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Higgs	Potential	at	High	Temperature
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At	high	temperature,	the	Electroweak	Symmetry	is	restored	

?

As	the	Universe	cools	down,	the	symmetry	is	broken.	The	Higgs	
undergoes	a	Phase	Transition	from	zero	to	non-zero	VEV	
What	was	the	phase	transition	from	unbroken	phase	to	the	broken	
phase	look	like?

How	does	the	potential	 change	
in	a	hot	environment?



Higgs	Potential	at	Finite	Temperature
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Electroweak	Phase	Transition

• EWPT	is	difficult	to	study	from	cosmology (gravitational waves? )

• EWPT	in	the	SM	is	2nd order	(unless	the	mh <	40	GeV)

• New	physics	is	required	for	a	strongly	first-order	phase	transition

• The	new	physics	will	alter	the	finite-temperature	Higgs	potential

• Higgs	couples	to	SM	particles	differently,	or	couples	to	BSM	particles

• Precision	Higgs	tests	at	the	LHC	and	future	colliders!



Example:	extension	with	a	heavy	singlet
1 Heavy Scalar Singlet with Trilinear Coupling

The Model

Extend the SM to include a scalar singlet field denoted by �s. The most general renormalizable Lagrangian is
written as

L = LSM +
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which is a cubic polynomial equation in �s. We are interested in the limit where as�2

s and �s�3

s are negligibly
small (over the relevant field space). Then the equation becomes linear, and its solution is
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Without loss of generality we can set t = 0. Further, we can work in the limit |m2
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†�| and expand in

the small ratio. The effective potential becomes,
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Provided that �hs > 0 and �
e↵

⌘ �h � 2a2

hs/m2

s < 0, the EWSB minimum can be induced by a competition
between the �4 and �6 terms. In order to justify dropping the higher order terms, |m2
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Phenomenology

The derivative self-interaction in Eq. (9) leads to a wavefunction renormalization after electroweak symmetry
breaking. This implies Ask Peisi.

�Zh ⇡ XXX . (10)

Peisi scanned the parameter space, which is shown in Fig. 1.
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Extend	the	SM	to	include	a	scalar	singlet	field	φs

Integrate	out	the	singlet	if	it	is	heavy
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What	to	expect	on	colliders?
• Singlet	can	be	directly	produced	on	colliders	through	its	mixing	with	the	
Higgs
• ms =	525	GeV,	sin2θ	~	0.2,	σ(pp	->	S)	~	0.9pb
• can	be	searched	from	the	heavy	Higgs	search	channels	at	HL-LHC.

• The	Higgs	trilinear	coupling	will	be	modified.	The	range	of	the	trilinear	
coupling	that	can	be	consistent	with	a	first-order	phase	transition	is	about	
1.3	– 2.8	λ3SM in	such	a	theory	 arxiv:1512:00068	PH,	A.	Joglekar,	B.	Li,	and	C.	Wagner	
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• The	singlet	kinetic	term	modifies	the	wavefunction of	the	physical	Higgs,	and	
therefore	shifts all	Higgs	couplings	universally
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x-sec Eq (36) + Eq (37) Eq (36) + Eq (38)

hh(�3 = �SM
3 ) 3.4 0.11 -

hh(�3 = 3�SM
3 ) 1.48 0.042 -

hh(�3 = 5�SM
3 ) 4.45 - 0.10

bb̄�� 1.7⇥106 0.129 0.52

cc̄�� 1.0⇥105 6.45 ⇥10�2 0.42

bb̄�j 1.19⇥105 1.68⇥10�2 6.72⇥10�2

jj�� 2.73⇥106 1.92⇥10�2 7.3⇥10�2

tt̄h 86.41 2.72⇥10�2 2.53⇥10�2

zh 0.88 1.76⇥10�3 1.4⇥10�3

bb̄jj 4.07⇥1010 2⇥10�3 4.7 ⇥10�3

TABLE III: Cross section of the hh signal and various backgrounds expected at a 100 TeV collider

after applying the cuts discussed in Eq (36), (37) and (38).

�3 �SM
3 3 �SM

3 5 �SM
3

S/
p
B 11 4.5 5.3

TABLE IV: significance of double Higgs production expected for hh at a 100 TeV collider for an

integrated luminosity of 3000fb�1 after applying cuts in Eq (36) + Eq (37) (�3 < 3�SM
3 ), or Eq (36)

+ Eq (38) (�3 > 3 �SM
3 )

.

invariant mass mhh can be reconstructed as well as it is obtained at the parton level. The

discovery reach is then estimated adopting the cuts and background calculations presented

in Ref. [10].

