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Mystery of electroweak symmetry breaking

The Standard Model:

2 A E
V(R) =R p2 4 2o | ]
2 4 e i Vew
=
Two issues:
1. What is the origin of uf < 0? -
2. The hierarchy problem h
dmi ~ Asp > (100 GeV)?
. [ ... the flush toilet in
Natural Natural Highly )
Unnatural a stately mansion.
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Efforts to solve the mystery

Supersymmetry
Cancellation guaranteed by symmetry
Sug — Sug =0

Prediction: sparticles

Composite Higgs P
The Higgs boson is a pNGB, like T mesons in the QCD

Fundamental strong dynamlcs UV scale

Vector Fermion
??? TeV ?7?? TeV

Prediction: composite resonances

Radiative symmetry breaking [This talk]
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Radiative symmetry breaking

Originates from Coleman & Weinberg!Phys-Rev.D 7 (1973) 1888-1910]
Example: massless scalar QED

1 uv Tpu 4
L= -2 FyF* +D,STDHS - AlS|
S=(¢+in)/V2andD, = 9, + ieA,
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Radiative symmetry breaking

Originates from Coleman & Weinberg!Phys-Rev.D 7 (1973) 1888-1910]
Example: massless scalar QED

1 uv Tpu 4
L= _ZFWF +DﬂS DHS — A|S]|
S=(¢+in)/V2andD, = 9, + ieA,
. Q *Requires
Q A~e*

One-loop level :
¢ 1 A /

3 4
Vi(@) = 3zen2 ¢° (log W Z)

Spontaneous symmetry breaking!
mg = V6e?w/4m and my = ew

Vi(@)
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Radiative symmetry breaking

Originates from Coleman & Weinberg!Phys-Rev.D 7 (1973) 1888-1910]
Example: massless scalar QED

1 uv Tpu 4
L= -2 FyF* +D,STDHS - AlS|
S=(¢+in)/V2andD, = 9, + ieA,

Q . Q *Ref :Jierfs

One-loop level :
1(P) =32 P {08, 71 S

Spontaneous symmetry breaking!

mg = V6e?w/4m and my = ew

Other perspectives
1. Scale anomaly, or conformal anomaly, or trace anomaly
2. Dimensional transmutation — from A to w
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Application to the EWSB

Get rid of the quadratic divergence
[Bardeen, FERMILAB-CONF-95-391-T; Meissner et al, PLB 660 (2008) 260-266]

Can it be directly applied to the SM Higgs? No!

2

2
1. EW W & Z induces: —& ~ ng =>my, S 10 GeV

my, lém

2. Including t: V;(h) ~ B,h*logh, with B,, ~ (9g7, — 48y%) < 0
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Application to the EWSB

Get rid of the quadratic divergence
[Bardeen, FERMILAB-CONF-95-391-T; Meissner et al, PLB 660 (2008) 260-266]

Can it be directly applied to the SM Higgs? No!

2

1. EW W & Z induces: —& ~ i, m, < 10 GeV

my,  1ém?

2. Including t: V;(h) ~ B,h*logh, with B,, ~ (9g7, — 48y%) < 0

Standard Model Hidden sector U(1) x

Higgs _ A’
Radiative SB
G Q portal « "

dark scalar dark gauge boson
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The framework of a realistic model

Tree-level Vo (H,S) = A, |H|* + A,|S|* — V' |S|?|H|?
Only dimensionless parameters
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The framework of a realistic model

Tree-level Vo (H,S) = A, |H|* + A,|S|* — V' |S|?|H|?
Only dimensionless parameters

Loop-level, unitary gauge

39% I A U
= - ) — — _h4

Vi(h, ) 32n2¢ (logWO 4) 4h P+ 4

— _J
Y
Radiative symmetry breaking \ (D) = wy
at wy > 100 GeV via A’
/’l,Wg /’lh
V,(h) ~ — h* +—h*

n(h) 4 + 4
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The framework of a realistic model

Tree-level Vo (H,S) = A, |H|* + A,|S|* — V' |S|?|H|?
Only dimensionless parameters

Loop-level, unitary gauge

39% I N L PO
h,9) = 55 50 (log,, =) =g h07 +
— o
Y
Radiative symmetry breaking \ (D) = wy
at wy > 100 GeV via A’
/’l,Wg /’lh
V,(h) =~ — h? +—h*
W) = =500 4
: ,  mj _a_, (10* GeV 2 mj
Taking ' = we ~ 1.6X10 ><( e ) and A;, = 20, ~ 0.13 --

Correct Higgs potential & EWSB get!

