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What we know
and what we don’t know

about the Higgs
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Large Hadron Collider experiment

m = λ v
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How does this data guide our theory?

m = λ v
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background Higgs field (today)

How does this data guide our theory?
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background Higgs 
field is here today
… gives mass to 
SM particles

background Higgs field was here 
in the early universe (T > 100 GeV)
recall:  F = E - TS è min[F] = max[S]

Why does the shape matter?

The shape 
determines the 
motion of the bkg. 
Higgs field in the 
early universe
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Electroweak Phase Transition. 
How does the background Higgs field move 
from zero in the early universe to its nonzero value today?


����	����
 ��
	

hhi
=

0
G
eV

hhi
=

0
G
eV

hhi
=

0
G
eV

hhi
=

246
G
eV

hhi
=

246
G
eV

hhi
=

246
G
eV

hhi
=

0
G
eV

hhi
=

246
G
eV

���������� �������	�

����	����
 ��
	

����� ���	� ����	 ����������

���������� (1)

����������
(2)

������������� ����������

� �� ��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

����� ����� �� ���

��
��
��
��
��
��
��
�
��

(�
��

�
��

)�

���������� (1)

����������
(2)

������������� ����������

� �� ��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

����� ����� �� ���

��
��
��
��
��
��
��
�
��

(�
��

�
��

)�

Standard Model prediction SM + new physics allows

( T ~ 100 GeV,   t ~ 10 ps ) 
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Primordial 
Black Holes

1st Order EWPT has profound implications for cosmology

Primordial 
Gravitational 

Waves

hHiggsi = v(T ) hHiggsi = 0

Matter   Excess

M   A M   A
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Studying the Higgs 
@ CEPC



How	can	we	learn	about		
the	electroweak	phase	transiGon?	

1st	order	
EW	PT	

new	physics	
interacGng	with	
the	Higgs	boson	

effect	on		
Higgs	

couplings	
(CEPC)	

requires

predicts

10	

direct		
producGon	
(SppC)	
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Effect on Higgs couplings
[Noble	&	Perelstein	(2007)]	
[Katz	&	Perelstein	(2014)]	

Higgs cubic self-coupling (hhh)

Higgs coupling to Z-boson (hZZ)

�3 = h

h

h

7/28/16, 7:20 AMec90eb6e-9bca-4ea5-9fb8-272a244944b3 306×650 pixels

Page 1 of 1blob:http://feynman.aivazis.com/ec90eb6e-9bca-4ea5-9fb8-272a244944b3
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ghZZ =

PRO:   
Directly related to 
the shape of the 
Higgs potential (V’’’). 

CON:   
Very challenging to 
measure.  Target of 
FCC-hh & SppC. 

CON:   
An indirect probe 
of new physics & 
the EWPT.   

PRO:   
It can be measured 
very precisely.  Target 
of Higgs factories:  
FCC-ee, CEPC, & ILC. 
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Lepton colliders provide “clean” 
environment to study Higgs physics. 
 
 
At E = 250 GeV, the production of 
Higgs + Z-boson is optimized.   
 
 
Precision measurements of Higgs-Z-Z 
coupling at the sub-percent level! 

Higgs Factories – precision Higgs measurements

Proposed Higgs factories:
è  FCC-ee (Europe / CERN)
è  CEPC (China)
è  ILC (Japan)

(higgsstrahlung)
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Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from Ref. [1].

only via collisions of left-handed electrons with right-handed positrons. As a conse-
quence, its cross section can be enhanced by a factor of about 2 with the polarized
electron and positron beams available at the ILC. Figure 2 plots the cross sections
for the single Higgs boson production at the ILC with the left-handed polarization
combinations: P (e�, e+) = (�0.8,+0.3). The figure tells us that at a center of mass
energy of 250 GeV the higgsstrahlung process attains its maximum cross section,
providing about 160,000 Higgs events for an integrated luminosity of 500 fb�1. At
500 GeV, a sample of 500 fb�1 gives another 125,000 Higgs events, of which 60% are
from the W fusion process [14]. With these samples of Higgs events, we can measure
the rates for Higgs production and decay for all of the major Higgs decay modes.

