
o

-
-t

LA}

102

- N\ 102
#.&.th:':*bbﬂ\ | BEEEEEE Combiowton of W —» @ and max. HH -+ t0TY
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107
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Significance (o]
=

102

103

107
S. Arunasalam, Hao-Lin Li, Kun Liu, MJRM, 41
Yongchao Zeng, Wenxing Zhang 2211.0303612



Singlets: Resonant Di-Higgs & H,> VV

SFOEWPT Max Benchmarks: HL LHC Combination bbyy & 4 lepton

“Smoking gun” region Parameter exclusion region
'_5_102 T T T T T Z;_“OzE 1
s LT 1 11 | :
E 1 A _ 5 - B B e e oy www
€ |E- e - £ FE o e
& st N N B - 5
D1 ————— I @
10 '; uu%_ 10 lé__
0k S Max AF - Bory ' ‘°2: WJ
3 — by el V[
C REBRA VV — 4l \ E | RS  Combinaton of VV — & and max. HH — toTy
1073 s Seas - 3 llllllllll T T T T e
300 350 400 450 500 550 600 650 700 750 10 300 350 400 450 500 550 600 650 700 750
me[Ge m, [GeV]

100 TeV accessible
SFOEWPT Min Benchmarks:

* Observation of 4] channel would indicate

ol existence of heavy resonance consistent
- with xSM SFOEWPT

2w

Significance (o]
=

E

E «  “Smoking gun” region would provide nearly
0k definitive evidence & narrow down model
sz parameter space

» Exclusion would leave ample room for 100
10 F TeV pp discovery
1077306350400 450 500 550 600 650 700 750
S. Arunasalam, Hao-Lin Li, Kun Liu, MJRM, 42

Yongchao Zeng, Wenxing Zhang 2211.0303612



Complex Singlet: DM + EWPT

Original Model: Search for bb + MET: example sub-processes
« SM + complex scalar b
singlet h h; ) < _
« Global U(1): broken o _m-T b
spontaneously & softly S~ o A
» Particle spectrum / ]’lk < y
EWPT sensitive

 Mixed doublet-

singlet scalars h ,
» Scalar dark matter A hj < b
A

V. Barger, P. Langacker, M. McCaskey, Yizhou Cai, MJRM, Lei Zhang,
MJRM, G. Shaugnessy 0811.0393 Wenxing Zhang 2311.NNNNN



Complex Singlet: DM + EWPT

Search for bb + MET

/Vec?/'/y e
7 3/

10004 ° . °Q o o
oo0
°

800 -

400 +

> .
O s00{ ® Remain /
o 95% C.L.s —]
< e 50
g

Yizhou Cai, MJRM, Lei Zhang,
Wenxing Zhang 2311.NNNNN

1000

Heavy Higgs =2 VV
exclusion: BR (h,2VV)
larger when my, < 2 my

10°

—— ggF X>WV, ATLAS

10° 4
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800

600

400
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Was There an Electroweak Phase Transition ?

* Answering this question is an important and exciting
challenge for Higgs Physics at the CEPC/FCC-ee/ILC

* The relevant scale Tgy, makes this physics a prime target
for collider and gravitational wave probes

« The EWPT question entails a rich interplay of model
building, thermal QFT, phenomenology & experiment

* The collider — gravitational wave “inverse problem” has
emerged as a particularly compelling arena for further
exploration and opportunity for the CEPC community and
beyond

46



Was There an Electroweak Phase Transition ?

* Answering this question is an important and exciting
challenge for Higgs Physics at the CEPC/FCC-ee/ILC

* The relevant soale makes this physics a prime target
for collider and gra ve probes

« The EWPT question enta/ r/  nterplay of model
building, thermal QFT, phenomenology & experiment

* The collider — gravitational wave ‘“inverse problem” has
emerged as a particularly compelling arena for further
exploration and opportunity for the CEPC community and
beyond

47



Back Up Slides
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S. Coleman, PRD 15 (1977) 2929

Tunneling @ T=0: Coleman

Scalar Quantum Field Theory

- n”
So\ut\o
nce True vac L
«poY \L

U lim (7, 7)

T—+00

J False vac

Rotational symmetry

pr =1+ |2’

: -
/ ¢. 4’1 /;
LnT Path: minimize Sg /

Sg = /de?’:z: {%(&gp)

?+ %(590)2 + U(sa)}

Friction term
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Inputs from Thermal QFT

Thermodynamics Dynamics
Phase diagram: * Nucleation rate: transition
first order EWPT? occurs? Ty ? Transition

duration (GW) ?

