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The	More	The	Merrier
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1) Sensitive	to	the	trilinear	
coupling	-- tightly	related	to	
the	nature	of	EWPT

2) Sensitive	to	new	loop	
particles and	yt -- indirect	
probes	of	new	physics

3) Can	we		make	this	
measurement?

PhD	Comics



Electroweak	Phase	Transition

• A	strong	1st order	EWPT	is	required	for	Electroweak	Baryogenesis,	but	is	
hard	study	from	cosmology	(see	D.	Egana-Ugrinovic’s talk	yesterday	and	C.	
Grojean’s talk	this	morning)
• EWPT	in	the	SM	is	not	first	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
• We	can	reconstruct	the	zero	temperature	Higgs	potential	by	collider	
measurements!
• After	measuring	the	vev and	mh,	the	next	measurement	will	be	Higgs	
trilinear	coupling,	the	third	derivative	of	the	Higgs	potential

V(Φ)

Φ



Relating	the	EWPT	to	the	Higgs	Trilinear	
Coupling

PH,	A.	Joglekar,	B.	Li,	and	C.	Wagner,	arxiv:1512:00068;	PH,	A.	Long,	and	L.T.	Wang,	arxiv:1608.06619

The trilinear coupling could deviate significantly from its SM value in the 
region consistent with a strong first order EWPT

O(1)	deviation	is	typical	can	go	up	to	7𝜆3SM

A	lot	of	models	can	be	consistent	with	a	first	order	EWPT
SM	+	singlet	(more	on	this	in	M.	Sullivan’s	
talk	in	10	min)
SM	+	scalar	doublet	(like	MSSM	stops)
SM	+	chiral	fermion	(like	MSSM	gauginos)
SM	+	varying	Yukawas (like	flavons)
…

λ3
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h h

V(Φ)
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Calculate	
Tc and	vC

Then	the	
trilinear	
coupling



Probe	the	Trilinear	Coupling	at	the	LHC
Production	Cross	Section
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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

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

At	NNLO,	14	TeV
𝜆3 =	𝜆3SM,	𝜎(pp	->	hh)	=	40	fb
𝜆3 =	5𝜆3SM,	𝜎(pp	->	hh)	=	100	fb



Probe	the	Trilinear	Coupling	at	the	LHC,	bb𝛾𝛾
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Figure 7: The distributions of mbb (a) and mγγ (b) for 3000 fb−1 after applying all the selection criteria

except the mbb (a) and mγγ (b) mass cuts. The individual shapes of the contributions are obtained

using the events surviving the event selection before the mass criteria and angular cuts are applied,

but normalized to the number of expected events after the full event selection. The ttX contribution

includes tt̄(≥ 1 lepton) and tt̄γ, while ‘Others’ includes cc̄γγ, bb̄γ j, bb̄ j j and j jγγ.
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the analysis cuts (solid line).
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Experimental measurement
difficult, requires high
luminosities
Efforts ongoing, searches in
many final states
Current constraints of
O(±15�SM

hhh) [arXiv:1509.0467;

arXiv:1506.0028; arXiv:1603.0689;
ATLAS-CONF-2016-049]

Prospects in bb̄�� final state:

�0.8 < �hhh/�
SM
hhh < 7.7

[ATL-PHYS-PUB-2017-001]

Motivation

Ramona Gröber – Higgs pair production and the trilinear Higgs self-coupling 20/09/2017 6/32

EXPERIMENTAL STATUS

ATL-PHYS-PUB-2014-019

Current	projection	shows	very	limited	sensitivity,	especially	in	the	
region	can	be	consistent	with	a	strong	1st order	EWPT
Acceptance	goes	down	significantly	for	large	values	of		λ3



Probe	the	Trilinear	Coupling	at	the	LHC
Acceptance	goes	down	for	large	λ3

• In	most	of	the	analysis,	mhh >	350	GeV,	
or	something	equivalent	is	required.

