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New physics from Light degrees of freedom
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New physics from Light degrees of freedom

Higgs

Higgs + singlet: scalar portal
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h
Scenarios:

1. General Higgs + Sing|et[Kozaczuk et al, 1911.10210]
b b b
V= —p?[H]” + N H|* + %\HVS + %\HIZS2 08+ 250+ 3353 +22g

2. Singlet Z,
[Kozaczuk et al, 1911.10210]
s R S by bi Z, preserving
V = —p [H|" + A[H| +E|H| S +§S +ZS [Carena et al, 1911.10206]

Z, spontaneous breaking
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The Z, preserving scenario

Motivated by dark matter,!1497.0688] composite Higgs!1°0°:02014] etc
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After EW symmetry breaking, Higgs exotic decay
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The Z, preserving scenario

Motivated by dark matter,!1497.0688] composite Higgs!1°0°:02014] etc
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The Z, preserving scenario

Motivated by dark matter,!1497.0688] composite Higgs!1°0°:02014] etc
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The Z, preserving scenario

Motivated by dark matter,!1497.0688] composite Higgs!1°0°:02014] etc
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B9 i4:a222.22 b_44
V= 2h +4h +=.___h_f_: 25 + 45
Higgs exotic decay
2,2 2
Vo - 2EW g (h— SS) = 22Vw  [; _ 4ms
2 32mmy, ms
Thermal correction and phase transition
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o . 2 Two steps:
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(2) 1%t-order electroweak phase transition
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Relation between a, and phase transition

Condition for two degenerate vacua

2 _ e, T2 . A b T?
HZZCnl”po y Apay 924060 ) D2 CST7 go | D4

V=-" A A 9 1
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Relation between a, and phase transition

Condition for two degenerate vacua

2 2 2
V=-— h* 4+ —h*+ —h*S5° + S+ =5 B
2 4 4 2 4719 o°
Some facts;[1909-02014]
C
1. ABCD could be either local extrema or saddle points; AG it
2. If Disa minimum then BC are saddle points;
3. If Ais a minimum then BC are saddle points, while D is NOT a minimum.
4. The only case of two degenerate vacua is BC, which requires b, < 0.

a3
mg = \/bs + ?U%W
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Relation between a, and phase transition

Condition for two degenerate vacua

2 2 2
V=-— h —h —h*S5° + S+ =5 B
2 T 2 4719 o°
Some facts;[1909-02014]
C
1. ABCD could be either local extrema or saddle points; AG it
2. If Disa minimum then BC are saddle points;
3. If Ais a minimum then BC are saddle points, while D is NOT a minimum.
4. The only case of two degenerate vacua is BC, which requires b, < 0.

a3
mg = \/bs + ?U%W

Therefore we get

Qm%
Az > —
VEw
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Relation between a, and phase transition

Condition for two degenerate vacua

2 2 2
V=-— h* 4+ —h*+ —h*S5° + S*+ =S5 B
2 4 4 2 4719 o°
Some facts;[1909-02014]
C
1. ABCD could be either local extrema or saddle points; AG et
2. If Disa minimum then BC are saddle points;
3. If Ais a minimum then BC are saddle points, while D is NOT a minimum.
4. The only case of two degenerate vacua is BC, which requires b, < 0.
2 10° gy | L I B
ay o F
ms =\[bz + S Ugw - Strong 1st-order EWPT
Therefore we get 107 \
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az > —5= T 0L
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Relation between a, and phase transition

Condition for two degenerate vacua

2 2 ;
pe—cpT= 5 Ay a2,5.0  batesTT 5 ba 4
V =— p2 . Apa 9200 o b [
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2. If Disa minimum then BC are saddle points;
3. If Ais a minimum then BC are saddle points, while D is NOT a minimum.
4. The only case of two degenerate vacua is BC, which requires b, < 0.

a2 1005"| | L B R
ms =\[bz + S Ugw - Strong 1st-order EWPT

S

Therefore we get 107
2m>2 s i

CLQ > D) x] s 10—2 |

” _
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Which is a lower limit on

5 5 1073 [Kozaczuk et al, 1911.10210] =
asv 4m Eeoo v b o b b e by
['(h— SS) = 3; i}w 1— mQS 10 20 30 40 S50 60
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The general Higgs + singlet case

The potential in unitary gauge

V= —%2h2 + %h‘l + S+ WS+ b5 + %252 + %353 + %454
h— vgw+h, S—uvs+S
Shift S such that v, = 0; expand around vacuum
Singlet-like (hl) _ (cose —sin0> (S)
Higgs-like \ h2 sinf  cosf h
Exotic decay
VD %A211h2h§ ['(hy — hihy) = 32;% A3/l — 4m—”§

Light S: LEP & LHC-- | sin 4] < 0.07; future colliders| sin 6] ~ 0.01

2 1 [Kozaczuk et al, 1911.10210]
A= @2 + O(0%), by = ——agvayw +mi + O(0%) x m3,
QUEW 2 )\211 5
m2 = —a9 + 0(9 )
ap = 0(0) X 2 b1 = 0(9) X mngw VEW
VEW
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The general Higgs + singlet case

The potential at finite temperature
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The general Higgs + singlet case

The potential at finite temperature
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Analytical estimation

V(¢37T*) — V(¢h,T*) g 1072
V(¢b7T*) - V(Qbh,T*) >4

Nlllll T IlIIIll] T IIIIIII| T TTTT]
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2
4y > — A / [Kozaczuk et al, 1911.10210]
N4EW1A 10_4|||||||||||||||||||||||||||
10 20 30 40 50 60
m; [GeV]