Latent heat: GW
EW sphaleron rate: baryon

number preserved?

How reliable is the theory ?

50



Was There an EW Phase Transition?

FOEWPT

/

' 1storder \ ' 2nd order

(<))
—
>
-+
©
—
()
o
5
l—

125 GeV

Increasing my, > Higgs Mass
. C .
Lattice Authors M (GeV) \ EW Phase Dia gram
4D Isotropic [76] 80+7
4D Anisotropic [74] 72.4+1.7 . .
3D Isotropic (721  723+07 How does this picture change
3D Isotropic [70] 72.4+0.9 in presence of new TeV scale

physics ? What is the phase
diagram ? SFOEWPT ?

SM EW: Cross over transition -



EWPT & Perturbation Theory: IR Problem

Bosonic loop at T>0 / B 6B 7
d3p 1 g°T / d’p 1
42 Z
10 =¢ [ G o ED s —w || Gy G
Small p regime T

Effective expansion parameter

fB(E,T) — Z
m

Field-dependent thermal mass

* Near phase transition: ¢ ~ 0
m*(p,T) ~ C1 g°0* + C2 g°T” = mi(¢p)

* my(p)<gT

52



EWPT & Perturbation Theory

Expansion parameter

\ Infrared sensitive

near phase trans

SM lattice studies: g+~ 0.8 in vicinity of EWPT for
m,_, =~ 70 GeV *

* Kajantie et al, NPB 466 (1996) 189; hep/lat 9510020 [see sec 10.1] 53



(Re) Organize the Perturbative Expansion

lllustrate w/ Abelian Higgs - Lofgren, MRM, Tenkanen,
Schicho 2112.0752 -2 PRL
1
L= ZF[.I.I/ F., +(D,®)"(D,®) * Hirvonen, Lofgren, MRM,

‘ Tenkanen, Schicho 2112.08912
+p0*® + N(@* @)% + Lo + Loy

Full 3D effective action

Sy — /d3x[V°ff(¢, T) + %Z(@,T) (0:0)% + .. ]

Adopt appropriate power-counting in couplings

(][9]

Sa = agg~ % + ay g_% +@ G.I. pertubative expansion only valid

up to NLO 2> A: higher order
contributions only via other methods

o4



SSB @ T>0 : Power Counting

Lofgren, MRM, Tenkanen,
Schicho 2112.0752 - PRL

————————————————————————————————

4 PO i N N
B
i1 re Pl
11 I I
[ S M e e ,’ 1
\/"-r ------------------------- Y <
T=0 parameter < 0 Thermal corrections > 0

Near cancellation for T ~ T,

Forarangeof T~T,,.:N=1

M~ O(Q*NT2) < O(9°T?)

95



Power Counting

2
Heff

Lofgren, MRM, Tenkanen,
Schicho 2112.0752 - PRL

1 1.
VLC(Elr 5#’3&@52 T Z)‘(b4
R V- 3
e )]
_9 9 -7
el T3 ) )

Radiative barrier:
&-independent
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Tunneling @ T>0: G.I. & Nielsen Identities

Adopt appropriate power-counting in couplings

3 1
Sz =apg~ 2 +a19 2 +A

Order-by-order consistent with Nielsen Identities

aScff 5Scff
d%x C
ST / 50 -

Numerical comparison with
conventional approach

Conventional:
0<&é<4

Lofgren, MRM, Tenkanen,
Schicho 2112.0752 - PRL

c@) = 2 [ dty{x(@)cte)etw)
X [OB y) + V2g¢ox(y ]
300 5 S3 tO 0(9-1/2) .
2501 —— By + B, 0<§<4
200 ///
% 1501
’a@g—/'
501

