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Abstract

After the extraordinary discovery of the Higgs boson at the LHC, the next goal is to pin
down its underlying dynamics by measuring the Higgs self-couplings, along with its couplings
to gauge and matter particles. As a prototype model of new physics in the scalar sector,
we consider the Two Higgs Doublet Model (2HDM) with CP-conservation, and evaluate the
prospects for measuring the trilinear scalar couplings among the CP-even Higgs bosons h and
H (/\hhh, NhH /\hHH) at LHC14. The continuum and resonant production of CP-even Higgs
boson pairs, hh and hH, offer complementary probes of the scalar potential away from the
light-Higgs alignment limit. We identify the viable search channels at LHC14 and estimate
their expected discovery sensitivities.
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1 Introduction

Particle physics is at a crossroads. The discovery of the 125.5 GeV Higgs boson at the LHC [1, 2]
validates the fundamental theoretical tenet that the electroweak gauge symmetry is spontaneously
broken. The LHC measurements of the Higgs couplings to weak bosons, photons, gluons and
fermions are all consistent with their Standard Model (SM) predicted values [3, 4, 5]. This is
satisfying, to a degree, but it is also mystifying that the SM should work so well. The Higgs mass is
not predicted in the SM, and the large hierarchy of the electroweak and Planck scales is unexplained
by the SM. The commonly expected explanation for the hierarchy — physics beyond the SM at the
TeV scale — has not been borne out thus far by the LHC experiments at 7 and 8 TeV cm energy. The
LHC upgrade to 14 TeV (LHC14), with 10 times the present luminosity, may change this situation
by the discovery of new particles. Regardless, the properties of the Higgs boson will be central in the
search for new physics (for a recent overview, see [6]). The Higgs potential itself has so far not been
subject to experimental scrutiny, since this requires the more challenging measurements of triple
and quartic Higgs self-interactions via pair production of Higgs bosons. However, this important
avenue of pursuit should soon be possible with data from the upcoming LHC14 run.

Higgs boson pair production at hadron colliders has been studied at length. The gluon fusion
channel was first pointed out in Refs. 7, 8, 9] and extended in Ref. [10, 11, 12, 13, 14]. More
realistic collider analyses demonstrating the usefulness of this production mechanism in measuring
the triscalar coupling was performed in [15, 16, 17]. Recently, now that the Higgs boson has been
discovered and mass determined, new analyses have honed in on the prospects at the LHC [18,
19, 20, 21, 22]. Advanced techniques involving jet substructure of the decay products and Mo
observables have also been demonstrated [23, 24, 25].

The Two Higgs Doublet Model (2HDM) (see e.g. [26, 27, 28]) provides a convenient general frame-
work in which to explore extensions of the SM and to characterize deviations of the Higgs couplings
from their SM values in analyses of experimental data. For the case of a CP-conserving Higgs po-
tential, the three physical neutral Higgs states consist of 2 CP-even states, h and H, and a CP-odd
state A. The pair-production of these Higgs bosons is the means by which the Higgs potential can
be experimentally determined and signs of new physics may be found [15, 16, 17, 29].

The goal of our study to is assess in which final states the Higgs pair production processes, especially
hh and hH, can be measured within a specific class of 2HDMs, the Type-II 2HDM (see e.g. [30,
31, 32, 33, 34]), for which one of the Higgs doublets has tree-level couplings only to up-type quarks
and the other has tree-level couplings only to down-type quarks and leptons (and thus it includes
the minimal supersymmetric standard model as a special case). Beyond this, a determination of
the Higgs self-couplings can be made to some degree [17, 19, 35, 36, 37, 38, 39]. Implicit in this
strategy is that the generalization of the Higgs sector is the only modification of new physics signals
of relevance to Higgs pair production and decay; we will not consider scenarios where new physics
in other sectors affects the production of Higgs pairs, as found in [23, 24, 40, 41, 42, 43, 44, 45, 46,
47, 48, 49, 50, 51, 52, 53, 54, 55].

Our analysis will differ from the previous works in the following way. While working within the
2HDM, (i) we utilize a multi-variate analysis technique, which tend to provide results similar to
advanced analyses such as matrix element method, boosted decision trees and neural networks [56];
(ii) we outline the prospects of the hH associated discovery using the following discovery channels:
hH — bby~y, bbbb, Z Zbb, bbbby~y and bbtt.



