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What do we know about the Higgs?

* We have discovered the Higgs boson and measured its
properties with precisions.

* However, we know very little about the Higgs potential.
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What do we know about the Higgs?

* We have discovered the Higgs boson and measured its
properties with precisions.

* However, we know very little about the Higgs potential.

V(@) Completely specify the Higgs
potential in the SM, but directly
| 3 my, ~ 125 GeV measured
o V=—p?H'H + )\, (HTH)?
2 270 2
v ~ 246 GeV i =my /2 = (88GeV)

Ay =m7 /2v% ~ 0.13



What do we know about the Higgs?

* We have discovered the Higgs boson and measured its
properties with precisions.

* However, we know very little about the Higgs potential.
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Self coupling, Limited sensitivity at HE-LHC



What do we to know about the Higgs?

* The shape of the Higgs potential is closely related to the electroweak
phase transition.

V(O) V(D)

. T>>100 GeV

Know nothing beyond v, and m, EW symmetry restored



Electroweak Phase Transitions

V(®)

* In the SM, the EW symmetry is
broken by a smooth cross over.

e v (T) changes
* No energy barrier; no bubbles;

* no cosmological relics




Electroweak Phase Transitions

V(D)

e First Order Phase Transition
e vis discontinuous

* V. has a barrier, bubbles nucleated

\ / | ¢ Possibly interesting cosmological
relics!

)

New physics to generate a barrier



Outline

e Gravitational waves
e Colliders

e Other model-dependent probes of the new physics?




Outline

How can we probe the new physics?

e Gravitational waves

3 4 Chala, Krause, and Nardini, 1802,02168
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Outline

e Gravitational waves
e Colliders

e Other model-dependent probes of the new physics?
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Probes?



Generate the Barrier
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Requiring first order phase transition gAgM < A3 < 3ASM



Generate the Barrier — Adding Higher-dim Operators

_m2 + 2 it Con+-4 + n—+2
V($,0) == (6'¢) + Z o (070)
=1

First order Phase Transition

s General
TOASM -1 results

O FLrst ovder PTs tend to be
assoctated with enhancements Ln

c. /‘ the trilinear coupling, while

- Az _ 5 \SM | suppressions tend to be associateo
T R—T ;O(OG(-SV)BOO 700 800 ©T T30 w00 AsoEae(SV)eoo T 700 800 WLth Secowd Order PTS.

o The trilinear coupling coulol
deviate sig wiﬁoa WcLa from Lts

_: SM value twn the region consistent

AFT o TASM with a first order EWPT.
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A (GeV) A (GeV) arxiv:1512:00068 PH, A. Joglekar, B. Li, and C*\Wagner

Color coding are for différent hierarchies of the coeffidients.



Collider Probes — Double Higgs Production

LHC 14 TeV =~ ===-- ,/"
20000 THC8Tev  eom i P
7 1000 gl ]
h - 2/1)1 ,/,, -~ -
————— - 500+ o e 1
t N /’ R
~ ’ ,,l
| = 200, L f
destructive 2 |
’ = 100+ \\ 2 B
Lnterference T 100 S Y
7 OO00000000———— ~ - = - - ’ 5 50 s :
.\¥ 1' :
SO / E/
t 20‘, "\‘ E \‘ II 'z il
7 00000000 ————L - - - - - n vio
10+ \: J 1
Voo
AtNNLO, 14 TeV. AV LO + K—factor (1.88)
, ev, - Rl : A
0" 5 10 15 20
o \3 = )‘:;M a(pp — hh) = 40 fb Ahhh/Ahhh
o X3 =51, o(pp — hh) = 100fb SM

De Florian and Mazzitelli, Grigo, Melnikov, and Steinhauser Spira, figure from Barger, Everett, Jackson, and Shalaghnessy



Significance [o]
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Collider Probes — Double Higgs Production
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The LHC has a very limited
sensitivity in the region where
the EWPT can be strongly-first-
order.

PH, A. Joglekar, B. Li, and C. Wagner. 2015 16
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Amplitude

Limited sensitivity with large A,

oAM= 2.45 < A8

,,,,,,,,,,,,
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The destructive interference occurs between the
real part of the triangle and the box diagrams

Above the tt threshold, the amplitudes develop
imaginary parts, the cancellation does not occur

When A; increases, the amplitudes increases
more below the tt threshold than above the

threshold

* m,, shifts to smaller value for Large A,

Barger, Everett, Jackson, and ShaL117ghnessy



Limited sensitivity with large A4 14 TeV and 3000 fb
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Big Improvement for New Physics!
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SM: peaked at large invariant mass. A cut of my, > 2m,,, or

something equivalent is currently used in both experimental

and phenomenology studies. PH, Joglekar, Li, and Wagner,
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e Gravitational waves

e Collider
e The trilinear coupling deviates significantly from the SM
e Need to change the m,;, cut
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Models



Heavy Scalar Singlet

m2 + agT?
V(¢h7¢87T> — 0 9 .

Integrate out the singlet,

y = v*/m2.

