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Phase transition in electroweak theory

EW symmetry restoration in the early Universe

- Current W & Z bosons are massive;
| Photon is massless

Phase transition

V(h)

‘ . The early Univers

V(h)

SU(2), & U(1)y bosons are massless -. (Thermal elffeclts) |
h
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 What is the pattern of EW phase transition (PT)?

It could be — Figure from L.-T. Wang’s talk in IHEP workshop
First Order Phase Transition

Continuous Crossover

or

increasing time increasing time
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or
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Lattice calculation shows the phase _ hep-ph/0010275 ]

diagram == 2oL EW-symmetric phase  _
Thus in the SM it is a crossover, 3 2nd order endpoint

since M, = 125 GeV > 75 GeV; = 100 .
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EW-broken phase |
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 What is the pattern of EW phase transition (PT)?

It could be — Figure from L.-T. Wang’s talk in IHEP workshop

Continuous Crossover First Order Phase Transition

increasing time increasing time

130————

. , I
Lattice calculation shows the phase _ hep-ph/0010275 ]
diagram == 2oL EW-symmetric phase  _

Thus in the SM it is a crossover,
since M, =125 GeV > 75 GeV,

2nd order endpoint

However, a 1--order EWPT is more _ EW-broken phase -
Interesting. | 80— 610 : 710 . 810 —
(Needs new physics) m, /GeV
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* Why is a 1st-order EWPT interesting?

First, it’s the essential ingredient of the EW baryogenesis.

EW baryogenesis (new physics mechanism):
Explaining the matter-antimatter asymmetry of the Universe at EW scale;

h fi Ir <h> ={

50

1. Chiral asymmetry
le fR

1 2. EW sphaleron

3.Stored <4mmm Baryon number

1. CP violating collision generates a chiral asymmetry;
2. EW sphaleron converts the chiral asymmetry to a net baryon number;
3. The baryon number is swept into bubble and survives until today.

Providing the background of the mechanism.
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* Why is a 1st-order EWPT interesting?

Second, a 1%-order phase transition itself is more interesting.

Acting as the background of very rich dark matter mechanisms

Altering the decay of DM;[Baker et al, PRL2017]
Filtering DM particles to the true vacuum;[Baker ez al, PRL2020; Chway et al, PRD2019]
Trapping fermions to form Fermi-balls;[--PHong, S.Jung and K.-P.Xie, PRD2020]

Packaging scalar particles into Q-balls;[Krylov er al. PRD2013]
Confining quarks into DM nuggets;[Witten, PRD1984; Bai et al, JHEP2018]

Uoddod
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Uoddod

Third, it might be detected via gravitational wave (GW) signals.
Sources of the stochastic GWs: LISA detector

Earth
P relative orbit

v Collision of the bubbles =7  of spacecraft

v" Sound waves in plasma
v" Turbulance in plasma

EWPT GWs typically peak in mHz.
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How to achieve a 1st-order EWPT?

1t-order EWPT:
The decay between two vacua separated by a barrier.
The VEV of the Higgs field jumps.

First Order Phase Transition T>

Vr(h)

increasing time h

However, in the SM, we don’t
have such a barrier in the Higgs
potential.

Vr(h)

The VEV Of nggS SmOOth/y Sm(.)oth crossover (Vacu}lm shift) .
shifts, leaving us a crossover. h
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e How to achieve a 1st-order EWPT?

Adding a barrier for the Higgs potential via new physics!

Figure from: Chung, Long and Wang, PRD, arXiv:1209.1819

. Thermally (BEC) Driven ITA. Tree—Level (Ren.) Driven

+(—p2+cTHh?| |-Th>?| [+h?]

Effective Potential [ V_g ]

Effective Potential [ Vg ]

Higgs Field [h] Higgs Field [h]
IIB. Tree—Level (Non—Ren.) Driven I1I. Loop Driven

|

+h* Log[h ]

[-n*] [+n°]

Effective Potential [ V_g ]

Effective Potential [ Vg ]
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How to achieve a 1st-order EWPT?

Adding a barrier for the Higgs potential via new physics!