The higgstrahlung process e+e� ! Zh o↵ers another special advantage. By identi-
fying the Z boson at a well-defined laboratory energy corresponding to the kinematics
of recoil against the 125GeV Higgs boson, it is possible to identify a Higgs event with-
out looking at the Higgs decay at all. This has three important consequences. First,
as we will describe below, it gives us a way to determine the total width of the Higgs
boson and the absolute normalization of the Higgs couplings. Second, it allows us to
observe Higgs decays to invisible or exotic modes. Decays of the Higgs boson to dark
matter, or to other long-lived particles that do not couple to the Standard Model
interactions, can be detected down to branching ratios below 1%.

6

figure:		ILC	TDR,	1306.6352		12	



current	 HL-LHC	 CEPC	 ILC	 FCC-ee	 FCC-hh	

hZZ	 27%	 7%	 0.25%	 0.25%	 0.15%	 -	

Γ(hàγγ)	 20%	 8%	 4%	 -	 1.5%	 -	

hhh	 -	 [-0.8	,	7.7]	
95%	CL	

43% 27%	 43% 10%	

Projected sensitivities to various Higgs couplings at current & future colliders:

Precision Higgs measurements

Assumptions & references:
hZZ current = 5 fb-1 at √s = 7 TeV & 20 fb-1 at 8 TeV (1606.02266)
hZZ @ HL-LHC = 3000 fb-1 at √s = 14 TeV (1307.7135, CMS)
hZZ @ CEPC = 5000 fb-1 at √s = 250 GeV (pre-CDR)
hZZ @ ILC = 2000 fb-1 at √s = 250 GeV (1506.05992) 
hZZ @ FCC-ee = 2600 fb-1 at √s = 250 GeV (1601.0640) 
hhh @ HL-LHC = 3000 fb-1 at √s = 14 TeV (ATL-PHYS-PUB-2017-001, hh->bbγγ) 
hhh @ ILC = 4000 fb-1 at √s = 500 GeV (1506.05992, e+e->Zhh, hh->bbbb & bbWW) 
hhh @ FCC-hh = 30000 fb-1 at √s = 100 TeV (1606.09408)
hhh @ CEPC/FCC-ee = 5000 fb-1 at √s = 240 GeV + 1700 fb-1 at √s = 350 GeV (1711.03978)

Time to reach design sensitivity depends on run plan (not yet determined).  13	
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New physics 
coupled to the Higgs
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[Grojean,	Servant,	&	Wells	(2005)]	
[Grinstein	&	Trott	(2008)]	

[Delaunay,	Grojean,	&	Well	(2008)]	Effective field theory description

Consider the SM with a low cutoff 
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A low cutoff can be probed at CEPC though its effect on the hZZ coupling. 
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that the entire parameter space where the first-order EWPT is driven by an SM gauge-

singlet � can be probed at TLEP. Moreover, we will show that even in some cases

where � is electrically charged, this deviation can be easier to probe than deviation in

the h�� coupling, given the projected experimental sensitivities in the two channels at

e+e� Higgs factories.

2.3 Benchmark Models

Model (SU(3), SU(2))
U(1) g� C3 C2

⇧W
g

2
T

2
⇧B

g

02
T

2
�⇧h
T

2

“RH stop” (3̄, 1)�2/3 6 4/3 0 11/6 107/54 1/4

Exotic triplet (3, 1)�4/3 6 4/3 0 11/6 131/54 1/4

Exotic sextet (6̄, 1)8/3 12 10/3 0 11/6 227/54 1/2

“LH stau” (1, 2)�1/2 4 0 3/4 2 23/12 1/6

“RH stau” (1, 1)1 2 0 0 11/6 13/6 1/12

Singlet (1, 1)0 2 0 0 11/6 11/6 1/12

Table 1. Benchmark models studied in this paper.