We go beyond the analysis of Ref. [10] by including the relevant background coming

from the bbjj process. Under the above conditions, and assuming a jet to ⌧ fake rate

✏j!⌧ = 1/100 [12], we obtain a significance S/
p
B ⇠ 3.75 for �3 = �SM

3 , that is somewhat

better than the one obtained in the �� channel. Therefore, the bb⌧⌧ channel may represent

an excellent complementary channel to the bb�� one.

Probe	the	trilinear	coupling	at	HL-LHC,	and	
the	100	TeV	collider

λ3	 <	3λ3SM,		mhh >	350		GeV λ3	 >	3λ3SM,		250	GeV <mhh <		350		GeV

19

fake rate ✏j!� = 1.2⇥ 10�4 [49]. We require the following cuts

pt(b) > 30 GeV, pt(�) > 30 GeV

112.5 GeV < mbb < 137.5 GeV, 120 GeV < m�� < 130 GeV. (36)

For the SM case, we further require

mhh > 350 GeV, (37)

while for �3 > 3 �SM
3 , we require

250 GeV < mhh < 350 GeV. (38)

The results for LHC 14 TeV are displayed in Table I, and the significance reaches 5 � at

�3 ⇠ 6.5�SM
3 , and �3 ⇠ �0.2 at 14 TeV and 3000 fb �1, see Table II. One caveat of this

analysis is that we include a K-factor for the signal (and also for the ZH and tth background),

but the QCD background is only considered at LO. If we assume a K-factor of about 2 for

the QCD processes, the significance will drop by a factor of
p
2, which can be compensated

by the fact that there are two detectors.

Due to the relatively low sensitivity of the LHC in looking for double Higgs production,

it is interesting to considered similar signatures at future colliders, in particular a future

high energy pp collider. The sensitivity will depend on many factors, including the center

of mass energy and the detector performance. To be specific, we shall consider the case of

100 TeV pp collider, assuming that the detector performance stays the same as at the LHC,

performing similar cuts as the ones in the LHC analysis. We show the results in Table III

and Table IV. In our analysis, we considered only positive values of �3, since as shown above,

the LHC is sensitive to the negative values. It is then easy to extrapolate the same analysis

for higher energies. The results presented in Table III show that a 100 TeV collider should

be sensitive to triple Higgs boson couplings �3 ⇠ 5�SM
3 , where the same cuts proposed in

Eq (36) were used.

B. Double Higgs production in the bb̄⌧+⌧� channel

Since the Higgs has many di↵erent significant decay channels, it is useful to think about

double Higgs production in channels di↵erent from the bb�� considered in this work. A

5	σ for	λ3 ~	6.5λ3SM ,	or	λ3 ~	-0.2	λ3SM

arxiv:1512.00068	PH,	A.	Joglekar,	B.	Li,	and	C.	Wagner	
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x-sec Eq (36) + Eq (37) Eq (36) + Eq (38)

hh(bb̄��) (�3 = �SM
3 ) 0.15 1.0⇥ 10�2 -

hh(bb̄��) (�3 = 5�SM
3 ) 0.26 - 1.12 ⇥ 10�2

hh(bb̄��) (�3 = 7 �SM
3 ) 0.71 - 3.3⇥ 10�2

hh(bb̄��) (�3 = 9 �SM
3 ) 1.43 - 6.08⇥ 10�2

hh(bb̄��) (�3 = 0) 0.29 1.33⇥10�2 -

hh(bb̄��) (�3 = ��SM
3 ) 0.50 2.26⇥ 10�2 -

hh(bb̄��) (�3 = �2�SM
3 ) 0.77 2.94⇥ 10�2 -

bb̄�� 5.05⇥103 1.34⇥10�2 4.0⇥10�2

cc̄�� 6.55⇥ 103 4.19 ⇥10�3 2.68⇥10�2

bb̄�j 9.66⇥106 4.60⇥10�3 1.38⇥10 �2

jj�� 7.82⇥105 2.38⇥10�3 5.26⇥10�3

tt̄h 1.39 1.40⇥10�3 2.33⇥10�3

zh 0.33 6.86⇥10�4 9.01⇥10�4

bb̄jj 7.51⇥109 5.34⇥10�4 6.47 ⇥10�4

TABLE I: Cross section in fb of the hh signal and various backgrounds expected at the LHC at
p
s = 14 TeV after applying the cuts discussed in Eq (36), (37) and (38).