Ke-Pan Xie (¥{#1[H7), U of Nebraska-Lincoln 17



The Z, spontaneous breaking scenario

Motivated by dark symmetry breaking models!Carena et al, 1911.10206]

A b4

ooy P 2y P2ge 54
2 4 4 92

A complete one-loop level analysis

! 2(h, S 2(1.5) 3
Vew = 6472 (Z an%(h, S) lln mBéQ2 ) — CB] — ZnFm%(th’) |:1Il mFéQQ ) . 5])
vt (h,s,T) T4 ZnBJB (mB (7, 5) ) + Z rJF ( el S)) + Daisy resummation
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The Z, spontaneous breaking scenario

Motivated by dark symmetry breaking models!Carena et al, 1911.10206]
A bs
4 4
A complete one-loop level analysis

Ve = — (ZB: npmi(h, S) [ln % - cB] - ZF:nFm‘}v(h,S) {ln i L 2])

2 b
V= —%h? +Zht 4 %iﬂS? + 5252 + 51

6472 02
T m%(h, S) m2(h, S)
T - B\ ") i AN Rl - ;
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B F
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The Z, spontaneous breaking scenario

Correlation between exotic decay and EWPT [Carena et al, 1911.10206]
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A short summary

Three strong 1%t-order electroweak phase transition scenarios:

1. General Higgs + singlet; [Kozaczuk et al, 1911.10210]
2. Singlet Z,-preserving [Kozaczuk et al, 1911.10210] &, spontaneous

breaking[Carena etal, 1911.10206]

10° g

107

a
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1072 3 N\ﬁ\«;\"c
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- ‘1‘0‘ B ‘2|0‘ B ‘3‘0I a ‘4‘0‘ B ‘S‘OI a I60
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10° g
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All show the correlation between EWPT and Higgs exotic decay!!
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Searching for Higgs to double-singlet exotic decay

If S decays invisibly: Br(h > invisible)
Current LHC bound < 14.5%;[2202.07953] fytyre HL-LHC 2.5%;[1902.00134]

CEPC

0.27%. [1905.03764]

If S decays visibly: Br(h > SS > XXYY)

[S—
@}
(=}

[a——
<

Br(h—ss—>XXYY)
S 2 3 3

[a—
9
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S A O NN

ATLAS bbbb 36.1 fb™

ATLAS bbbb 36.1 fb!

[Gershtein et al, 2012.07864]
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Probing EWPT with Higgs exotic decay

h >SS > XXYY as a probe [assuming S decays via h-S mixing]

100 7W T 100 7W TT T 1T T 1T ! Y/ TT T T T T TT ! TT T T T T 11T
1071 E 1071 \>< E
= 3 FGlobal fit on'total exotic decay BR T A
20 | 20 |
—_ 10 ATLAS pppp 139 b 3 —_ 10 = ~ E
7s) r Parameter regions for B W - S |_ B
B 6 i iuetal, 1612.092844

72 72 -

1 3l strong 1%—order EWPT CMS pppp 359 b~ + 1 sl el Higgs factory: bbbb ]
= 10775 CMS pprr 359 ™" = 107 . TTTmmmmmTTTTTTTTTE
— E CMS pprr 35.9 fb! = — E U o Y =
E B CMS rrrr 359 b~ ] E L, Higgs factory 1
1041 ATLAS bbuu 139 fb™' | 10-4 Shelton et al, 2110.13225 _
c A CMS bbrr 359! ] c ]
sl ATLAS bbbb 36.1 fb~! ] sl . L. 7
10 5 3 ATLAS bbbb 36.1 fb~! = 10 5 3 Solid: Projections at HL—LHC =
] - Higgs factory statistical limits with 10° Higgs ~ ~

10_6 I ' B ‘ Y ‘ N ‘ N | 10_6 N I ‘ N | ‘ Y ‘ N Y

10 20 30 40 10 20 30 40
mgs [GeV] mg [GeV]

Recently: probing 1s-order EWPT via long-lived particle searches
for h > S5 > jjjj at CMS, MAPPIHu et o, 2205.08205]
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Conclusion

New physics might be hidden at lower energy scale...

o | Higher energy
Origin of a strong

1st-order EWPT?

Highly correlated with Higgs exotic decay, especially h > 55 > XXYY



Conclusion

New physics might be hidden at lower energy scale...

o . Higher energy
Origin of a strong '\

1st-order EWPT?

Highly correlated with Higgs exotic decay, espeually h > SS > XXYY
Might be revealed at ..

CEPC / S P pC LTB: Linac to Booster

BTC: Booster to Collider Ring

Medium-Stage Synchrotron, MSS
Rapid Cycling Synchrotron, p-RSC

r  Other hopeful channels
* W), TT), HUTT...

Thank you!




Backup: implications of first-order phase transitions

Matter-antimatter asymmetry

S 2011.04821,2005.13552, 1206.2942,
hep-ph/9410282, 9408339, etc

Dark matter/primordial black holes

Sl 2201.07243, 2106.05637, 2106.00111,

2105.07481, 2008.04430, 1912.02830, etc

Gravitational wave signals

2204.05434, 2008.10332, 1807.09495,
 1512.02076, 1512.06239, 1910.13125, etc

Ke-Pan Xie (¥{47[H7), U of Nebraska-Lincoln

26