• 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	λ3 increases,	the	amplitudes	
increases	more	below	the	tt threshold	
than	above	the	threshold

• mhh shifts	to	smaller	value	for	large	 λ3



Probe	the	Trilinear	Coupling	at	the	LHC
Acceptance	goes	down	with	λ3

Parton	level,	MCFM
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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

arxiv:1512.00068	PH,	A.	Joglekar,	B.	Li,	and	C.	Wagner	

λ3	 <	3λ3SM,		mhh >	350		GeV

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

20

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

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

0.7	σ for	λ3 ~	5λ3SM if	using	the	cut	mhh >	350		GeV

Big	Improvement!
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Modifications	to	Double	Higgs	Production
Modified	yt

𝜅t	 (ghtt /ghttSM)=	1.1	leads	to	
a	50%	increase	in	the	cross	
section
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enhancement of the tth signal of the Higgs decaying to gauge bosons can be larger than in

the SM by a factor of two without violation of any experimental constraints. Moreover, it

was shown in Ref. [4] that this can be also realized in the NMSSM with heavy singlets, which

e↵ectively corresponds to a type-II 2HDM, with relatively light highly-mixed stops. The stop

contributions modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[17, 18]:

cg
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c�
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m2

t
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1
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t ⌘ Xt
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cos↵
sin�

+ µ sin↵
sin�

⌘
with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). It should be clear from the above formula that

significant reduction of the Higgs coupling to gluons is possible only for light enough stops. At

the ICHEP 2016 conference, the LHC collaborations presented new constraints on the lightest

stop mass, which are quite strong in simplified models in which the mass di↵erence between

the stop and the lightest supersymmetric particle is large [19, 20, 21, 22, 23]. However, the

constraints are still relatively weak for small mass splitting between the stop and the LSP. In

order to avoid constraints on light sbottoms it is preferred that the lightest stop is mostly right-

handed. The limit is especially weak if the lightest stop decays mainly to charm and neutralino.

For such topology a lightest stop as light as about 260 GeV is allowed if the stop-LSP mass

splitting is above about 20 GeV (but not large enough to make the stop decays to charm and

neutralino subdominant) [24, 25, 26, 27].

Another important requirement to induce a large tth enhancement in the NMSSM with

heavy singlets is that the value of � & 0.8 [4]. Such large values of � lead to a Landau pole

below the Grand Unification (GUT) scale, MGUT ' 2 1016 GeV. In the following, we will show

that smaller values of � are possible if the singlets are light.

If in addition to the CP-even Higgs bosons proceeding from the two Higgs doublets also a

singlet is light, in order to determine non-SM doublet component of the 125 GeV Higgs one

needs to consider three-by-three Higgs mass matrix (in the Higgs basis):2

M̂2 =

0

BB@

M̂2
hh M̂2

hH M̂2
hs

M̂2
hH M̂2

HH M̂2
Hs

M̂2
hs M̂2

Hs M̂2
ss

1

CCA . (5)

Since the singlet does not couple to SM particles, the couplings of the 125 GeV are still given

by eqs. (1)-(3) but the e↵ective cot (� � ↵) depends now also on the mixing of the singlet with

the Higgs doublets:

cot (� � ↵) =

⇣
m2

h � M̂2
hh

⌘
M̂2

Hs + M̂2
hsM̂

2
hH

⇣
M̂2

HH �m2
h

⌘
M̂2

hs � M̂2
HsM̂

2
hH

. (6)

2The Higgs basis (ĥ, Ĥ, ŝ) is defined as ĥ = Hd cos� + Hu sin�, Ĥ = Hd sin� � Hu cos� and ŝ = S. In

this basis the ĥ field has exactly the same couplings to the gauge bosons and fermions as the SM Higgs field.

The field Ĥ is a non-SM-like doublet which does not couple to the gauge bosons and its couplings to the down

and up fermions are the SM Higgs ones rescaled by tan� and � cot�, respectively. The mass eigenstates are

denoted as s, h, H, with the understanding that h is the SM-like Higgs.
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Constraints
• modification	in	gluon	fusion

enhanced from an enhanced tth coupling 

compensated by the mixing between the two stops

• Vacuum	stability

where m2

T = (m2

Q3
+m2

U3
), m2

2

= (m2

Hu
+ µ2), and r = m2

U3
/m2

Q3
. Let us emphasize that

this limit is very approximate and only applies to smaller values of µ, larger values of mA,

moderate tan�, and r not too di↵erent from unity. Details on the derivation of this bound

are given in Appendix B.

5 Comparison to Other Stop Constraints

The metastability conditions we find exclude parameter regions with large stop mixing.

This mixing can produce one relatively light stop mass eigenstate as well as a significant

mass splitting between the members of the eQ
3

sfermion doublet. These features are

constrained indirectly by electroweak and flavor measurements, as well as by direct searches

for a light stop. In this section we compare these additional limits to the bounds from

metastability.