The extent to which the trilinear Higgs coupling can be measured at the LHC is very model de-
pendent. In the context of the 2HDM, a significant enhancement of the hh production via the H
resonance, would make it possible to measure at the LHC with 3ab™" the A" yH coupling combi-
nation to an accuracy of 2-50%, depending on model parameters, see Fig. 6 of Ref. [22]. However,
in the absence of a resonant enhancement, which is the case for My < 2my, the trilinear Higgs
coupling measurement at the LHC may be more challenging, with the hH associated production
channel providing the best option. In this circumstance, the N*##yH coupling uncertainty can be
estimated through the statistical significance. In the case of a 50 discovery, the coupling product
may be measured to an accuracy of O(20%) or better, see Fig. 12 below. A comprehensive LHC
coupling analysis, including the hh, hH and hA channels, will be addressed in a future paper.

The layout of our study is as follows. In Section 2, we briefly describe the 2HDM, discuss the present
constraints relevant for our study, and introduce three benchmark points to help elucidate discovery
prospects. In Section 3, we review and present the analytic formulae for the pair production of the
Higgs bosons in gluon-gluon fusion, which is the dominant sub-process in pp collisions at the LHC.
There are two classes of contributing Feynman diagrams: s-channel Higgs boson exchange and a
box diagram with a top-quark loop, as shown in Fig. 1. Representative Higgs pair production cross-
sections are provided in this section. In Section 4, we describe our simulation of the hh subprocess
and subsequent h decays. We then proceed with a systematic consideration of the possible decay
channels of the hh along with their backgrounds from the relevant SM processes. We then describe
the Multi-Variate Analysis (MVA) methodology that is the basis of our extraction of the signal
from the background. The MVA methodology distinguishes signal from background by kinematics,
and takes multiple variables into account simultaneously.

In Section 5, we turn to a study of associated hH production, which we find to be complementary
to the resonant H — hh production. In the hH process, both the triangle and box diagrams in
Fig. 1 contribute, with contributions of both A* and H* in the s-channel. The triangle diagrams
provide sensitivity to the products of the top-Yukawa and the N tri-scalar couplings. Depending
on its mass, the heavy scalar, H, has several available decay channels that can potential provide
identifiable signals, including bb, WW*, ZZ*, and tt. The decay branching fractions of H to these
channels are dependent on the mass and Higgs mixing parameters. We perform simulations of these
channels and their SM backgrounds to assess the discovery prospects. We find that the following
channels all lead to a possible discovery: hH — bby~y, bbbb, Z Zbb, bbtt and bbbbyy, allowing for a
rich variety of measurements. Finally, in Section 6, we summarize our results. In our evaluation of
the reach of LHC14, we assume throughout an integrated luminosity of 3 ab™!.

/H]
7 00000000 ————— = = = = = H;
Hi //
Q ---= 0
Y He 000000000 ——————— ~ = = — - Hy,

Figure 1: Representative Feynman diagrams which contribute to Higgs boson pair production.



2 The Two Higgs Doublet Model

In this section, we will provide a very brief overview of the 2HDM and the theoretical constraints on
the potential (for more comprehensive discussions, see e.g. [26, 27, 28]). The model consists of two
Higgs doublets, which we express as the opposite-hypercharge Higgs doublets ® 5 as follows:

o= (A ) e (e ) W

in which the vacuum expectation values (vevs) vy o satisfy the relation v = \/v? 4+ v3 = 246 GeV.
We follow standard practice and assume for simplicity both that CP is conserved (i.e., is not
explicitly or spontaneously broken), and that the theory obeys a softly broken Z; symmetry that
eliminates quartic terms that are odd in either of the doublets, but allows a quadratic term that
mixes ®; and ®5 (this is consistent with our eventual specialization to the Type II 2HDM; see
e.g. [27] for a detailed discussion of these issues). With these assumptions, the scalar potential
takes the following form:

V o= miold; + mield, — %M2 sin 28(®] &y + PLd,) + %mﬁ@l\? + %@;@ﬁ
OB 0L B0l + 2 [(@]d,) + (Bl01)?] (2)
in which
P = gy d*. (3)

After incorporating the minimization conditions, the scalar potential parameters can be replaced
by physical masses and mixing angles. There are two mixing angles: the angle 3 = tan=! vy /vy,
and the angle «, which is the mixing angle of the CP-even Higgs sector. The quantity cos(8 — «)
is of particular interest in that when cos(f — ) — 0, the lightest neutral CP-even Higgs boson h is
aligned with the SU(2) vev and behaves like the Higgs boson of the SM, and the additional Higgs
bosons decouple (for a comprehensive analysis of the CP-conserving 2HDM in the decoupling and
alignment limits, see [28]). This limit, cos(8 — a) — 0, is referred to as the alignment limit.