460

465 470 475 480 485 490

Y




MJRM: 1912.07189

Ty Sets a Scale for Colliders

High-T SM Effective Potential

V(h,T)sm = D(T? = TZ)h? + Ah* +

~1
3 1
T3 = (8\ + loops) (4>‘+§92+§g’2+2yf+---) 02

Ty~ 140GeV | |= Tew

58




Real Triplet & EWPT: Benchmark PT

T T T T I 6 T I
; ' : 2($té)/T & 2AsteyT
(252 /TV] . ¥ (mexeyT
5 . |
2 loop 2 loop
1 ................................ .§. ............ Secccniianan -

2 : : SNSRI o WS S LA SRS i

RS VUL R S ——————

2-loop PT: Triplet +——> L

0 _............:,........1....3, ............. i — ek H .
I R S YL PO PSS 22
STTTTTEET ST IS LAt i W ; :
1 i i i i i i

i i
90 95 100 105 110 115 120
T/ GeV

(a) BM1: Mz, agfbs) = (160 GeV,1.1,0.25) (b) BM2: (Ms,az,bs) = (265 GeV/2.3,0.25)

PT Discontinuities: Lattice: Smooth Crossover: Discontinuities:
First order EWPT No phase transition First order EWPT

Niemi, R-M, Tenkanen, Weir 2005.11332 59



Real Triplet: Crossover vs 2" Order

20
¥ a8
540
[
1§ 6]
" I,
(f 10 l‘;l 1;1‘2 1 ;13 1-;1-1 145
T /GeV
. | - I—— avay \2
X(2) = VT [(2°52)%) — (Z°2%)v)’]

Niemi, R-M, Tenkanen, Weir 2005.11332
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Challenges for Theory

Perturbation theory Non-perturbative (I.R.)
- LR. problem: poor « Computationally and labor
convergence intensive

» Thermal resummations

 Gauge Invariance
(radiative barriers) Dimensionally
reduced 3D EFT
* RG invariance at T>0 atT>0

BSM proposals

61




Inputs from Thermal QFT: EFTs

Thermodynamics Dynamics EFT 2
» Phase diagram: * Nucleation rate: transition
first order EWPT? occurs? Ty ? Transition

duration (GW) ?

 [atent heat: GW

« EW sphaleron rate: baryon

EFT 1 number preserved?

EFT 3

E UND;‘

62




High-T EFT: Dimensional Reduction
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DR 3dEFT: Scales

I~
R
V
L
2 A
()
3 g 3
g 2 3
- S
® 4y ~
@ © )
3 9 9 o
2 8 @ ©
&) ;] &
2 - - (o)
O 2 S
g © n/a = &
O - T &
N S o
S 5 & S §
L N
= n k~ P
=S m s mm s :
| |
_.-_TIIIIIIII“ _.--Imrun
B I T
I B R R
TR S oS! o
L “ .
I 5 ® ® ® | ® I e 1 1
I 1 1 11
Lo d e e o o o o o o s o s s o s e I [ IR [ |
| 1
L e |
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EFT 1: Thermodynamics

Meeting ground: 3-D high-T effective theory

L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢T > Integrate out Ag field
L;
light + ¢2T




EFT 1: Thermodynamics

Matching: Two Elements

Dimensional Reduction
All integrals are 3D with prefactor T - Rescale fields, couplings...