5.1 Precision Electroweak and Flavor

The most important electroweak constraint on light stops comes from �⇢, corresponding

to the shift in the W mass relative to the Z. In the context of highly mixed stops motivated

by the Higgs mass, this e↵ect has been studied in Refs. [50, 52]. We have computed the

shift �⇢ due to stops and sbottoms using SuSpect 2.43 [48], which applies the one-loop

results contained in Refs. [53, 54]. With a Higgs mass of mh ' 125 GeV, the preferred

range is �⇢ = (4.2± 2.7)⇥ 10�4 [50].

Supersymmetry can also contribute to flavor-mixing. Assuming only super-CKM

squark mixing (or even minimal flavor violation [55]), the most constraining flavor ob-

servable is frequently the branching ratio BR(B ! Xs�). It receives contributions in the

MSSM from stop-chargino and top-H+ loops. These contributions tend to cancel each

other such that the cancellation would be exact in the supersymmetric limit [56]. With

supersymmetry breaking, the result depends on the stop masses and mixings, tan�, µ, and

the pseudoscalar mass mA. Constraints on light stops from BR(B ! Xs�) were considered

recently in Refs. [51, 52]. The SM prediction is BR(B ! Xs�) = (3.15± 0.23)⇥ 10�4 [57],

while a recent Heavy Flavor Averaging Group compilation of experimental results finds

BR(B ! Xs�) = (3.55 ± 0.24 ± 0.09) ⇥ 10�4 [58]. We have investigated the limit from

BR(B ! Xs�) and other flavor observables using SuperIso 3.3 [59] assuming only super-

CKM flavor mixing.

In Fig. 4, we show the exclusions from flavor and electroweak bounds for model points

with 123 GeV < mh < 127 GeV for tan� = 10, and mA = 1000 GeV, µ = 300 GeV,

and m2

Q3
= m2

U3
in the Xt�mQ3 plane. We impose the generous 2� constraints �⇢ 2

[�1.2, 9.4] ⇥ 10�4 and BR(B ! Xs�) 2 [2.86, 4.24] ⇥ 10�4 and show them together with

the metastability constraint from the previous Section. The green points show the regions

excluded by �⇢ while the orange points show those excluded by BR(B ! Xs�).

The exclusion due to �⇢ can be understood in terms of the large stop mixing induced

by Xt, which generates a significant splitting between the mass eigenstates derived from the
eQ
3

= (t̃L, b̃L)T SU(2)L doublet. This constraint depends primarily on the stop parameters,

and is mostly insensitive to variations in µ, mA, and tan�. While this bound overlaps
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Constraints	:	Stop	Direct	Limit
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Possibly	Ways	to	Hide	the	Light	Stops?
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Figure 7: 95 % CL exclusion limits for simplified models with �̃+1 �̃
�
1 production (left) and associated production

of �̃+1 �̃
�
1 and �̃±1 �̃

0
2 (right). See text for details of exclusion curves and uncertainty bands. The LEP limit on

the chargino mass is also shown. Results are compared with the observed limits obtained by previous ATLAS
searches [34] as blue contours.

sensitivity in the low mass region is weaker than Run-1 results since the signal region optimization is
based on reference points with high chargino mass.

11 Conclusion

Searches for the electroweak production of supersymmetric particles in events with at least two hadronically
decaying taus are performed using 14.8 fb�1 of proton–proton collision data at

p
s = 13 TeV recorded with

the ATLAS experiment at the Large Hadron Collider. Agreement between data and SM expectations is
observed in all signal regions. These results are used to set limits on the visible cross section for events
beyond the Standard Model in each signal region.

Exclusion limits are placed on parameters of the simplified models. Chargino masses up to 580 GeV are
excluded for a massless lightest neutralino in the scenario of direct production of wino-like chargino pairs,
with each chargino decaying into the lightest neutralino via an intermediate on-shell stau or tau sneutrino.
In the case of associated production of chargino pairs and mass-degenerate charginos and next-to-lightest
neutralinos, masses up to 700 GeV are excluded for a massless lightest neutralino.

18

Decay through	a	stau

10 7 Interpretation

1900 GeV can be excluded for high gaugino masses. The acceptance drops for low neutralino
masses, since more energy is transferred to jets, leaving less energy available for the photon
and the gravitinos, and therefore resulting in a lower value of pmiss

T . If the chargino mass is
close to the W boson mass, less momentum is transferred to the gravitino, leading to smaller
pmiss

T values and, therefore, lower sensitivity. This yields a squark mass exclusion of 1500 and
1300 GeV for the T6gg and T6Wg model, respectively, and a gluino mass exclusion of 1750 and
1500 GeV for the T5gg and T5Wg model, respectively. For squark pair production, the mass
exclusion is determined assuming eight mass-degenerate squark states, corresponding to the
SUSY partners of the left- and right-handed u, d, s, and c quarks.
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Figure 6: Exclusion limits at 95% CL for the T6gg (top left), T6Wg (top right), T5gg (bottom
left) and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
contour and the uncertainty due to the signal cross section. The red dashed curves represent
the expected exclusion contours and the experimental uncertainties.