To illustrate the connection between EWPT dynamics and Higgs couplings, we

will study several benchmark models, which di↵er in the SM gauge quantum numbers

assigned to the BSM scalar field �. The models are summarized in Table 1. Note that

we label some of the models with the names of a SUSY particle with quantum numbers

of �, the right-handed stop and left-handed/right-handed stau; however, in these cases

as in all others, the coupling constants  and ⌘ are unconstrained. For each model, in

addition to the quantum numbers of �, we list its multiplicity g�, its SU(3) and SU(2)

quadratic Casimirs C3(r) and C2(r), as well as the thermal masses of the SM gauge and

Higgs bosons in the high-temperature limit. The thermal masses of the gauge bosons,

⇧
W

and ⇧
B

, include both the SM and the � loop contributions. For the Higgs, we list

only the additional contribution due to � loops; the SM contributions are discussed in

Appendix A. The thermal mass of the � itself is given by

⇧�

T 2
=

g2C2(r)

4
+

g2
s

C3(r)

4
+

g02Y 2
�

4
+



6
+

⌘

6

⇣g�
2

+ 1
⌘
, (2.15)

where g
s

, g and g0 are the SM SU(3)
c

, SU(2)
L

and U(1)
Y

gauge couplings, respectively.

2.3.1 Direct Collider Constraints on the Benchmark Models

In this paper we will mostly consider BSM scalars in a physical mass range⇠ 100 . . . 400 GeV,

some of them colored. One might naively expect that most of them are already ex-

cluded by direct Tevatron and LHC searches. In this short subsection we show that it

– 9 –

[Katz	&	Perelstein	(2014)]	

Simplified models    (with a new scalar)

V� = m2
0|�|2 + |�|2|H|2 + ⌘|H|4

<latexit sha1_base64="FD2fh8Lv1fkQHr9z6Fgz5VBeD2E="></latexit><latexit sha1_base64="FD2fh8Lv1fkQHr9z6Fgz5VBeD2E="></latexit><latexit sha1_base64="FD2fh8Lv1fkQHr9z6Fgz5VBeD2E="></latexit><latexit sha1_base64="FD2fh8Lv1fkQHr9z6Fgz5VBeD2E="></latexit>

Let the SM be extended by a new scalar field 

The phase transition doesn’t “care about” quantum numbers.   
à only depends on mass and couplings 
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[Cohen,	Morrissey,	&	Pierce	(2012)]	

(1)  A colored scalar:   strongly constrained

Let the SM be extended by a new scalar field 

black = strength of EW phase transition
red = enhancement to gg->h production

V� = m2
0|�|2 + |�|2|H|2 + ⌘|H|4 with � ⇠ (3 , 1 , 0)

<latexit sha1_base64="MUE4/ULZvx9igw+PLEPMr0eOVho="></latexit><latexit sha1_base64="MUE4/ULZvx9igw+PLEPMr0eOVho="></latexit><latexit sha1_base64="MUE4/ULZvx9igw+PLEPMr0eOVho="></latexit><latexit sha1_base64="MUE4/ULZvx9igw+PLEPMr0eOVho="></latexit>

1.5

1.6

1.7

1.81.9

0.6 0.8 1.0 1.2 1.4 1.6 1.8
-100

-50

0

50

100

Q

-
sg
n
IM X

2 M
M
X
2

G
eV

sêsSM
Nscalars = 1

1.3

1.4

1.5

1.61.7

0.6 0.8 1.0 1.2 1.4 1.6 1.8
-100

-50

0

50

100

Q

Hs ¥ BRLêHs ¥ BRLSM
qX = 2ê3, Nscalars = 1

-
sgnIM

X
2M

M
X
2

G
eV

Figure 1: Contours of �C/TC [black, solid lines] in the �sgn
�
M2

X

�q
|M2

X | vs. Q plane for one new

color-triplet scalar. (The most negative mass squared values are at the top of the plot.) The bolded
line corresponds to �C/TC = 0.9 and the adjacent solid lines delineate steps of �(�C/TC) = 0.2.
The yellow shaded region is excluded because for these parameters the Universe would have evolved
to a charge-color breaking minimum. In the left plot we also show contours of the ratio of the gluon
fusion cross section to the SM value [red, dotted lines]. In the right plot we show contours of the
ratio of the gluon fusion cross section times the branching ratio to di-photons to the SM value [red,
dotted lines] when the charge of the colored scalar is taken to be qX = 2/3.