/ d'k _)lZ/ &k © 9% =T 9Py
(2m)4 B~ (27)3 * TAu=A3g

Thermal Loops

Equate Greens functions

b2y = %[1 +11(0,0)] ¢ as 3 = T [ag — as (I (0) + 115(0)) + T'(0)]
Field Quatrtic coupling

66



EFT 1: Thermodynamics

Meeting ground: 3-D high-T effective theory

Thermal resummations:
systematically implemented

1 L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢T > Integrate out Ag field
L;
light + ¢2T

67




EFT 1: Thermodynamics

Meeting ground: 3-D high-T effective theory

1 L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢T > Integrate out Ag field
L;
light + ¢2T

V(9) = fig 30" + A3(67 )

When £, contains BSM
interactions, Az and u,s;can

accommodate first order
EWPT and m, =125 GeV

Lattice simulations exist

68




EFT 1: Thermodynamics

Meeting ground: 3-D high-T effective theory

Leun
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢T > Integrate out Ay field
L3 'k Q
light + 42T 'O(//,’qo
Se »
sy
V(@) = 5010 + As(610)? %@/-@
\9(/ /f\s\

Lattice simulations exist
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EFT 1: Thermodynamics
Meeting ground: 3-D high-T effective theory

« Assume BSM fields are

0 Ltan “heavy” or “supeheavy” :
superheavy + 7T > Integrate out n > 0 modes integrate out
Ls « Effective “SM-like” theory
b 1.7 Inteerate out A- field parameters are functions of
e > g ° BSM parameters
Ly
Fedh ) « Use existing lattice
1ght T g1 computations for SM-like
effective theory & matching

onto full theory to determine

V(g) = [i5.50"¢ + As(¢7¢)? ;%Iingg-i\gﬁgle parameter

Lattice simulations exist (e.q., Kajantie et al ‘95) 70



EFT 1: Thermodynamics

Meeting ground: 3-D high-T effective theory

» Assume BSM fields are
0 Ltan “heavy” or “supeheavy” :
integrate out

superheavy + 7T > Integrate out n > 0 modes

= - Effective “SM-like” theory
Integrate out A field parameters are functions of
BSM parameters

heavy + gT

Ls

« Use existing lattice
computations for SM-like
effective theory & matching
onto full theory to determine

V(g) = [i5.50"¢ + As(¢7¢)? ;%Iingg-i\gﬁgle parameter

light + ¢2T

Lattice simulations exist (e.g., Kajantie et al “95) 71



Benchmarking PT: Recent Progress

Meeting ground: 3-D high-T effective theory

Assume BSM fields are
“heavy” or “supeheavy” :
integrate out

1 L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢T > Integrate out Ag field
L;
light + ¢2T

Lattice simulations exist (e.g., Kajantie et al “95)

Effective “SM-like” theory
parameters are functions of
BSM parameters

Use existing lattice
computations for SM-like
effective theory & matching
onto full theory to determine
FOEWRPT-viable parameter
space regions
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Benchmarking PT: Recent Progress

Meeting ground: 3-D high-T effective theory

Assume BSM fields are
“heavy” or “supeheavy” :
integrate out

1 L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢T > Integrate out Ag field
L;
light + ¢2T

Effective “SM-like” theory

parameters are functions of
BSM parameters

Lattice simulations exist (e.g., Kajantie et al “95)

Use existing lattice
computations for SM-like
effective theory & matching
onto full theory to determine
FOEWRPT-viable parameter
space regions

73




Real Triplet: One-Step EWPT

FOEWPT
4.0
0 20 reqio
Dea dies to date -3.5
0 0
P ,, -3.0
7/
’I
> 17 2.5
o /% ”,
S ,I I’, ’20
> s o 7
S yd // t/ -1.5
% ’, I’ /”
Qo s 7’ ’,
8 ,” I’I - . '1 0
g g Crossover (z > 0.11) -
s L > .
QUO-J /:’/”,/ B First order PT (0 < = < 0.11) 0.5
§ pezosi” B DR breaks down (z < 0) '
T T T ' 0.0
100 200 300 400 500
1‘\'5[}3
* One-step
Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 - Non-perturbative 0




Real Triplet & EWPT

FOEWPT
h, oA Wy 4.0
- = I
~
Ty ¥ 3.5
-3.0
\ -2.5
< (oL ELLL 2.0
< -1.5
3
aspers | E Crossover (z > 0.11) -1.0
A - - WS First order PT (0 <z <0.11) |
-:,S Bl DR breaks down (r < 0) '
' - - - 0.0
Disappearing 200 S 300\1 400 500
charge track ——
* One-step

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

Non-perturbative
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