Long-Lived	RPV	stops

In order to generate relevant modifications to the double Higgs production cross section,
the lightest stop mass should not be too far above from the weak scale. Therefore, the
constraints on the stop masses coming from LHC searches put strong restrictions on the
possible size of the supersymmetric contributions to the di-Higgs production process. Con-
sidering the direct production of stops at the LHC, the constraints on the stop masses
depend strongly on the how stops decay, and on the masses of other particles in the decay
chain. The most relevant constraints come from the region in which the difference between
the stop and the lightest neutralino masses are larger than the top-quark mass. In such
a case, one would expect to find a significant decay of the stop into a top-quark and a
neutralino. In the simplified models LHC considers, a stop decays one hundred percent
either to a top and the lightest neutralino, or to a bottom and the lightest chargino, which
then decay to a W+ and the lightest neutralino. The final state is therefore a bottom, a
W+ and missing energy in both cases, but the kinematic distributions and efficiencies are
different. The current constraints on the stop mass in this region of parameters are at least
500 GeV, and depend on the mass of the lightest neutralino, becoming stronger for larger
mass difference of the stop with the lightest neutralino [21–28]. Moreover, the stop bound
in the compressed regions is also of the order of 500 GeV [21, 22, 29, 30].

With more complicated decay chains, the constraints on stops could be weaker than the
500 GeV limit reported by the LHC. For example, in the presence of a light stau [31, 32], the
decay chain of the stop is ˜t ! b �̃±

1

! b ⌫ ⌧̃ ! b ⌫ ⌧�̃0

1

. The final state is two b-jets, two
⌧ ’s and missing energy. As ⌧ ’s are difficult to detect at the LHC, the stop constraints in this
scenario could be weakened significantly compared to that in the simple models described
above. Another way to evade the constraints in the compressed region is to consider gauge
mediation models [33]. In gauge mediation models, the lightest neutralino can decay to
a photon and a gravitino. Then in the compressed region, all other decay products other
than the photons are too soft, and the final states are two photons and missing energy. The
current diphoton plus missing energy search is only focused on the high mass region of the
squarks, and the limit for stops around 500 GeV or below is weak [34, 35]. Long lived stops
which dominantly decay through a RPV coupling �ijkūi ¯dj ¯dk can have weaker constraints
from the LHC as well [36]. In such scenario, the long lived stops can decay into a pair
of down-type quarks, which lead to a displaced di-jet final state. Then by recasting the 8
TeV data [36], for c⌧ ⇠ 0.1 mm, stops lighter than 200 GeV can be allowed, and for c⌧ ⇠
0.4 mm, stops around 400 GeV can be allowed. The heavy stable charge particle (HSCP)
search in this scenario is weaker compared to the displaced di-jet final state for low values
of c⌧ [36–38].

Of course, the exact limit in the above three scenarios can be only obtained by doing a
detailed recast of the current LHC data. The current recasting tools only include the data
up to 2.3 fb of the 13 TeV Run [39, 40], and it is beyond the scope of this work to analyze
the exact stop limit in those scenarios. In this analysis, we are going to consider stops as
light as 300 GeV as a reference value, showing how the effects on the di-Higgs production
cross section depend on the exact stop mass bound.
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Modifications	to	Double	Higgs	Production

For	each	value	of	mQ and	mU,
Calculate	the	largest	Xt allowed	for	the	lightest	
stop	>	500	GeV,	and	Vacuum	stability
Plot	𝜎hh /	𝜎hh SM,	by	modifying	MCFM		and	region	
for 0.8	<	𝜅g	 <	0.9	(darker),	and	0.9	<	𝜅g	<1	(lighter)

15%	enhancement	for	a	
conservative	choice	of	the	vacuum	
stability	constraint

is highly suppressed [60]. Moreover, even with the MSSM Higgs sector, in the presence of
light neutralinos or charginos, the decay branching ratio into pair of SM-like Higgs bosons
could be highly suppressed [59]. In this article, we shall concentrate on the non-resonant
production of SM-like Higgs bosons, and analyze the impact of the mixing with additional
Higgs bosons via the modifications of the top-quark and Higgs self couplings.