In the right panel of Fig. 1, we plot contours of Higgs production via gluon fusion times
the branching ratio to di-photon pairs (� ⇥ BR) relative to the SM for an additional color
triplet scalar with an electric charge of qX = 2/3. This canonical value of the charge is what
one would expect if the scalar were related to a new up-type quarks via supersymmetry [28].
We see that � ⇥ BR is increased with respect to the SM everywhere in the region that is
viable for EWBG. However, the increase is smaller than the enhancement of the rate of gluon
fusion production since the X scalar interferes destructively with the (dominant) W loop in
the h ! �� amplitude.

Both plots in Fig. 1 extend to values ofQ which are larger than unity. One might therefore
worry that Q could encounter a Landau pole at relatively low energies. We have checked this
running for the simple model of Eq. (2) and we find that Q = 2 (Q = 4) at the weak scale
hits a Landau pole at 100 TeV (1 TeV). This implies that there are no inconsistent points
in the plots presented here from the e↵ective theory point of view. Additional matter in the
theory, as would be expected in a supersymmetric completion of this model, could also help
to tame these potential Landau poles [28].

For all the results we present, we cut o↵ the plots when the high temperature expansion
approximately breaks down (i.e., mX(�C)/TC . 1). We expect that the region with a strong
electroweak phase transition would persist for larger values of Q. Physically, in this region

7

Higgs portal coupling: 
<latexit sha1_base64="SV6VqSXHe8ztPsDLOb185MkNhpw="></latexit><latexit sha1_base64="SV6VqSXHe8ztPsDLOb185MkNhpw="></latexit><latexit sha1_base64="SV6VqSXHe8ztPsDLOb185MkNhpw="></latexit><latexit sha1_base64="SV6VqSXHe8ztPsDLOb185MkNhpw="></latexit>

gluon	fusion	

light colored particles are already 
strongly constrained by Higgs 

measurements at the LHC 
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(2)  A charged scalar:   tested at HL-LHC & CEPC

Let the SM be extended by a new scalar field 

orange	=	1st	order	EWPT	
blue	=	also	viable	baryogenesis	
red	=	also	detectable	GWs	

[Huang,	AL,	&	Wang	(2016)]	

CEPC	

light charged 
particles are 

constrained by 
Higgs diphoton 

decay at  
LHC & HL-LHC 

 
complementary to 

CEPC 

V� = m2
0|�|2 + |�|2|H|2 + ⌘|H|4 + · · · with � ⇠ (1 , 2 , qY )

<latexit sha1_base64="2noJPptKhbs79pQWKiQuUiGT6zY="></latexit><latexit sha1_base64="2noJPptKhbs79pQWKiQuUiGT6zY="></latexit><latexit sha1_base64="2noJPptKhbs79pQWKiQuUiGT6zY="></latexit><latexit sha1_base64="2noJPptKhbs79pQWKiQuUiGT6zY="></latexit>



Consider the theory:  
 

 SM  +  spin-0,  colorless,  uncharged  particle    (aka., real scalar singlet)
 
 
 
The new particle does not interact via the SM forces (strong, weak, EM) 

 è difficult to produce and detect at colliders 
 è (dark matter candidate if stable) 

 
 
 
The new particle interacts with the Higgs boson 

 è induces 1st order phase transition 
 è affects Higgs couplings 

 

(3)  A singlet scalar:    requires CEPC to test

19	



Interactions:

L = LSM +
1

2

�
@�s

�2 � m2
s

2
�2
s �

as
3
�3
s �

�s

4
�4
s � �hsH

†H�2
s � 2ahsH

†H�s

Higgs portalreal scalar singlet

hHi = (0 , v/
p
2) and h�si = vs

sin 2✓ =
4v(ahs + �hsvs)

M2
h �M2

s

five model parameters

Higgs-singlet mixing:

20	



hhh coupling

hZZ coupling

(leading effect is from mixing)
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h
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h
s s

(adapted	from:		Craig,	Englert,	&	McCullough	2013;	McCullough,	2014;	Curtin,	Meade,	&	Yu,	2014)	

ghZZ

ghZZ,SM
⇡ cos ✓ + 0.006

✓
�3

�3,SM
� 1

◆

� 2

|ahs + �hsvs|2

16⇡2
IB(M

2
h ;M

2
h ,M

2
s )

� |�hs|2v2

16⇡2
IB(M

2
h ;M

2
s ,M

2
s ) .