2
(am? — tAps)*0?

8
myg

e Collider
probes/constraints

* Higgs signal strength
* Resonance decaying
to vector bosons

* Electroweak precision
observables

z =

A\
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2 T2
Vos(H,T) = 0T 000 2y (
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For 1-loop results, see Jiang,
Craig, Li, and Sutherland.
Arxiv:1811.08878
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Mg
PH, A. Joglekar, B. Li, and C. Wagner, arxiv:1512.00068

PH, A. Hooper, C. Wagner and V. Wei, work in progress 2t



h h
Heavy Scalar Singlet, Lepton Comde"-Q---—

The singlet kinetic term modifies the wave function
of the physical and therefore shifts all Higgs
couplings universally

Dus) (0 ) ~ 20,4 79,® + h.c.)’ |1 + O\ @ ®/m?2)
1% I

4
Mg

N | —

HL-LHC expects to measure the Higgs couplings to percent level. O(2-10%)

250

CEPC Preliminary

hZZ coupling can be measured to high precisions with

lepton colliders.
hZZ coupling can be probed by the Higgsstralung process
Large production cross section around 240 GeV to
250 GeV ~ 200 fb

e e e R B R
Expect precision in hZZ coupling at future lepton o0 SO

colliders! 5 ab -1 CEPC pre-CDR
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Heavy Scalar Singlet, Lepton Colliders, GWs

15t order phase

transition , \
Strong first order Real Scalar Singlet Model h----- ! ro---
phase transition Nt

N 0.100} HL-LHC

=

o 0.010

>

8 CEPC/ILC . . .

N Current constraints: Higgs signal
N 0.001 FCC-ee

< strength

HL-LHC can start to probe the hZZ
coupling to percent level

Next generation lepton colliders can
basically cover the whole region

—
<
N

O 200 400 600 800 1000 1200 1400
singlet mass: M (GeV)

PH, A. Long, L.T. Wang, arXiv:1608.06619



sin@

Light Scalar Singlets

Carena, Liu, Wang arxiv:1911.10206
Singlet extension with a spontaneous Z, breaking.
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* Thermal+tree level
e Full one-loop results: A&A-NR
e Full one-loop: B&B-NR

-~
e ————— ]
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Future Lepton Collider

A (0,0) = (0,w) — (v,w)
B (0,0) = (v,w) m SFOEWPT
e _1loop + Daisy
® w cos6>0.95
® W cos6>0.995

A-NR (0, w) = (v,w)
B-NR  (0,@) —(0,0) — (v, w)
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Scalar Doublets

1 Q ~ (1,2,1/3) x 3 flavor
U

A
_ 2 12 h 4
V= §m0¢h T quh ~ (1,1,4/3) x 3 flavor
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Scalar Doublets, Collider Probes

Modified hZZ couplings,

) e 93551 °v?
_ . o 2 2 hbb 2 2 2
5Zh =3 jzl 327‘(‘2 mh7 mtﬂmtj) + 3 3972 I(mh7 mb7mb )
" Fan, Reece, Wang. 2014
A A
7 ,/’.’VVVV\’ Z - ,If\/\/\/\/\,
VWL E o MV b

S h ~w____h

PH, A. Long, L.T. Wang, arXiv:1608.06619



Scalar Doublet, Modified di-photon coupling

Thoyry = Gp o Aw + A+ A +A(
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Djouadi, Driesen,Hollik,lllana, 2005



Scalar Doublets

15t order phase
transition

Strong first order _ .
Stop-Like Model In the region where

phase transition
Lisa 39 £ the EWPT is strongly
N 87 3 first-order, hZZ and
0.5% . .
5 Higgs diphoton
% CEPC couplings deviate
N significantly from the
T 0.1%
SM.
0.05% Will be fully tested by

1.0 1.2 1.4 1.6 1.8
Higgs diphoton decay: 4 yy / (Mhsyy)sm HL-LHC.

PH, A. Long, L.T. Wang, arXiv:1608.06619



Fermions?



Integrating out new fermions?

Take a general vector-like fermion model,

Lyry = L(in, DY — mp) L+ E (i, D% — mg)E' + N (i, D% — my)N'
— ZH (yELIPL + yER[PR) EI + Zﬁl (yNLIPL + yNRIPR> N/ + hC} ,

1

N 1
Lpr= <E) ~(1,2,Y), Npp~ (1,1,Y+§), B}~ (1,1,Y—§),
L.R

4
1672LSF > + ( 5 +2log ) (lyn|? + lysl®) D, H|?
2 2 2 2 .
(1 +3log ) (lywl* + lysl*) m* |H] Does not have the barrier we
16 want as in the singlet extension.
+ (% 2 ) (luwl* + usl*) |E g

2 (lyl” + Iyl
N 15m2 6 A. Angelescu, PH 2006.16532

S. Ellis, J. Quevillon, P. Vuong, T. You, and Z. Zhang 2006.16260




Possible to have a barrier from fermions?