As can be seen from Eq. (2.6), a small enhancement in the Higgs coupling to tops, as
currently allowed by data [4, 5], would not only enhance the top-quark, but also the stop
contribution to the gluon fusion cross section. Let us stress however, that the run I indica-
tions of a high value of t [4, 5] have not been confirmed by the current run II data [63–65]
and hence in the following we shall consider only small variations of this coupling. Moreover,
the stop effects may be significantly enhanced for large values of Xt, which could also lead
to a reduction of the Higgs coupling to gluons g, within the range allowed by the run I best
fit values. However, a very large Xt might also affect the Higgs vacuum stability [66–70].
In this paper, following the results of Ref. [70], we shall use the approximate bound :

X2
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(m2
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U ) + 3.4

✓

m2

Z
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A cos
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(2.7)

where r = m2

Q/m
2

U and the last term represents the impact of the CP-odd Higgs mass,
where we have taken a more conservative correction than the one given in Ref. [70], leading
to a stronger restriction on the parameter space.

3 Collider Phenomenology

The collider phenomenology depends strongly on the precise stop masses, the stop mixing
angle and the values of the top-quark and triple Higgs couplings. In Fig. 3 we compute the
variation of the di-Higgs production cross section in the absence of stops. As it is clear from
this Figure, even a mild variation of the top quark Yukawa coupling, t = 1.1, can lead to
an increases of the cross section by 50 percent. The reason for this is that the contribution
to the SM amplitude associated with the box diagram, which increases quadratically with
t, is about a factor 2.5 larger than the one associated with the triangle diagram at the
mtt threshold, which increases only linearly with t, and interferes destructively with the
box amplitude. We also show the variation of the cross section with a modification of the
trilinear Higgs coupling. For t = 1, values of �

3

= 2.5 �SM

3

maximize the destructive
interference between the box and triangle diagram amplitudes, and hence leads to a general
reduction of the di-Higgs production cross section. On the contrary, for small values of
�
3

' 0, only the box diagram contributes, and hence the cross section is not only enhanced
with respect to the SM case, but depends quartically on the top quark coupling t. Di-Hggs
production cross section values of the order of 4 times the SM value may be obtained for
the maximal variations of t and �

3

considered in Fig. 3.

In the Figures 4, 5 and 6, we show the results for the double Higgs cross section in the
presence of light stops. For each values of mQ and mU , we calculated the largest value

– 8 –

Using	

with	mA =	350	GeV,	tan𝛽 =1,	60%	enhancement		
500	GeV	stops,	all	couplings	SM-like PH,	A.	Joglekar,	M.Li,	C.	Wagner,	appear	soon

1

1.05

1.05

1.15

1.15

1500

2000

600 800 1000

600

800

1000

mQ

m
U

˜X2

t

X2

t t

t = 1.1

tan� ' 1

pp ! H ! hh

mhh

H ! hh

t¯t

mhh

tan� m
˜t

t

Xt

g
Xt

A2

t 
✓

3.4 + 0.5
|1� r|
1 + r

◆

(m2

Q +m2

U ) + 60

✓

m2

Z

2

cos(2�) +m2

A cos

2 �

◆



Modifications	to	Double	Higgs	Production

400 600 800 1000 1200

1.

1.5

2.

2.5

3.

3.5

4.

4.5

m
t
~

1

(GeV)

h
h
/
h
h
S
M

mQ = mU �
3

= 0 t
X2

t

mA mZ

X2

t mA = 350

µ = 400 tan� X2

t m2

˜t1
+ m2

˜t2
g = 1 g

t g

b w
h ! ZZ⇤ h ! ⌧⌧

z ⌧
z z

BR(h ! ZZ) z = w
�

t w

� = 1.28w � 0.28g,

g �

1	loop	calculation,	 EFT	
𝜅t =	1.1	for	blue,	𝜅t =1	for	the	rest	

Red and	blue,	

is highly suppressed [60]. Moreover, even with the MSSM Higgs sector, in the presence of
light neutralinos or charginos, the decay branching ratio into pair of SM-like Higgs bosons
could be highly suppressed [59]. In this article, we shall concentrate on the non-resonant
production of SM-like Higgs bosons, and analyze the impact of the mixing with additional
Higgs bosons via the modifications of the top-quark and Higgs self couplings.

