Electroweak Phase Transition at CEPC:
A cosmologist’s perspective
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Thought experiment:
heating a box of photons

Does the Higgs (condensate)
melt? Or does it boil?



f the EW Epoch

Primordial
Black Holes




We discovered the Higgs!

We know that it’s responsible
for EW symmetry breaking!

Isn’t that enough information
to let us study the EW phase
transition?
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Assuming SM particle content & interactions
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Assuming SM particle content & interactions
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Thermal support from Higgs

interactions with W, Z, t, ...

« EWPT is continuous crossover

* v(T) changes smoothly

« No energy barrier; no bubbles;
no cosmological relics



Recently studied by
P. Huang, Jokelar, Li, Wagner (2015)

Variant —SM with low cutoft F.P. Huang, Gu, Yin, Yu, Zhang (2015)
F.P. Huang, Wan, Wang, Cai, Zhang (2016)
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A short aside on dim-6 ops & EWBG washout

Successful EW baryogenesis requires the sphaleron to be out of equilibrium
inside of Higgs-phase bubbles. This implies
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What can future colliders
teach us about the
electroweak phase transition?

In models with a first order EW phase transition, there
must be new physics coupled to the Higgs.

It is reasonable to expect that this NP may also induce
deviations in the Higgs couplings with other SM fields.
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Precision Measurements w/ Higgs Factories

Y/

Lepton colliders provide “clean”
environment for studying Higgs physics.

At E ~ 250 GeV, the production of + e
Higgs + Z-boson is optimized. € —_— G —
Expect to achieve precision Higgs-Z-Z Z

measurements at the sub-percent level!

Projected Sensitivities to various Higgs couplings at different future colliders:

hZ7Z 27% 7% —
T'th->yy) 20% 8% 4% - 1.5% -
hhh N/A - - 27% - 10%




models with NP at the EW scale

models with large deviations
in Higgs couplings (hZZ) that
can be detected by CEPC

models with 15t order
EW phase transition

How much overlap?
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Chung, AL, Wang [1209.1819].

There is no systematic formalism for studying BSM models that give rise to a
first order electroweak phase transition and associated collider phenomenology.

Can we use effective field theory?

Can we use phase transition model classes? Chung, AL, Wang (2012)

E.g., from the PT perspective

[ SM + 1 colored scalar = SM + 3 singlet scalars with SO(3) J

Models with very different collider phenomenology can have similar phase
transition dynamics.

Models are typically studied on a case-by-case basis.



Model #1 — SM + chiral fermions (like MSSM gauginos)
Model #2 — SM + scalar doublet (like MSSM stops)

Model #3 — SM + real scalar singlet (like NMSSM singlet)

In the simplified / minimal models, the new degrees of
freedom are responsible for both the 1PT and hZZ



A Survey of Simplified Models

Model #1 — SM + chiral fermions (like MSSM gauginos)

{ Model #2 — SM + scalar doublet (like MSSM stops) J

Model #3 — SM + real scalar singlet (like NMSSM singlet)

In the simplified / minimal models, the new degrees of
freedom are responsible for both the 1PT and hZZ



In the MSSM, the stops play a critical role in making the EWPT first order.
Here we considered a simplified version of the SUSY stop sector.

Q ~ (1,2,1/3) x 3 flavor
U ~ (1,1,4/3) x 3 flavor four model parameters
The full Lagrangian is
L = Loy + (D,QHD*Q)+(D,U)" (D' + [ahQUQ HU* 4 h.c]
~m3QtQ — mU*U — AQ(QTQ)2 — o (0*0)*
~Aqu(QTQ)(U"U) = A (H'H) (UT)
— A (HTH)(QTQ) = Ng (@ H) (Q - H) — No(QTH) " (Q'H)
and for simplicity we focus on
(@) =1(0,0) and (U)=0
AQ =AU = AQu = AU =A@ = Mg = Mg = A



Spectrum

Stop-Like Model
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Effective hZZ coupling (adapted from: Fan, Reece, Wang, 2014)

+vertex correction (suppressed by g/\)
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Higgs di-photon decay width  (-c:pted from: Diouadi, Driesen, Hollik, lllana, 2005)
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Stop-Like Model (sensitivities of four

5.0% different proposed
eLISA configurations)
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Stop-Like Model
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These models also have large enhancement to Higgs diphoton decay
rate (b/c of charged particles) that can be probed by HL-LHC & CEPC.