Figure from: Chung, Long and Wang, PRD, arXiv:1209.1819
ITA. Tree—Level (Ren.) Driven

Getting a barrier via the help of
additional scalar field(s):

1 SM + real singlet (xSM);

1 2HDM;

J Georgi-Machacek model;

|:I ...... Higgs Field [h]

Effective Potential [ Vg ]

We choose the xSM as the benchmark model.

1. It’s simple, but has captured the most important feature of
EWPT;

2. It can be treated as the prototype of many new physics EWPT
models.
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EWPT in the xXSM (SM + real singlet)

* Setup

2]

The scalar potential of the xXSM _'

V== 2| HP + NH|' + Z|HPS + 2 |H]’S?
bs by 5
3907 >

S4
| N

S3 +

N
~
=

25
=

?/
7

b
+ 015+ 5%+

8 input parameters:
1 unphysical, 2 fixed by Higgs mass & VEV; 5 free parameters.

Expansion around the VEV Higgs-like, 125 GeV

|
1 0 B h\  (cos@® —sinf\ (hy
H = ﬁ (v—i—h)’ S=vs+s, (s) N (sin@ cos 6 ) (flzg)

Mass eigenstates & the mixing angle. Singlet-like, O(TeV)
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1st-order EWPT in the xSM

At finite temperature:

V== (i = eaT”)| HP + NH|* + Z-[HPS + 2 |H*S

b2 + c T2 b b4
+ (by +miTHS + 57 524 B g3y Mgl
2 3 4
32 +4¢% yZ X a as by ay + b3
CH = 16 + A + 9 + 24, Cs 6 + 1 , mq = 19
An lllustration --
‘_/ : / ; 0_85 U '”""l U '”“"l 1 ”“'"' U "'“"] crraTTT T TTTIT
= Gravitational.wave spectrum, /
40} 7=66.9 GeV T M ' g
1t-order EWPT L % 7 &
30+ o 10—12 : 4
> = -
é 20! . q:é 10—14
Z p? = 426.206 GeV?, A = 0.156137, é;D -

a1 = —757.693 GeV, ay = 7.12912,
by =0, by = 132871. GeV?,
by = —982.628 GeV, by = 3.82461

]
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1st-order EWPT in the xSM

Parameter space for 1%-order EWPT

60""'
Collection of EWPT |
0 initial & final vacua *
40/ o S
% 3()f ;
O i
7 200
10} | 0
(0,
Ol

0 50 100 150 200 250
h [GeV]

Question:

Can collider experiments probe the 1%%-order EWPT parameter

space?
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Probing EWPT of the xSM at colliders

e Feature of the xSM

Two neutral scalars: h, (Higgs-like) and h, (singlet-like, TeV), with

mixing angle U,

GhoVV = 92%/ sin ¢
SM .
Ghy fF = ghffSIIl@

)\h2h1h1 x sinf

Ghivv = ghyh cOs 0
SM
Ghy 7= ghffcosﬁ
Nnshane = A £(0)
hihih1 hhh
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* Basic strategies

Generally speaking:

1. pp colliders are high-energy but

relatively “dirty”;

2. e*e” colliders are clean but typically

low energy.

Direct searches at the pp
colliders (LHC, HE-LHC,
SppC FCC-hh):
1701.08774, 1812.09333,
1808.08974, 2007.15654,
2010.00597, ...

colliders (CEPC, ILC, CLIC,
FCC-ee):
1407.5342, 1608.06619,

Indirect searches at the e*e-

1708.04737, 1807.04284, .
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How about the muon collider?

A high-energy muon collider has been discussed since 1980’s;
and it receives a renewed interest recently.

Figure from 1901.06150

Proton Driver

— OOA

Front End

Cooling

Acceleration

Collider Ring

-
= — -, .s — T s B £ -8
g 0§ & EmeislpirWe &
= s & 2 [Tis5 2|9 S cw S 8
g E 2 § [A2:°g/g 28 ¥®3 O e
s QS g E|m o 8 a= 3 E Accelerators: H H
< = o =lg2 | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" u pairs/sec from
e*e” interactions. The small
production emnFtance allc?ws Ic?wer | — ( 10s of TeV
overall charge in the collider rings Positron Linac =
— hence, lower backgrounds in a =y # § g
collider detector and a higher g %’ = =3 ? =
potential CoM energy due to =The .'5 Accelerators:
neutrino radiation. ] Linacs, RLA or FFAG, RCS

(I’'m not an experimentalist; please refer to 1901.06150 for the
details of the machine.)
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How about the muon collider?