Returning to the replacement of the A; by the physical masses and mixing angles, it is convenient
to parametrize them in terms of v, the Z-breaking potential parameter M, the Higgs masses
My, Mg, Mg+, M4, and the angles «, and 3, as follows:

—M?tan? 5 + M,f sin? awsec? 3 + M cos?® asec? 3

—M? cot? B + Mj; cos® avese® B+ M sin® acesc? 3

P — < | 5
M2+ %(MIQJ — M?)sin2cccsc 23 + 2M7 .

)\3 = /UQ 7 (6)
M?2 + M2 —2M?2

A4 = 32 Hi) (7)
M2 — M2

A )

V2



In our analysis, we require for simplicity that the heavy physical mass scales are all equivalent, i.e.
My = M4 = My+, which serves to ease any tension that would exist with electroweak precision
data that prefers a small mass splitting. We see from the above expressions that Az + A4 + A5, which
is what appears in the trilinear scalar couplings of h and H (see e.g. [27] for details), is

M? + (M% — M}) csc2fsin 2a (9)
2 b}

and thus is unaffected by the assumption that the heavier Higgs particles are mass-degenerate.

A3+ Mg+ A5 =

v

The single heavy scalar searches at the LHC should be most promising to discover the H via gluon
fusion, and through vector boson decay, if cos(f — «) is large enough. Additional searches will be
done for the associated A and H* states, which are highly tan 8 dependent. However, since the
scenarios we consider are often of moderate tan 8 discovery via the A production is difficult.

We now impose the conditions that the potential maintains perturbative unitarity and is not un-
bounded from below. As demonstrated in [57] (and discussed in detail in [27]), the conditions to
be satisfied for perturbative unitarity are that the following quantities are < 8

3 1
ax = S(u+h)E 5\/9(A1 —X2)2 + (2X3 + \g)2 (10)
1 2 2
b = 5 A /(= Ae)? 40 (11)
1
cy = 5 ()\1 + Aot \/()\1 — )\2)2 + 4)\%) (12)
fr = M+2M 435, fo=X+X5, fi=fo=A3+ Ay, (13)
er = A3+2M —3X5, e2=2X3— X5, p1=A3—\yg), (14)

The necessary and sufficient conditions for the potential to remain unbounded from below are [58]:

>\1 Z 07 A2 Z 0 ) )‘3 2 Y )‘1)\23 (15)
M= sl > VA (16)

In Fig. 2, we show the constraints arising from the requirement of perturbative unitarity in the
tan f — My and tan 8 — cos(8 — «) planes for M /My = 0.8. We see that the tan 8 — cos(f8 — «)
plane is particularly instructive for inspecting Higgs couplings. Heavy state masses up to 1 TeV
may be possible near tan g = 1.

In Fig. 3, we demonstrate how both constraints combine to limit the available ranges of tan 8
and My, for selected values of cos(8 — «) and M/Myg. For M/Myg = 1, the bounded potential
constraint severely limits the available parameter space, while the perturbative unitarity condition
is substantially relaxed. For lower values of M /My, the potential constraint is not as severe. For
the remainder of this work, we fix M /My = 0.8 for illustrative purposes.

2.1 Yukawa couplings

For concreteness, we adopt the Yukawa sector of the Type-II 2HDM (the 2HDM-II), which takes
the form (see e.g. [30, 31, 32, 33, 34, 28]):

—Lyuk = Yadr®1Qr — yuir®2Qr + yel p®1 Ly (17)
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Figure 2: Regions that violate perturbative unitarity are shaded in the colors corresponding to the
listed values of cos(8 — «). The alignment limit of the light Higgs boson with cos(f — a) — 0 can
allow for a rather large value of M for our particular choice of M and M, Mg+ = My

In Fig. 4, we show the Yukawa couplings of the heavy Higgs boson to ¢t and b quarks in this scenario
as contours in the tan 8 — cos(8 — «) plane.

