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ELECTROWEAK PHASE TRANSITION
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HIGGS POTENTIAL

V= —pu?l¢]* + \o|*
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HIGGS POTENTIAL

Vir=aT*+bT?*h? + ...
T2 = mz(h)Q
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HIGGS POTENTIAL

Vir=aT*+bT?*h? +ch>T + ...

1st order 2nd order/cross over
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HIGGS POTENTIAL

Vir=aT*+bT?*h? +ch>T + ...

Standard Model
(mn =z 65 GeV)

> from Cline '06

1st order 2nd order/cross over
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HIGGS POTENTIAL

V I>T, .
\ New physics
T=TC
I<TIc Weir *17
1st order
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ELECTROWEAK PHASE TRANSITION

exact nature of Higgs potential unknown

4 my, = 125.3 GeV
v = 246 GeV
measured
— h
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sensitivity at 68% probability on
the Higgs cubic self-coupling at
future colliders (Blas et al. '19)
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ELECTROWEAK PHASE TRANSITION

cosmological probes:

- gravitational waves
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ELECTROWEAK PHASE TRANSITION

cosmological probes: 1‘ Ji false vacuum
- gravitational waves QP S U, () =0
L ,/"
- baryogenesis y
¢ true vacuum B
(p) #0 sphalerons
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ELECTROWEAK PHASE TRANSITION

cosmological probes:

- gravitational waves
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STANDARD MODEL EFFECTIVE FIELD THEORY
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SM-EFT

light SM d.o.f.
W
. . _ £ £ O
effective Lagrangian: Le.g = Lsvm + Z C; Adi—4
™~
scale of new physics
E
A
Frw < A
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SM-EFT

light SM d.o.f.
e
| ian: L L O
effective Lagrangian: Le.g = Lsvm + Z C; Adi—4
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scale of new physics
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SM-EFT

light SM d.o.f.
e
. . O;
effective Lagrangian: Leg = Lsm + Z C; A —1
™~
scale of new physics
E
A
- model independent
Epw < A - systematic expansion if separation of scales
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SEPARATION OF SCALES IN EW PHASE TRANSITION?
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SM-EFT AND ELECTROWEAK PHASE TRANSITION

L= Loy + 6355}@5\-2-@}-@9-4--%@{éDmﬂg +C§b6) 6]° + ng) ¢[°

dim-6 dim-38
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SM-EFT AND ELECTROWEAK PHASE TRANSITION

6 8
L = Lsm + ¢y |gb\2 |¢\2 + C¢D‘¢D,u¢‘2 +C§5 )‘¢|6 T Cgb )WS

1 ~
- neutral Higgs field (|6]7) = §h2
11 .
- canonical field h=hA 3(4%1? —ce0) b2 + ...
V= gaeh” + qaah + oos + 2

- physical quantities  (az2,a4) < (m4,v)
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SM-EFT AND ELECTROWEAK PHASE TRANSITION

4

1st order PT: A~ (2 - 4);—% ~ (685 — 978 GeV)
1 vt 1 m? 4p? 1 KO
Vil = ——mg (1 -——2(1 | - Vew + V.
4mh( m%AQ) 8 2 ( m%AQ) g A2 VoW T VT
2 0 S 0 perturbative
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SM-EFT AND ELECTROWEAK PHASE TRANSITION

1st order PT: A? ~ (2 = 4)— ~ (685 — 978 GeV)’
h
2
EFT expansion valid: Cfé < %
1 2, 1 4,1h6|08h8
V—§CL2h —I—Za4h | 6A2 | 8A4
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SM-EFT AND ELECTROWEAK PHASE TRANSITION

MP & Graham White ‘20

1 1 1 h%  cq A8
= —agh® + —ash” - I
V= gl qaah + e
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SM-EFT AND ELECTROWEAK PHASE TRANSITION

U
1st order PT: A*~ (2 = 4)— ~ (685 — 978 GeV)”
h
EFT onvalid: @Y .1
expansion valla. A2 < 5
10% accuracy: ‘CS‘ 5 1 NB. dependence on cs a!sq noted for
electroweak baryogenesis in
de Vries, van der Vis, White & MP ’'17
1 1 1 h%  cg h®
V = —ash® + ~ash* | |
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UV COMPLETIONS
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SINGLE NEW (SCALAR) DEGREE OF FREEDOM

Luv = (STB(¢) + h.c.)+ ST(=D? — M? —U(¢))S + O(S?) Henning et al. ‘16
. E e~ . A
Tree level matching: BEO o>~ B S U B ~— e
- 9]°
oy 0L = &
- YE
.. U . /
Loop level matching B =0 ¢©U
(Z5 symmetry) S
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LOOP LEVEL MATCHING

Loy =-ST(=D% = M%2 - U(¢))S+0O(S%) with U=1]"[

_ ¢ |, 1u® 1 u
(4!)2

L o + ... up to subdominant (0"U) terms

_ +
6M2 24M*4

C3!2 U | 4mﬁ
(4")2 M2 2

1st order PT: " 0.5
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| OOP LEVEL MATCHING |

Loy =-ST(=D% = M%2 - U(¢))S+0O(S%) with U=1]"[

cs ., 1U?3 1 U?

Lo = 7E | SYE + VL + ... up to subdominant (0" U) terms
_ Cs! > U 4mﬁ ,
1st order PT: (42 M ! 2 0.3
1«1 perturbativity & EFT validity
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TREE LEVEL MATCHING

Lov = (STB(¢) + h.c.) + ST (=D* — M? —U(¢))S + O(S?)

. S —_— B
eom: 524 M2+ U
EW precision: - singlet

- doublet ! (wrong sign dim-6 term)
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TREE LEVEL MATCHING — SINGLET

Lov = (S'B(9) + he) + S'(=D? = M? = U()S+ O(s*)  with U= 1["]

B! Al

1 A%h* U U?

L.g = | .. ' o"U
=372 A2 A up to subdominant (9" U)terms
1storder P A~ Yy 4Ma. g5 |
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TREE LEVEL MATCHING — SINGLET MP & Graham White ‘20

qualitative agreement w/
Damgaard et al. 16

— RV =101.2
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Cs V&

— 1 =600 (800) GeV
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TREE LEVEL MATCHING — SINGLET MP & Graham White ‘20
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CONCLUSIONS

first order electroweak phase transition
- requires new physics

- cosmological probes: gravitational waves, baryogenesis, ..

SM-EFT description not useful

- only singlet extension w/o Z>-symm, only in part of parameter space,
iInclude dim-8 terms

results can be generalized to dark sector phase transitions
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RESULTS FOR BARYON ASYMMETRY
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- +—— Planck bound

" - Including tau leptons
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