�3 �SM
3 5�SM

3 7�SM
3 9�SM

3 0 -�SM
3 -2 �SM

3

S/
p
B 3.3 2.1 6.0 11 4.4 7.5 9.8

TABLE II: significance expected for hh at the LHC at
p
s = 14 TeV for an integrated luminosity of

3000 fb�1 after applying cuts in Eq (36) + Eq (37) (�3 < 3�SM
3 ), or Eq (36)+Eq (38) (�3 > 3 �SM

3 ).

particularly interesting one is the bb⌧⌧ channel. The bb̄⌧+⌧� channel enjoys a larger cross

section but su↵ers from the di�culty in the event reconstruction due to the missing energy

associated with ⌧ decays. It also su↵ers from larger backgrounds that should be properly

considered to obtain a realistic reach estimate.

The ⌧ pair invariant mass m⌧⌧ may be estimated by the missing mass calculator [50],

and similar methods could be used to estimate mhh in this channel. In order to estimate

the reach in this channel, we shall assume that the m⌧⌧ can be reconstructed with a similar

resolution as mbb [50] in variant mass. Furthermore, we shall assume that the two Higgs

100	TeV,	3000	fb-1

5	σ for	λ3 ~	5λ3SM ,	or	λ3 ~	1.6	λ3SM

more	analysis	on	double	Higgs	production	 at	future	colliders,	 see	talk	by	N.	Chen	and	I.	Lewis.	
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FIG. 2: Production cross section for gg ! hh at the LHC
with

p
s = 8 TeV and 14 TeV.
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FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
�hhh/�hhh

SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh ⇡ 2.45�hhh

SM as shown
in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh ⇡ 3.5�hhh

SM , and results in a rather
low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

Spria,	figure	from	Barger,	Everett,	Jackson,	
and	Shaughnessy	



Probe	the	higgs coupling	at	HL-LHC

1 Heavy Scalar Singlet with Trilinear Coupling

The Model

Extend the SM to include a scalar singlet field denoted by �s. The most general renormalizable Lagrangian is
written as

L = LSM +
1

2

�
@µ�s

��
@µ�s

�
� ts�s � m2

s

2
�2

s � as

3
�3

s � �s

4
�4

s � �hs�
†��2

s � 2ahs�
†��s , (4)

and the trilinear coupling ahs�
†��s in particular will play an important role. The scalar potential is

V = m2

0

�†� + �h

�
�†�

�
2

+ ts�s +
m2

s

2
�2

s +
as

3
�3

s +
�s

4
�4

s + �hs�
†��2

s + 2ahs�
†��s . (5)

If the singlet is heavy, we can integrate it out. Then �s satisfies @V/@�s = 0 or

0 =
�
ts + 2ahs�

†�
�

+
�
m2

s + 2�hs�
†�

�
�s + as�

2

s + �s�
3

s , (6)

which is a cubic polynomial equation in �s. We are interested in the limit where as�2

s and �s�3

s are negligibly
small (over the relevant field space). Then the equation becomes linear, and its solution is

�s = � ts + 2ahs�
†�

m2

s + 2�hs�†�
. (7)

Without loss of generality we can set t = 0. Further, we can work in the limit |m2

s| � |2�hs�
†�| and expand in

the small ratio. The effective potential becomes,

V ⇡ m2

0

�†� +

✓
�h �

2a2

hs

m2

s

◆ �
�†�

�
2

+
4�hsa2

hs

m4

s

�
�†�

�
3

h
1 + O(�hs�

†�/m2

s)
i

. (8)

Provided that �hs > 0 and �
e↵

⌘ �h � 2a2

hs/m2

s < 0, the EWSB minimum can be induced by a competition
between the �4 and �6 terms. In order to justify dropping the higher order terms, |m2

s| � |2�hs�
†�|, there must

be a tuning between �h and 2a2

hs/m2

s such that |�
e↵

| ⌧ |�h| ⇡ |2a2

hs/m2

s|. Otherwise, the minimum occurs at
�†� ⇠ m2

s/�hs, where the approximation breaks down. The kinetic term gives a derivative self-interaction

1

2

�
@µ�s

��
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�
⇡

2a2

hs

m4

s

�
�†@µ� + h.c.