The prediction of this mechanism? [This talk]

Ke-Pan Xie (¥4 H7), Beihang University
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The distinctive feature

Mass
A light scalar compared to the NP scale

A" portal -- h-¢p mixing =
Vacuum structure (h, ¢) = (Vay,, W).
Only two free parameters!
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The distinctive feature

Mass
A light scalar compared to the NP scale

A" portal -- h-¢p mixing =
Vacuum structure (h, ¢) = (Vay,, W).
Only two free parameters!

Full expressions in our paper

[q’,v‘ngv

A —

41T

107! 107!
e >
= 1072 =, 1072
g8 =
,E? 1073 ,E? 1073
X e
= =
1074 10~
10_5 \HHH‘\H\HH \HH\H‘HHH\H? 10_5\\\\\\\\\‘\HH\H‘H\HHH‘H\H\H\‘\\ L1l
400 600 800 1000 0 200 400 600 800 1000
my [GeV] mgy [GeV]

Searching for a singlet scalar mixing with the Higgs boson!
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The particle experiment search

The decay branching ratios of ¢

Gershtein et al, Phys.Lett.B 823 (2021) 136758

100 /

lndron%

Branching ratio

99

bb |

cC

’Y’YZ

Landscape:

10?

* my S 4 GeV:imesons, gg

e 4GeV<m
e 10GeV <

¢ ~

Mg =

0.1}

Djouadi, Phys.Rept. 457 (2008) 1-216

bb

i ,
0001 S/

0.0001

100

< 10GeV:¢p » vt~
< 160 GeV: ¢ — bb

130 160 200

300 500 700 1000
My [GeV]

—> Need to include
¢ — hh

* 160 GeV S my < 250GeV:¢p - VV, withV =W+, Z
* mg = 250 GeV: ¢ - VV, hh, oreven tt

Ke-Pan Xie (1 H7)

, Beihang University

13



Simulations at a 10 TeV muon collider

Z @ associated production Vector boson fusion (VBF)
pt R pt— — T /p"
————— 6
po Z po— —— v/

Cross section 0 = sin® 8 X g, (m,) «— SM-like calculation

10° 1 —
; prum — X s
e VBF— H .

10% > | ——=4 VBF dominates for
= . zi__ oy multi-TeV colliders
? 10! 1”;;, i— """""""""""""""""""""""""""""""""""""""""" ¢ t

14" HH
ttH
L S | Han et al, Phys.Rev.D 103
£ b (2021) 3, 0031301
5 10 15 20 25 30
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The ¢ — bb channel

Parton-level simulation = 0500 ]
FeynRules model file + S ’ ’
MadGraph5 event generator + ;5 0.100|
10% jet energy smearing £ 0050
= s bkg

Backgrourdi ) % 0.010; it
* VBFu'u -—jj £ 0.005 R N
° +- B i o f Lo

urtum > Z/y - jjeasily 2 .

removed using m(jj) OV | R A A Lo

0 50 100 150

cuts: Invariant mass [GeV]

* Two jets with pr > 30 GeV and |n| < 2.43
Mrecoil > 200 GeV

.« |m(j) — m¢| < 0.2Xmy
Assuming a 70% b-tagging rate yields similar sensitivity
Similar treatment for ¢ — 717~ with 90% 7-tagging rate
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The ¢ — VI channel

Backgrounds 0.500p ]
— signal jj ]
* VBFu*tu™ - VV - jjjj g |
« utu~ - jjjj easily removed Z o100,
using m(]'jjj) 2 0.050
« VBFu*u~ -jjjjviaQCD = |
splitting negligible after ii 0.010,
m(jj) selection £ 0.005
z
Cuts: 0.00]
* Four jets with pr > 30 GeV ,
and |77| < 243 Invariant mass [GeV]

* Myrecoil > 200 GeV
* Pairing jets to have V candidates with |m(jj) — my| < 15 GeV

imGjjj) — m¢| < 30 GeV

Similar treatment for ¢ — hh — bbbb 70% b-tagging rate
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Another distinctive feature

A new scalar can be the consequence of any new physics model!

XSM or cxSM? ] 4 ......

\

—" Next-to-minimal composite Higgs?

b

Next-to-minimal SUSY?

3

Radiative symmetry breaking?