(Higgs wfcn. renorm.)

(triangle probes self-coupling)

(see	e.g.,	Profumo,	Ramsey-Musolf,	Wainwright,	&	Winslow,	2014)	

�3 ⌘ ghhh =

�
6�hv

�
cos

3 ✓ +
�
6ahs + 6�hsvs

�
sin ✓ cos2 ✓

+

�
6�hsv

�
sin

2 ✓ cos ✓ +
�
2as + 6�svs

�
sin

3 ✓
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even hZZ measurements alone are a powerful test of PT!
22	

[Huang,	AL,	&	Wang	(2016)]	

CEPC	

orange	=	1st	order	EWPT	
blue	=	also	viable	baryogenesis	
red	=	also	detectable	GWs	



even hZZ measurements alone are a powerful test of PT!
(including also hhh is better)

23	

[Huang,	AL,	&	Wang	(2016)]	



Z2-Symmetric Tuned Zero Mixing
as = ahs = vs = 0 ahs + �hsvs = 0

•  aka, Z2xSM (Gonderinger, Li, Patel, Ramsey-Musolf) 
•  dubbed, “nightmare scenario” (Curtin, Meade, Yu) 
•  No Higgs-singlet mixing è hard to test. 
•  Singlet is stable.  Dark matter candidate. 

•  A new “nightmare scenario” / “blind spot” 
•  Probed by non-resonant pair production pp à ss 

and s à visible.  (Chen, Kozaczuk, Lewis, 2017) 

Poking into the dusty corners (of parameter space)
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Conclusions



Cosmologists are asking:   
What are the implications of the 
electroweak phase transition? 

+ +
+

+

� � �
�

Primordial 
Black Holes

1st Order EWPT has profound implications for cosmology

Primordial 
Gravitational 

Waves

hHiggsi = v(T ) hHiggsi = 0

Matter   Excess

M   A M   A
8	

Particle physicists are asking:   
Is there new physics  

coupled to the Higgs?   
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A Higgs factory like CEPC is 
ideally suited to probe the 

kind of new physics that leads 
to 1st order phase transition. 



BACKUP SLIDES
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L = LSM +
�
DµQ̃

�†�
DµQ̃

�
+

�
DµŨ

�⇤�
DµŨ

�
�

⇥
ahQU Q̃ ·HŨ⇤ + h.c.

⇤

�m2
QQ̃

†Q̃�m2
U Ũ

⇤Ũ � �Q

�
Q̃†Q̃

�2 � �U

�
Ũ⇤Ũ

�2

� �QU

�
Q̃†Q̃

��
Ũ⇤Ũ

�
� �hU

�
H†H

��
Ũ⇤Ũ

�

� �hQ

�
H†H

��
Q̃†Q̃

�
� �0

hQ

�
Q̃ ·H

�⇤�
Q̃ ·H

�
� �00

hQ

�
Q̃†H

�⇤�
Q̃†H

�

Q̃ ⇠ (1,2, 1/3)⇥ 3 flavor

Ũ ⇠ (1,1, 4/3)⇥ 3 flavor

hQ̃i = (0 , 0) and hŨi = 0

four model parameters

�Q = �U = �QU = �hU = �hQ = �0
hQ = �00

hQ ⌘ �

new particles:  inert doublet + singlet

interactions

simplifying assumption
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(2)  A charged scalar:   tested at HL-LHC & CEPC



singlet mass scale nucleation temperature

latent heat & PT duration electroweak precision

PDG limits:
S ' 0.05± 0.11

T ' 0.08± 0.12
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no mixing in vacuumPT goes over barrier

E.g., the “tuned zero mixing” limit
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THE LAST SLIDE