�
2

h
1 + O(�hs�

†�/m2

s)
i

. (9)

Phenomenology

The derivative self-interaction in Eq. (9) leads to a wavefunction renormalization after electroweak symmetry
breaking. This implies Ask Peisi.

�Zh ⇡ XXX . (10)

Peisi scanned the parameter space, which is shown in Fig. 1.

2

From	wavefunction renormalization	

Fractional	change	in	all	higgs couplings

Veff =
1

2
(m2

0 + c0T
2)�2

h +
�eff

4
�4
h +

c6
8⇤2

eff

�6
h (1)

�eff < 0 (2)

c6 > 0 (3)
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2

m4
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(4)
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4
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eff
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h (1)

�eff < 0 (2)

c6 > 0 (3)

�Zh ⇡ 2a2hsv
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(4)

�Zh . 0.14 (5)
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon

CMS,	arXiv:1307.7135
Current	LHC	limit	from	the	Higgs	signal	
strength

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

Higgs Wavefunction 
Renormalization
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤Electronic address: ncraig@ias.edu
†Electronic address: christoph.englert@durham.ac.uk
‡Electronic address: mccull@mit.edu

challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.
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consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:
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where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section
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where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
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(1 + F (⌧�)) (12)

=
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10 See e.g. Ref. [31] for a complete list of SM Feynman rules.



Probe	the	hZZ coupling	at	CEPC/FCC-ee
• Lepton	colliders	are	good	for	precision	measurements
• electroweak	production,	cross	sections	are	
predicted	with	(sub	percent)precision
• clean	events,	smaller	background

• 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
• expect	0.25%	precision	in	hZZ coupling!
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Figure 2.5 Feynman diagrams of the e+e� ! ZH , e+e� ! ⌫⌫̄H and e+e� ! e+e�H processes.
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Figure 2.6 (a) Production cross sections of e+e� ! ZH and e+e� ! ⌫⌫̄H, e+e�H as functions of
p

s for a
125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

2.3.2 Recoil mass distributions of e+e� ! ZH events1672

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1673

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1674

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass m
recoil

)1675

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1676

m2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (2.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1677

fermion pair. The m
recoil

distribution should exhibit a resonant peak at MH for the signal processes1678

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1679

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1680

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1681

is achieved for the leptonic Z ! `` (` = e, µ) decays.1682

By fitting the m
recoil

spectrum, the e+e� ! ZH event yield can be extracted independent of the1683

Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be measured and from this1684

cross section the partial Higgs decay width �(H ! ZZ), or equivalently the Higgs-Z boson coupling1685

g(HZZ), can be derived in a totally model-independent manner. The latter is an essential input to1686
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125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

2.3.2 Recoil mass distributions of e+e� ! ZH events1672

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1673

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1674

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass m
recoil

)1675

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1676

m2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (2.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1677

fermion pair. The m
recoil

distribution should exhibit a resonant peak at MH for the signal processes1678

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1679

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1680

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1681

is achieved for the leptonic Z ! `` (` = e, µ) decays.1682

By fitting the m
recoil

spectrum, the e+e� ! ZH event yield can be extracted independent of the1683

Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be measured and from this1684

cross section the partial Higgs decay width �(H ! ZZ), or equivalently the Higgs-Z boson coupling1685

g(HZZ), can be derived in a totally model-independent manner. The latter is an essential input to1686

5	ab	-1 CEPC	pre-CRD



Probe	the	hZZ coupling	at	CEPC
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Self-Coupling Indirectly at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         
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following loops:
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LO

NLO

current	constraints	:	Higgs	
signal	strength
HL-LHC	can	start	to	probe	
the	hZZ coupling	to	
percent	level
CEPC	can	basically	cover	
the	whole	region	PH,	A.	Long,	L.T.	Wang,	1605:tbd
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Even	in	the	Z2	limit,	CEPC	can	start	to	probe	
the	nature	of	the	EWPT

4

Further, we can work in the limit |m2

s| � |�hs�2

h| and expand in the small ratio. The singlet kinetic term gives rise to a derivative
quartic self-interaction for the Higgs,

1

2

�
@µ�s

��
@µ�s

�
⇡ 2a2

hs

m4

s

�
�†@µ� + h.c.