More evidences? The special shape of potential

V{'(0) < o y /

V/(0) =0 W /

Vi(®)
V(¢)

B 1 2
vg) ~ 7 % (102 ~2) V@)~ g+ Lo
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First-order phase transitions

Time evolution (boiling of the Universe) >

Ke-Pan Xie (47 H3), Beihang University

Vr(¢.T)

Vr(¢,T)

tT>T7. \/
T=T,
T <7,

Wi

Vr(¢,T)

—

FOPT (vacuum decay) | _

¢

18



First-order phase transitions

Time evolution (boiling of the Universe) >

tT>T7.
x|
=
¢ =0 '
LT =T,
< /
The necessary barrier is easily obtained =
in a classically conformal theory —
Q 3
A W,
o arrier f S -
'é- any T > O F_OPT (vacuum d_ecay) _
N ¢
. \
2
gXT 2
b Vr (¢, T)~ 3 ¢+ Vi(9)

Vacuum decay rate ~ e‘l/ggf, when gy 1, FOPT temperature T}, |

Ke-Pan Xie (¥#7H7), Beihang University
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Thermal history: normal pattern

39 1 $T? A A cp T?
Vp(h, ¢, T) ~ 9% ¢4(10g§——)+g" ¢2—Zh2¢2+—hh4+ L p2

3272 4 8 4 2
4 4
Dark A’ SM particle

1. AtT,, the U(1)x FOPT occurs via ¢:0 - w,

2 a2
2. Then Vp(h,¢,T) > Vp(h) = "2 p2 4 2
Define Ty, = J’% ~ 140 GeV
h
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Thermal history: normal pattern

39%
321

VT (h, (pr T) ~ g 2

4 )
Dark A’ SM particle

1. AtT,, the U(1)x FOPT occurs via ¢:0 - w,

A

2 a2
2. ThenVp(h,¢,T) - Vp(h) = 02 p2 4 2y
. . Mmp ~
Define Ty, = N 140 GeV
e If Tp > Tow e If Tp < Tew
U(1)y FOPT EW crossover Joint U(1) x-EW FOPT

d=w

h: 0 - vg,, (shift)

@

Ke-Pan Xie (¥#7H7), Beihang University

o) 1) giT? A A c, T?
4 Lo 2 T 242 4 2
> ¢ (logW + ¢ 4h¢ +4h+ h
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Thermal history: inverted pattern

1. EvenatTycp = 85 MeV, U(1)yx & EW still not transition
2. QCD FOPT occurs at Tocp With 6 massless quarks

3. Top Yukawa —%(ft)h induces (h) = vocp = 100 MeV

2 o1/
8. Ve(h . T) = Ve(9) = 225 ¢ (log & — 1) 4 ST 22000c o2

32m?
4

Define Tyop = V24 29CP . 1.8 MeVX (10 Gev)
gxw

gx
Witten, NPB 177, 477 (1981); Iso et al, PRL 119 (2017) 14, 141301
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Thermal history: inverted pattern

1.
2.

3.

4.
Define Tyop = V24 7Qcb ~ 1.8 MeVx (

Even at Tocp = 85 MeV, U(1)x & EW still not transition
QCD FOPT occurs at Tocp With 6 massless quarks

Top Yukawa —%(ft)h induces (h) = vocp = 100 MeV

3 geT?—22"vé
Ve(h ¢, T) = V(@) ~ 225 p* (log & — 1) 4 PHT200c 2
104 GeV)

gxw
Witten, NPB 177, 477 (1981); Iso et al, PRL 119 (2017) 14, 141301

9x

If Tocp > Tron * IfTqoep < Tron

QCD-EW FOPT  U(1)y FOPT Joint QCD-EW-U(1)x FOPT

$=0

h = vy, (qq) # 0‘
b=w
h = v,

(qq) # 0

Ke-Pan Xie (¥#7H7), Beihang University 23



The consequence of FOPTs

Stochastic gravitational waves!Caprini et al, JCAP 1604 (2016) 001]
1. Bubble collision

T.

_ 1\ (B/H.
. - 3
2. Sound waves in plasma fpeak ~ 1077 Hz X (vw>< 10 )(
3. Turbulence in plasma

Two important parameters:
* « -- latent heat over radiation energy
* [3/H, -- inverse ratio of FOPT duration to Hubble time

1Increasing a

Increasing T,

(\.:: - Sound —_—
C; _ waves
@ Increasing
G
\ H,

E"o I Collisions \B/
]
c |
L Turbulence

Frequency f

Ke-Pan Xie (¥#7H7), Beihang University

TeV

)
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Our calculations

Resolve the FOPT dynamics using full one-loop finite temperature
field theory, optimize calculation at extremely low temperatures

One example:

my 6 9x w T, B/H, | T Ty
0.79GeV | 107°| 1.3x107% | 2.5%10% GeV | 0.56 MeV 49%x10° | 1.7 GeV| 4.7x103 GeV

Extremely strong! “Thermal inflation” below T,
But very prompt: a strong but fast FOPT