As can be seen from Eq. (2.6), a small enhancement in the Higgs coupling to tops, as
currently allowed by data [4, 5], would not only enhance the top-quark, but also the stop
contribution to the gluon fusion cross section. Let us stress however, that the run I indica-
tions of a high value of t [4, 5] have not been confirmed by the current run II data [63–65]
and hence in the following we shall consider only small variations of this coupling. Moreover,
the stop effects may be significantly enhanced for large values of Xt, which could also lead
to a reduction of the Higgs coupling to gluons g, within the range allowed by the run I best
fit values. However, a very large Xt might also affect the Higgs vacuum stability [66–70].
In this paper, following the results of Ref. [70], we shall use the approximate bound :
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where r = m2

Q/m
2

U and the last term represents the impact of the CP-odd Higgs mass,
where we have taken a more conservative correction than the one given in Ref. [70], leading
to a stronger restriction on the parameter space.

3 Collider Phenomenology

The collider phenomenology depends strongly on the precise stop masses, the stop mixing
angle and the values of the top-quark and triple Higgs couplings. In Fig. 3 we compute the
variation of the di-Higgs production cross section in the absence of stops. As it is clear from
this Figure, even a mild variation of the top quark Yukawa coupling, t = 1.1, can lead to
an increases of the cross section by 50 percent. The reason for this is that the contribution
to the SM amplitude associated with the box diagram, which increases quadratically with
t, is about a factor 2.5 larger than the one associated with the triangle diagram at the
mtt threshold, which increases only linearly with t, and interferes destructively with the
box amplitude. We also show the variation of the cross section with a modification of the
trilinear Higgs coupling. For t = 1, values of �

3

= 2.5 �SM

3

maximize the destructive
interference between the box and triangle diagram amplitudes, and hence leads to a general
reduction of the di-Higgs production cross section. On the contrary, for small values of
�
3

' 0, only the box diagram contributes, and hence the cross section is not only enhanced
with respect to the SM case, but depends quartically on the top quark coupling t. Di-Hggs
production cross section values of the order of 4 times the SM value may be obtained for
the maximal variations of t and �

3

considered in Fig. 3.

In the Figures 4, 5 and 6, we show the results for the double Higgs cross section in the
presence of light stops. For each values of mQ and mU , we calculated the largest value
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Probe	the	Trilinear	Coupling	at	the	LHC
Acceptance	goes	down	with	λ3
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Figure 7: The distributions of mbb (a) and mγγ (b) for 3000 fb−1 after applying all the selection criteria

except the mbb (a) and mγγ (b) mass cuts. The individual shapes of the contributions are obtained

using the events surviving the event selection before the mass criteria and angular cuts are applied,

but normalized to the number of expected events after the full event selection. The ttX contribution

includes tt̄(≥ 1 lepton) and tt̄γ, while ‘Others’ includes cc̄γγ, bb̄γ j, bb̄ j j and j jγγ.
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Figure 6: Multiplicity of jets with pT > 25 GeV for H(→ bb̄)H(→ γγ) signal and backgrounds.

In applying this selection an optimistic assumption is being made on the effect of pile-up jets with

respect to what is described in Ref. [7], based on which about three pile-up jets with pT > 25 GeV

are expected per event. The upper cut on N j is therefore appropriate under the assumption of a well-

performing track confirmation algorithm, or similar tool for suppressing pile-up jets, such as Jet Vertex

Tagging [23]. Note that, although it is also observed that the jet multiplicity is lower in the signal

samples using Pythia 6 with respect to samples using Pythia 8, the latter are conservatively used in this

study to present the expected sensitivity.

Applying a veto on isolated (as per the description in section 3.2) leptons above 25 GeV is also

useful for reducing the background contribution from processes involving tt decays to at least one

lepton.

The final selection is summarised in Table 3.

Event Selection Criteria

≥ 2 isolated photons, with pT > 30 GeV, |η| < 1.37 or 1.52 < |η| < 2.37

≥ 2 jets identified as b-jets with leading/subleading pT > 40/25 GeV, |η| < 2.5

No isolated leptons with pT > 25 GeV, |η| < 2.5

< 6 jets with pT > 25 GeV, |η| < 2.5

0.4 < ∆Rbb < 2.0, 0.4 < ∆Rγγ < 2.0, ∆Rγb > 0.4

100 < mbb < 150 GeV, 123 < mγγ < 128 GeV

p
γγ
T

, pbb
T > 110 GeV

Table 3: Event selection criteria applied in the analysis
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mhh >	350	GeV	is	required	in	most	theory	studies

Cut	on	mhh
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EFT	for	stops
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