�
2

. (2.11)

The effective potential becomes,

V ⇡ m2

0

2
�2

h +
�

e↵

4
�4

h +
1

8⇤2

e↵

�6

h (2.12)

where

�
e↵

⌘ �h � 2a2

hs

m2

s

and ⇤2

e↵

⌘ m4

s

4�hsa2

hs

. (2.13)

Higher order terms are suppressed by additional factors of �hs�2

h/m2

s = (m2

s/4a2

hs)(�
2

h/⇤2

e↵

). Provided that �
e↵

< 0 and
⇤2

e↵

> 0, this potential admits an electroweak symmetry-breaking minimum at

v2 ⇠ |�
e↵

|⇤2

e↵

⇠
�����h � 2a2

hs

m2

s

����
m4

s

4�hsa2

hs

(2.14)

due to a competition between the �4 and �6 terms. To justify the approximation, |m2

s| � |�hs�2

h| for �h . v, the parameters
must be tuned such that

1 �
�����h

m2

s

4a2

hs

� 1

2

���� . (2.15)

Therefore, the effective potential in Eq. (2.12) is an appropriate description of the singlet model in a tuned limit where the singlet
self-interactions are negligible and Eq. (2.15) is satisfied. If these conditions are not satisfied, then the effective potential cannot
necessarily be put into the form of Eq. (2.12) after integrating out the singlet. AL: I think this is an important point that has
not been appreciated in other papers.

In the high-temperature limit, the thermal effective potential can be approximated as

V
e↵

⇡ 1

2

�
m2

0

+ c
0

T 2

�
�2

h +
�

e↵

4
�4

h +
1

8⇤2

e↵

�6

h (2.16)

The phase transition order parameter has been calculated previously for the effective potential in Eq. (2.16), and the result is
shown in Fig. 2. AL: ... do we want to repeat the numerical PT analysis? ... we already did this in the paper with Dan ...
we would just be making the same plot over again ...

[1] – Grojean, Servant, & Wells (2004)
[2] – Delaunay, Grojean, & Wells (2008)
[3] – Chung, Long, & Wang (2012)

2.1.2. Z
2

-Symmetric Limit

We impose the Z
2

discrete symmetry under which the singlet is odd, �s ! ��s, and the Standard Model fields are even. In
terms of the singlet Lagrangian, Eq. (2.2), the symmetry enforces

ts = 0 , as = 0 , and �hs = 0 . (2.17)

We also require that the Z
2

symmetry is not broken spontaneously, and thus vs = 0. The only interaction between the Standard
Model and the singlet is through the Higgs portal coupling, L

int

= ��hs�
†��2

s.
The Z

2

symmetry forbids a mixing between the Higgs and singlet fields. Consequently, there is no modification of the
Higgs cubic self-coupling at tree-level, cf. Eq. (2.6) with ✓ = 0. However, the Higgs portal coupling leads to a wavefunction

Nightmare	scenario,	Curtain,	Meade,	and	Yu,	2014.	

5

�h�h

�s�s

v v

FIG. 3: The Feynman graph leading to wavefunction renormalization in the Z
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-symmetric singlet model.
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FIG. 4: Correction to the Zh production rate for the singlet model, given by Eq. (2.18).

renormalization of the Higgs field at one-loop order. The relevant Feynman graph shown in Fig. 3. The corresponding fractional
change in the Higgs-Z-Z coupling is given by Eq. (5.2) of Ref. [5],

�Zh =
1

2

|�hs|2

16⇡2

v2

M2

h

⇥
1 + F (⌧�)

⇤
(2.18)

where the loop function is

F (⌧) =
1

4
p

⌧(⌧ � 1)
log

 
1 � 2⌧ � 2

p
⌧(⌧ � 1)

1 � 2⌧ + 2
p

⌧(⌧ � 1)

!
(2.19)

and ⌧� = M2

h/4M2

s .
This model has been identified as a “worst case scenario” for finding evidence of a first order EW phase transition at the LHC

[4, 5].
There are three ways in which the phase transition can be first order in this model.

1. Two-Step – If the singlets have a tachyonic mass parameter, m2

s < 0, it is possible that they acquire a vev prior to the
Higgs. Then electroweak symmetry breaking occurs along a “diagonal” trajectory in the field space where the Higgs portal
interaction, �hs�2

h�2

s with �hs > 0, induces a barrier.