1 / 1 ‘
LISA, TianQin, Taiji” | 4/ \_/"
— SN /,// |l :\_/,I’, 2 »’// //
10 o \\\::\*~\~\_/'BBO, )‘:\/ . ’,’//
. s DECIGO
< 10714}
B )
(:} 1
10-19] ¥ Weak GWs |
10724
10—6 10—4 0.01 1 100

FHz] - pifferent from naive estimate
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Combined results (1)

The heavy singlet scenario mgy > my,

e Collider: HL-LHCpp - ¢ —» ZZ; 10 TeV u*u~ - ¢ — bb, VV, hh

 GWs: [LISA, TianQin, Taiji] and [BBO, DECIGO]

FOPT pattern:

107!  U(1)y FOPT + EW crossover
- or U(1) x-EW FOPT
0?)0 10-2 * U(1)y transition after the
g QCD-EW transition
£ 10
X
=

[E—
<
N

—
e}
dn

Ke-Pan Xie (¥#7H7), Beihang University
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Combined results (1)

The heavy singlet scenario mgy > my,
e Collider: HL-LHCpp - ¢ —» ZZ; 10 TeV u*u~ - ¢ — bb, VV, hh
 GWs: [LISA, TianQin, Taiji] and [BBO, DECIGO]

025
10~ -
< < 020
O 4 R B
ED 10 50 :
= S 0.15]
o0 o0 g
£ 107 = E
o % 0.10}
= = |

10 005}, AT N _

N g \13:130 P 1C VBF ¢_’YY\,4C‘YBF ¢->th

10—5\\\‘ I AN, SR FTTTTTE R 0.00:\\\\\FTTTT-ﬂ-1—\—y-v--L4..p.g..4_\_;_4_4_;_ _‘_1\;_4_4_:_:_1_7

200 400 600 800 1000 ™~ 150 200 250 300

niy [GCV] ~~~~~~ ny [GCV]

Ke-Pan Xie (¥#7H7), Beihang University 27



Combined results (2)

The light singlet scenario my < my,

* Collider: LLP searches; 10 TeV u*u~ - ¢ = t¥t7,bb
* GWs: [BBO, DECIGO]

107!

/1 FOPT pattern:
i U(1)x transition after

10_2 ‘,/: . .
> - /1 the QCD-EW transition
s ]
ah 1073 /|
= 10 ;

g) ] 10° GeV ]
S 104

= 10 ' E
E \ 107 GeV. ]

sm} 103 GeV ]




Combined results (2)

The light singlet scenario my < my,
* Collider: LLP searches; 10 TeV u*u~ - ¢ = t¥t7,bb

* GWs: [BBO, DECIGO]

107!

1072

10° GeV

Mixing angle 6

Mixing angle 6

108 GeV

S
o
X
A

<

(@)

=
—

uC VBE
¢—>l)l_)

e -
S~ S

\H‘HHH\H‘HHHH\‘HHHH\‘\HHHH‘H:
60 80 100 120
my [GeV]



Closing remarks

Radiative symmetry breaking can be efficiently probed by
combining the particle and GWs

LISA

2.5 x 10° km DECIGO :
TianQin () 10* km i
V3 x 10° km :
R PN : - :
Taiji hrlh‘\.) @ : 2 " G WS i
3x10°kme - & —~ PW
g 120 — :
A 6N & :
—— 20° oy B —
e £\ 120°
. ‘@) B
@ -
DECIGO 120° ~..DECIGO <=

i AT S 5 A\
i 4GeV Target, wDecay pCooling — Low Energy
i Proton & pBunching Channel uAcceleration :
%, Source  Channel :

Distinctive features
* Arelatively light singlet scalar my < w

* Asupercooled FOPTT, K w
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Closing remarks

Radiative symmetry breaking can be efficiently probed by
combining the particle and GWs

LISA

2.5 x 10° km DECIGO
TianQin ¢ 10% km
V3 x 10° km
L
Taiji Earth ‘\./\. [} 3 :
3x10°km@ - & i —_
) L2000 > § (0
® AR LT - 20° ,""'__ .'_\ —
‘ el e 1200
. ) =
G pn [
DECIGO »_ 120° ey _,l»)EClGO

i oY
i "4.GeV. Turget, xDecay Decay ool e
i Proton &;lBunch ing Channel  pAcceleration

Distinctive features e
* Arelatively light singlet scalar mg K w

* Asupercooled FOPTT, K w

Future research
Exotic thermal history for dark matter,!180>.01473, 2304.00908]
primordia| black hOlES,[2311‘13640’ 2312.04628, 2401.09411] and

ba ryogenesis.[2206'04691' 2305.10759] [lfﬂ k
Thank you!
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