A high-energy muon collider is able to execute both the direct
and indirect strategies for EWPT in xSM!

Compared to the e*e™ machine:

1. Synchrotron radiation is suppressed by 10° since M, >>M,,
hence the collision energy can reach O(10) TeV;

2. Also very clean, as long as the beam-induced-background is
controllable (main challenge).

. __Figure from 1901.06150
Compared to the pp machine: 500} Effective collision energy

1. The entire collision energy can
be used to probe hard process;

2. Much cleaner due to the small
the QCD background.

Vsu [Tev]
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Muon collider: direct search

Producing the h, at a muon collider

Y

Y

-
ut
h, associated production & Vector 10* e
Boson Fusion (VBF). ;
o 10°F
At a multi-TeV collider, the dominant =
channel is VBF, in which W* W~ fusion g’
dominates (90%); 5 10°
o°M(h,): rate obtained by assuming a otho

g VBF cross section :
L _ SM 2
" o(hy) =0 (hg) x sin” 0 7

Higgs-like coupling for the h,.
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Muon collider: direct search

Decay of h, to SM particles (X = vector boson or fermion)
I'(hy = XX) = sin?6 x I°M(hy — X X),
['(he — hih1) o< Ajipons

Dominant channels: di-boson (W*W~, 72), tt, and h,h,.

The h,h, channel canreacha 19

branching ratio of 80%; os M, [GeV]

For heavy h,, the /V channel 2 os w0

dominates; T 720
T 04 600
- 480

We choose oaf ‘0

hy, -> 77 -> IFI"FI- e, 5

h,->h;h, -> bbbb 08 60504 06 08 ™ 10

for a detailed simulation. Br(hy—h1hi)
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 Muon collider: direct search — diHiggs channel

The h, -> h,h, -> bbbb channel:

Main background:
v" Vector Boson Scattering ZZ -> bbbb and h,h, -> bbbb.

Kinematic distribution

05 10% jet energy smearing . 1st-order EWPT data points
2B——— 10" g —_— S EAREE S RRREAEE 5
' Signal bb -1 E\/\/\LHC, 36 fb”' ]
8 020! ~ 10 1
g [ £ 10—2 . . \\ ‘‘‘‘‘ N S~ LHC, 3.a_b.-l |
r L -~ EF R N At £ \?:
= M,, = 600 GeV £ e :
s 0.15¢ A -3 St
5 ' < 107 =
I o 77 B 107 —" e A
S o.10] bkg ZZ bb w 0T T
o] L > s e | T
E [ = 107 F 3 TeV Muon Collider, 1 ab™! 3
8 005} = 3TeV ! ider, 1 ab_ 3
I (@) 6 TeV Muon Collider, 4 ab 7
Z : 107 E 10 TZ\" .\'Ium: Collid:r, 10 ab™" E
I ul ‘l 1 ol 1 | 1 PRt 1 1 PR R ] _7 _I L1 I | I | I | I | I Littrrii1 l:
0.009 200 400 600 800 10 400 600 800 1000
Invariant mass [GeV] M;, [GeV]
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Muon collider: direct search — diboson channel

The h, -> 727 -> IFI'IFI- channel:
Main background:
v’ Vector Boson Scattering 77 -> I*I"I*I".