Largest	deviation	for	the	trilinear	coupling	from	its	SM	value	is	about	
18%,	Gupta,	Rzehak,	and	Wells,	2013

The	portal	coupling	leads	to	a	wavefunction
renormalization	of	the	Higgs	field	at	1-loop	order
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Figure 2. Regions in the (mS ,λHS) plane with viable EWBG. Red shaded region: for µ2
S < 0 it

is possible to choose λS such that EWBG proceeds via a tree-induced strong two-step electroweak
phase transition (PT). Orange contours: value of vc/Tc for µ2

S > 0. The orange shaded region
indicates vc/Tc > 0.6, where EWBG occurs via a loop-induced strong one-step PT. Above the
green dashed line, singlet loop corrections generate a barrier between h = 0 and h = v even at
T = 0, but results in the dark shaded region might not be reliable, see section 3.1.3.
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-
section of Zh at lepton colliders eq. (5.2), in % relative to the SM.

5.2 Zh production cross section at lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave

function renormalization, which modifies all higgs couplings by a potentially measurable

amount. In particular, precision measurements of the Zh production cross section at lepton

colliders might be another avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is

given by [94, 95]

δσZh =
1

2

|λHS |2v2

16π2m2
h

[1 + F (τφ)] (5.2)

where we have modified the equation to comply with our convention of v ≈ 246GeV, and

inserted a factor of 1
2 since S is a real and not a complex scalar. The loop function F (τ),

with τφ = m2
h/4m

2
S , is given by

F (τ) =
1

4
√

τ(τ − 1)
log

(
1− 2τ − 2

√
(τ(τ − 1))

1− 2τ + 2
√

(τ(τ − 1))

)
. (5.3)

δσZh is shown as a function of (mS ,λHS) in figure 8. In the regions relevant for

EWBG, the shift is at most ∼ 0.5%. For the one-step transition (orange region) it can be

as small as 0.1%. Recent analyses show that future measurements of δσZh might be pushed

to O(0.5)% [96, 97]. It is clear that this indirect measurement has very limited potential

to detect the singlet-induced electroweak phase transition, unless the measurements are

pushed very close to the absolute statistical uncertainty limit of 0.07% by combining all

four TLEP detectors without any background or systematics [97]. Instead, it is very likely

that the higgs self-coupling measurement described in the previous subsection has superior

sensitivity.

– 18 –

FIG. 5: Left: My phase transition analysis. The gray band shows 2-step transitions. The colors indicate regions of first order phase transition.
I used the high temperature approximation and neglected the zero temperature one-loop correction, so the 1PTs are always thermally driven.
Above the dashed line, the high-T approximation breaks down and the result is unreliable. Right: Figure 2 from Curtin, Meade, & Yu. In
the one-step region, the 1PTs are driven by zero temperature loop effects. In the shaded region, perturbativity breaks down and the result is
unreliable. Bottom: The deviation �Zh, given by Eq. (2.18), expressed as a percentage.

2. Thermally Driven – If the singlets are sufficiently light, Ms . 2Tc ' 300 GeV, they contribute to the non-analytic term
in the high temperature effective potential, �V

e↵

⇠ (m2

s + csT 2 +�hs�2

h)3/2T . In the regime where m2

s is tachyonic and
cancels csT 2, this behaves like a cubic term, which provides the needed barrier.

3. Loop Driven – If the coupling �hs is sufficiently large, the singlets leads to an appreciable running of the Higgs self-
coupling. This is manifest by the Coleman-Weinberg potential, �VCW ⇠ ns(m2

s + �hs�2

h)2 log[(m2

s + �hs�2

h)/µ2] ⇠
ns�2

hs�
4

h

The region of parameter space with a first order phase transition is indicated in Fig. 5.

PH,	A.	Long,	L.T.	Wang,	1605:tbd
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renormalization of the Higgs field at one-loop order. The relevant Feynman graph shown in Fig. 3. The corresponding fractional
change in the Higgs-Z-Z coupling is given by Eq. (5.2) of Ref. [5],
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and ⌧� = M2

h/4M2

s .
This model has been identified as a “worst case scenario” for finding evidence of a first order EW phase transition at the LHC

[4, 5].
There are three ways in which the phase transition can be first order in this model.