Low T, scalars and fermions contribute equally

)

272

Ky (m(9)/T) + O(T?m(¢)%e 2@/

Consider the possibility of generating a barrier through fermions



A Minimal Vector-Like Lepton (VLL) Model

* Fermion models for strong first order phase transitions?
to the Higgs!

* To avoid large between the VLLs and SM leptons, and large
contributions to the T parameter, we add

N
Lon— (E) ~ (L2 s N~ (Do Fype (1)
L.R
* The most general Lagrangian is,

—Lyrr = yNRzLE’NJ,% + yNLN,LﬁTLR +yp, LLHER + yELE/LHTLR
+ mLfLLR + mNN,LNI’Q + mEE/LE}% + h.c. ,



A Minimal Vector-Like Lepton (VLL) Model

—Lyrr = yny L HN + ?JNLN/L[:]TLR +yp, LLHER + yELE/LHTLR
+ mLILLR + mNN’LN]/% + mEF/LE}z -+ h.c. ,
* 2 neutral and 2 charged VLLs
* Ranges of the parameters considered,

mr, my,mg € [500,1500] GeV, YNL r> YEL r € |2, V4T,

 Constraints: @ y

* S & T parameters

* Diphoton signal strength, 0.71 < u., < 1.29 ATLAS, 1802.04146 ‘
* Masses of the lighter states, Mg, > 100 GeV and my, > 90 GeV

LEP2, Phys Rept 427(2006)257-454



Thermal Evolution of the Effective Potential

* For each surviving point, calculate the phase transition strength, § =/ T

T>T,?

V(6,T) = VEM(6) + VI (6. T) + VL (6, T) + Vou (6.T) |

* Benchmark A, C% + @ @@ + 2

yn, =~ 3.40, yn, = 3.49, yg, = 3.34, yg, ~ 3.46,

myr, >~ 1.06 TeV, my >~ 0.94 TeV, mg ~ 1.34 TeV.

[y = 1.28, AX?(S,T) = 1.33, my, = 400 GeV, mg, = 592 GeV.

A. Angelescu, PH. 2018



Thermal Evolution of the Effective Potential

T=700 GeV T=500 GeV
250 F e ———————————————————— -
1 Cross over
0 100 20 300 400 0 100 200 300 400
& [GeV] ¢ [GeV]
Early universe, symmetric EWSB
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Therma\ Evo\utlon ofthe Effective Potential

7OOG Y

T= qOOG\

V[, T |fniy
V(. T )fmi

— . . R e —40L
0 100 200 300 400 0

100 200 300 400
6 [GeV]

¢ [GeV]

The broken minimum becomes less and less deep
A potential barrier starts developing between the
symmetric phase and the broken phase

At 7., a strong first order phase transition

The universe tunnels back to the symmetric phase

EW symmetry restored

Vg, T |/m§

T= 190 GeV
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V[, Ty

Thermal Evolution of the Effective Potential

T,,=174 GeV
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EWSB again
through a strongly
first order phase
transition, at

A. Angelescu, PH. 2018 ¥



Thermal Evolution of the Effective Potential
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Sighatures — Gravitational Waves

107} LISA DECIGO |
/| -..DECIGO
10-10]| | ---BBO
z | 2 !
< 10| D =
= / o
‘ C4
1071 — GW,
... GW,
10—16 _ . . . R \
1072 107*  0.001  0.01 0.1 1 10
A. Angelescu, PH. 2018

f [Hz]

Peak frequency beyond Lisa ( f~ 0.01 -1 Hz is typical for VLL models)
DECIGO, BBO, and AION are sensitive to the later phase transition

39

The earlier one is too weak.



Signatures — Colliders, Direct Production

* N, can not be dark matter candidate — some mixing required.

_Emix — U1 zLI_ITR —+ Y2 ziHE}% + h.c. )

* From Wtv and ZtT measurements, take %1 = 72 = 0.05
* The + production is suppressed by the mixing

* The dominant production mode is the of VLLs, the
typical production cross section is around to fb.

* Direct searches at the LHC very challenging.

A. Angelescu, PH. 2018



Sighatures — Colliders, Indirect Searches

Hyy

1.28f *

' Al a1 Al P 11

(S

 Atleast 15%
enhancement for the
diphoton signal.

* Wil be fully tested at
the HL-LHC.

A. Angelescu, PH. 2018 "



Conclusion

How can we probe the new physics?

Real Scalar Singlet Model

SR 1 — .
1078} DECIGO |
-.. DECIGO
N 0.100 HL-HLC BBO
10710} A
=2 PR E 2 —Cl
= ATE AN R SN ’ —C2
0.010 S 10-12
g_ w1077 T / i . C3
o CEPC/ILC f N L it 4
N 0.001 FGCee o T X | _aw,
L . GW2
10—16 . , o L Y
1074} 10° 100" 0.001 001 0.1 1 10
O 200 400 600 800 1000 1200 1400 f [Hz]

singlet mass: M (GeV)
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Conclusion

Scalar Singlets

Scalar Doublets

Fermions
Many More!

V[, T fni

V[, T}/
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200f
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