Kinematic distribution

1st-order EWPT data points

o8———mMm8M8 ———M— YT 10° = A e -
R i LHC, 36 fb™! j
£ S
= 0.6} Signal /] LHC,3 ab™ ]
:g 1gna ﬁ 1072 a _
E bkg 7211 Mn2 = 600 GeV T S -

17} : -3 ;
;.a = 10 3
o 04t = :
m -
Q 1()'4 E
N X 3
= D ]
E N;: 107°F L =
= 02 | = 3 TeV Muon Collider, 1 ab™' i
Z w2 -6 6 TeV Muon Collider, 4 ab™’ .
- 107"F 10 TeV Muon Collider, 10 ab™ E
0.0 .J L‘ L 1 1 1 "‘Aul: - MAAJ i ‘J . vL'- A e e - 10_7 :l ) T I | | I | T | I | T | l:

0 200 400 600 800 200 400 600 800 1000
Invariant mass [GeV] M;, [GeV]
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* Muon collider: direct search

The diHiggs & diboson channels
M,, [GeV]
are complementary
840
. 720
Thanks to the high accuracy of 0
the muon collider, the reach is 480
typically higher than the HL-LHC! 0
""" e oo
Br(hy—-hihy)
10%g
—_ 10“:— 10_1:_ LHC, 36 fb™!
i: 1072 ‘\‘"' : S 10_2E _______ LHC, 3 ab ™"
T T
-S; 10—3?, % :§ 10—3
ol (U — % 10
X — X
& 107°F o & 105 '
= £ 3 TeV Muon Collider, | ab_': _ c% 3 TeV Muon Collider, ab‘i
P 107E 107ev Muon Collder, 10.2™ 106F 1oy apen Coden b
10—7_. ...... Livvinin Lovivviny Liviniiny . 10_7|1|
400 600 800 1000 200 400 600 800 1000
M, [GeV] M, [GeV]
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* Muon collider: direct search

The collider search and gravitational wave
detection are complementary as well!

For the LISA detector, signal-to-noise ratio

(S N R) . fmax Q 2
aw (f
SNR =4/T df <#>
Forin Qrisa(f)
Detectable threshold: SNR > 50 (red)
100; 100;""'"'‘I"'"""I""""‘I"""'II
~ 107! _ 10! LHC, 36 fb™'
"Q C A \ Y -1
f 102F o § 102 e HHE, 3 3
’:(:\I 10—3 é_ s, <. . é\l 10—3
X E— X
> 5 — . >
. 107°F : SR = 107°F '
S E 3 TeV Muon Collider, 1 ab B R T .y 3 TeV Muon Collider, 1 ab™!
w 6 6 TeV Muon Collider, 4 ab™! 1 ' »n 6l 6 TeV Muon Collider, 4 ab™
107"E 10 TeV Muon Collider, 10 ab™ 107F 10 TeV Muon Collider, 10 ab™
10—7-| |||||| | ||||||||| | lllllllll |.lllll;ll:l 10—7:||||||||||||||||||||||||||||||||||||1||
400 600 800 1000 200 400 600 800 1000
M, [GeV] My, [GeV]
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Muon collider: indirect search

The gauge boson coupling & triple Higgs coupling. Making use
of the results in [Han, Liu, Low and Wang, 2008.12204]

VBF Higgs to bb VBF diHiggs to bbbb -« N1

Defining deviations -

gh,.VV
SM

5/<3V: —1

)

9h.vv

5KV

Ahihih S
Sk = Shamih 1075

 \SM
)\hlhlhl

uc-30, 90 ab :

We can obtain the projections.

[uc-n]: n TeV Muon Collider
Illllllllllllllllllllll

_4"lllll|l|]ll|lllll
1075002 04 06 08

0K3
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Conclusion

1%-order EW phase transition is interesting:

[ Theoretically, it is the essential ingredient of EW baryogenesis,
and can trigger very rich dark matter mechanisms;

d Experimentally, it yields detectable gravitational waves.

We propose strategies to probe 1-order EWPT at a high-energy
muon collider:

1. Direct detection: the resonant production of the new scalar;

2. Indirect detection: the deviation of Higgs couplings.

Collider search is complementary to the gravitational waves
detection!



Thank you!

Let’s look forward to a muon collider!

)E(H):

Electron Muon

Accelerator

Muon Collider

>10TeV CoM
~10km circumference

¥
-----------------------------------------
Y

AAAAA

: 4 GeV Target, wDecay uCooling  Low Energy
: Proton & pBunching Channel  uAcceleration
s Source Channel

. .
---------------------------------------------------------------------

Sketch of Muon Collider: from A.Wulzer’s talk in PITT PACC Workshop
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