1. Two-Step – If the singlets have a tachyonic mass parameter, m2

s < 0, it is possible that they acquire a vev prior to the
Higgs. Then electroweak symmetry breaking occurs along a “diagonal” trajectory in the field space where the Higgs portal
interaction, �hs�2

h�2

s with �hs > 0, induces a barrier.
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conclusion

• In	models	exhibit	a	strong	first	order	phase	transition,	modifications	
in	the	Higgs	trilinear	coupling	and	the	hZZ coupling	are	expected
• It	is	very	challenging	to	probe	the	trilinear	coupling	at	the	LHC
• hZZ coupling	can	be	measured	very	well	at	lepton	colliders,	CEPC	is	
almost	able	to	cover	the	whole	region consistent	with	a	first	order	
phase	transition,	in	the	models	with	a	mix-in	singlet
• A	100	TeV collider	can	measure	the	Higgs	trilinear	coupling,	and	can	
be	complementary	to	a	lepton	collider.
• We	may	have	an	answer	for	the	nature	of	the	EWPT	in	20	years!
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Probe	the	trilinear	coupling	at	HL-LHC,	and	the	
100	TeV collider	– double	Higgs	production

Higgs-Pair Production and Measurement
of the Triscalar Coupling at LHC(8,14)

Vernon Bargera, Lisa L. Everetta, C. B. Jacksonb, Gabe Shaughnessya

aDepartment of Physics, University of Wisconsin, Madison, WI 53706, USA
aDepartment of Physics, University of Texas at Arlington, Arlington, TX 76019, USA

We simulate the measurement of the triscalar Higgs coupling at LHC(8,14) via pair production of
h(125 GeV). We find that the most promising hh final state is bb̄��. We account for deviations of
the triscalar coupling from its SM value and study the e↵ects of this coupling on the hh cross-section
and distributions with cut-based and multivariate methods. Our fit to the hh production matrix
element at LHC(14) with 3 ab�1 yields a 40% uncertainty on this coupling in the SM and a range
of 25-80% uncertainties for non-SM values.

PACS numbers:

Introduction.—The long-awaited discovery of the mas-
sive particle (h) with Higgs-like characteristics at the
LHC [1, 2] heralds the beginning of a new era in particle
physics. The next experimental challenge is the measure-
ment of the h-couplings to distinguish whether it is the
Standard Model (SM) Higgs boson, or the lightest Higgs
of the Minimal Supersymetric Standard Model (MSSM)
or a general two Higgs doublet model (2HDM), or a state
with an admixture of doublet and singlet components, or
the lightest state of a more complex Higgs sector. The
answer to this question will have far-reaching implica-
tions about the existence and nature of any new physics
at the TeV energy scale.

In addition to the couplings of h to gauge bosons,
which are essential for the mass-generating mechanism,
and the generation-dependent Yukawa couplings of h to
fermions, which are integral to h-production and its de-
cays, the self-couplings of h are of paramount interest
since they directly connect to the underlying potential
that results in spontaneous symmetry breaking. In the
SM, a single self-coupling parameter � completely spec-
ifies the potential, VSM = �µ2�†� + �|�†�|2 and the
Higgs mass is mh =

p
�v, where v is the vacuum ex-

pectation value (vev) of the Higgs field, which is deter-
mined by the Fermi coupling to be 246 GeV. Based upon
the Higgs mass measurement, mh = 125.5± 0.6 GeV [3],
the self-coupling value for the SM is � = 0.260 ± 0.003.
A precision measurement of the cubic coupling �hhh be-
tween three physical Higgs bosons is a priority of a linear
e+e�collider, but this is more than a decade away.

In a theory beyond the SM, there can be contributions
to the e↵ective potential from dimension six Higgs oper-
ators that are induced by integrating out heavy degrees
of freedom, or from compositeness. The Higgs mass and
� then are independent parameters, and the interactions
of the Higgs with the electroweak gauge bosons are mod-
ified from their SM values. An important goal is to mea-
sure all of the Higgs self-couplings: hhh, hhhh, hhWW
and hhZZ. The production of Higgs pairs at the LHC
provides an important avenue to probe the first of these
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FIG. 1: Feynman diagrams which contribute to Higgs boson
pair production via gluon fusion.

couplings, the triscalar coupling [4–13], which we pur-
sue in this letter. The gluon-gluon fusion subprocesses
of Fig. 1 are the dominant production diagrams [14–17].
The interference of the two amplitudes is sensitive to the
hhh coupling and thereby provides a way to measure it.
We find that complete destructive interference of the real
amplitudes occurs at �hhh ⇡ 2.45�hhh