/" Models with a first order electroweak phase transition (orange, blue, or I
green) have large deviation in hZZ that can be probed by CEPC.

,/




A Survey of Simplified Models

Model #1 — SM + chiral fermions (like MSSM gauginos)

Model #2 — SM + scalar doublet (like MSSM stops)

[ Model #3 — SM + real scalar singlet (like NMSSM singlet)J

In the simplified / minimal models, the new degrees of
freedom are responsible for both the 1PT and hZZ



SM + Real Scalar Singlet

five model parameters

Consider 1 ‘/‘/ "/ \ \

L= Lo+ = (a¢s) ¢3——¢ —\)\ s HVH @2 —QahSHTquSI
1 v

real scalar singlet Higgs portal

In the vacuum

(H)=(0,v/v2) and  (¢5) =

dv(aps + Ansvs)
M2 — M2

sin 20 =

(mixing)
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Effective hhh coupling (adapted from: McCullough, 2014; Curtin, Meade, Yu, 2014)

A3 = (6)\hv) cos® 6 + (Gahs + 6)\h3vs) sin @ cos? 0 + (6)\hsv) sin? 6 cos @

+ (2a + 6A v )sin30—|—4w
oo 167T2M82
Effective hZZ coupling (one-loop)
02y, N(l — COS 9) — 0. 006
)\3 SM

1 |)\th3 + a'hs’2 1 |)\hs|2 2 5 9

-5 I(Mj; My, — I(M3:; M2, M:

/ 2 16r° e 9 1672 M )

(leading effect is from mixing)

ANV VWVRAAVWWW WAV
Z WWWIWWWW\ Z p _-" 7 AN AN
AVAVAVAV S L roo
\\\ RN I h Su-4 L-4
h R \\\h \\Zl

A.Long / Nov 6, 2017 / Workshop on CEPC




Orange = first order phase transition, v(T )/T_ >0
Blue = «strongly” first order phase transition, v(T )/T > 1.3

Green = very strongly 1PT, could detect GWs at eLISA (s.en3|t|V|t|es of four
different proposed
Real Scalar Singlet Model eLISA configurations)
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Real Scalar Singlet Model Real Scalar Singlet Model
1f Tf
= hZZ mostly due to mixing =
| |
%EO.‘]OOf c%EO.'IOO-
S S
N 0.010 ¥ 0.010
S 2 S
I . I
N 0.001 _E 0.001
b S : :
T o - ol E singlet is sub-TeV
-1.0 -0.5 0.0 0.5 1.0 0O 200 400 600 800 1000 1200 1400
Higgs-singlet mixing: sin(26) singlet mass: Mg (GeV)
Real Scalar Singlet Model Real Scalar Singlet Model
1] . Tt
— v/T > 3 is proxy for detectable GW feeds into grav. wave calc.
I : :""'"\5!‘?. s A .
=N 0.100} : : y 0.100 AN
< °
~ I
g 0.010 £ 0.010
0 g
— ©
EO 001 ~ 0.001}
)
107 SN & 1074k | | | .
0 1 2 3 4 5 100 1000 10* 10° 10°
order parameter: v/T PT rate: B/H

A.Long / Nov 6,2017 / Workshop on CEPC



Challenging Limits
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The Standard Model predicts a continuous electroweak crossover (no bubbles).

It is easy to extend the SM and find a first order phase transition (bubbles!).

Precision measurements of Higgs couplings may uncover new physics at the EW
scale, and thereby indirectly probe the electroweak phase transition.

A large deviation in the hZZ coupling seems to be generic in models with
first order EWPT, allowing these models to be tested by Higgs factories.
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scalar singlet w/ Z2 (nightmare scenario)
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