SM .
Higgs pair-production cross section.— The leading or-

der (LO) matrix elements of the hh subprocesses in Fig. 1
are known [14–17], up to the involved couplings. We
generate signal events by incorporating the loop ampli-
tudes directly into MADGRAPH [18], and we include
the NLO K-factor =1.88 [19–22]. The competition be-
tween the two diagrams in Fig. 1 strongly impacts the
total cross section shown in Fig. 2 and the final state
kinematic distributions, especially when the real parts of
the two amplitudes cancel each other, as illustrated in
Fig. 3. To account for possible new physics e↵ects, we
consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
We calculate the gg ! hh amplitudes for LHC cen-

ter of mass energies of 8 TeV (we assume the relatively
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tions about the existence and nature of any new physics
at the TeV energy scale.
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consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
We calculate the gg ! hh amplitudes for LHC cen-

ter of mass energies of 8 TeV (we assume the relatively

ar
X

iv
:1

31
1.

29
31

v1
  [

he
p-

ph
]  

12
 N

ov
 2

01
3

2

LHC 14 TeV
LHC 8 TeV

LO ! K"factor !1.88"

0 5 10 15 20

10

20

50

100

200

500

1000

2000

Λ
hhh#ΛSM

hhh

Σ
g

g
%

h
h
!f

b
"

FIG. 2: Production cross section for gg ! hh at the LHC
with

p
s = 8 TeV and 14 TeV.

lhhh= 2.45 â lSMhhh M
hh
=
2
m
t

Re M@
Im M@
Re MÉ
Im MÉ

Re MÉ+M@
Im MÉ+M@»MÉ+M@»

250 300 350 400 450 500
-2

-1

0

1

2

Mhh HGeVL

A
m
pl
itu
de

FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
�hhh/�hhh
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small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh ⇡ 2.45�hhh

SM as shown
in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh ⇡ 3.5�hhh

SM , and results in a rather
low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

18

 (GeV)hhm

300 400 500 600 700 800

σ
 1

/
h

h
/d

m
σ

d

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

SM
3λ=3λ

SM
3λ=2.453λ

SM
3λ=73λ
SM
3λ=-23λ

FIG. 4: Normalized mhh distributions for �3 = �SM
3 , �3 = 2.45�SM

3 and �3 = 7�SM
3 and

�3 = � 2 �SM
3 . The cancellation between the box and triangle diagram is exact at �3 =

2.45�SM
3 at 2mt threshold, that explains the dip. Note that the distribution shifts to smaller

values as �3 increases

.

new physics with a large �3

A. Double Higgs production in the bb̄�� channel

We perform a collider study for the hh ! bb̄�� channel. The signal with various values of

�3 is generated by MCFM [44] and passed to Pythia8 [45] for parton shower and hadroniza-

tion, and then passed to Delphes [46] for detector simulation. As stressed before, we apply

a NNLO K-factor of about 2.27 for the signal [41], The background processes are generated

with MadGraph [47] and then passed to Pythia and Delphes. We apply a NLO K-factor =

1.1 for tt̄h and a NNLO QCD, NLO EW K-factor = 1.33 for Zh [35]. There are no higher

order corrections known for the QCD backgrounds, and therefore, all the QCD processes

are normalized to LO. We take a b-tagging e�ciency of 70% and a mistag rate of 24% for

c-jets and 2% for light jets [48]. We adopt a photon tagging rate of 85% and a jet to photon

• The	box	and	the	triangle	
diagram	interfere	with	
each	other	destructively	
in	SM

• The	strongest	cancellation	
is	around	~2.5λ3SM	,	the	
cross	section	is	
suppressed	in	the	region	
consistent	with	a	first	
order	phase	transition

• The	mhh distribution	shifts	
to	lower	values	for	large	
λ3,	 expect	more	
background		
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Gravitational	Waves	probesNow	we	calculate	the	GW	spectra.	
…	the	signal	is	poten+ally	detectable	by	eLISA	if	550	<~	Λeff	<~	575.			
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As	Λeff	grows,	the	
latent	heat	
decreases	rapidly	
…	see	two	slids	
back	...	and	so	
too	does	the	GW	
signal	
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σ(ZH), determined model independently from recoil mass method

Observables: Higgs mass, CP, σ(ZH), event rates ( σ(ZH, vvH)*Br(H->X) )

Derive: Higgs width, branching ratios & absolute value of coupling constants