Within the 2HDM-II, measurements of the h boson couplings with LHC Run-I data constrain the
available ranges of cos(f — «) and tan 3. A number of recent studies have determined the allowed
range of cos(8 — «) at the 95% C.L. in light of these data [59, 60, 61, 62, 63, 64, 65]. We show
in Fig. 4 the pink bands which marks the allowed region. The alignment limit, cos(8 — a) — 0,
is well supported by the data. Another branch with high tan 8 and moderate cos(8 — «) is also
known which corresponds to a flipping the signs of both the b and ¢ Yukawa couplings. Including
this branch, a high value of cos(8 — &) may be realized, while requiring a tan 3 near unity restricts
|cos(B — )| < 0.1.

Complementarity of the gauge couplings forces a limit on the value of cos(8 — «) from the vector
boson couplings of h alone. We find that the combined ATLAS and CMS Run-I data [3, 4] from

vector boson coupling measurements provide a lower limit of ky = sin(8 — a) > 0.89 at the 95%
C.L., which translates to an upper limit of

|cos(B — ar)] < 0.45. (18)

In the 2HDM illustrations provided, these facts should be kept in mind for the larger values of
cos(8 — ). For the h state, for simplicity, we assume branching fractions consistent with the SM
Higgs boson.
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Figure 4: Contours of the heavy Higgs Yukawa coupling to ¢ and b-quarks in the My — tan 3 plane

for selected values of cos(8 — a). The pink bands indicate the 95% C.L. allowed regions with LHC
Run-1 data, taken from Ref. [59].

2.2 Scalar couplings

The triscalar coupling, A*** in the SM takes the value

(19)

Recent analyses of measuring this coupling at the LHC via the hh continuum have shown that it
may be possible to measure it with an uncertainty of order 30-50% [20, 21]. Substantial deviations
away from the SM value allow a better determination due to interference effects [21].

In the 2HDM, this coupling is altered to

2

Nl — 32—]\? csc2B(cos(3a — B) + 3cos(a + B)) — oM csc 2f3 cos? (B — a) cos(a + B). (20)

Expanding in the alignment limit parameter cos(f — «) — 0, the deviation of this coupling from
its SM value is a second order effect. It can be cast into the form

3M? OM? — 12M? 3 2M?
PULLES TQh + cos?(B — a)hT SPVL {1 + cos?(B — a) (2 - W)] ) (21)
in which higher order terms in cos( — «) have been dropped.

The combination y, \"*# is the most relevant for the process of interest. The possible values it may
take are shown in Fig. 5 for selected values of cos(8 — «) = 0.02,0.05,0.1 and 0.2. We also show the
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excluded regions from the direct search of H at the LHC [74] via vector boson decays, and from
the search for a resonance in the hh — bbyy final state [75, 76, 77].

The scalar couplings involving the heavy CP-even neutral Higgs that are important for additional
search channels are given by

N . cos(B — a) (MQ(sin 283 — 3sin2a) + (2M}? + M%) sin 2a) (22)
sin 2.3 v ’

NRHH  _ sin(8 — ) <M2(sin25 + 3sin2a) — (M} + 2M12{)sin2a) (23)
sin 2.3 v ’

As previously discussed, these couplings have no M4 and M+ dependence (as they depend on the
combination A3 + Ay + As5), and hence our assumption of heavy Higgs mass degeneracy does not
affect these couplings. In the alignment limit, these expressions take the form

i AM? — 2M} — M}

cos(f — a) ”

NI~ —2M? + M}? +2M} +cos(f— a)Q(—3M2 + M7 + 2M%) cot 23
v v

%

(24)

(25)

neglecting terms of O(cos(3—a)?). Hence, near the alignment limit the hhH coupling is suppressed
while the hH H coupling persists (see e.g. [28, 78] for discussions). This is shown in Fig. 6, which
gives the contours of BF(H — hh); additional details of the H decay modes are discussed in
Appendix A. The window of 2m;, < Mg < 2m; in which the BF(H — hh) is quite large and in
some cases already ruled out for low tan 8. In Section 4.1, we will see that the discovery potential
roughly follows this region, but with a few caveats.

By extracting the \" AP gnd NPHH couplings to some degree of precision, the self-consistency
of the scalar model may be tested. More precisely, by measuring the physical masses M} and My
and the heavy Higgs coupling to vector bosons, it is possible to determine whether the expressions
given in Egs. 21, 22 and 23 are self-consistent.

In the subsequent analyses, we will refer to three benchmark points that help elucidate the discovery
potential of each channel. The points are summarized in Table 1. Benchmark point A will illustrate
the viability of the H — hh — bbyy channel, point B the hh/hH — bbyy and bbbb channels, and
point C the hH — ttbb channel.

3 Higgs Pair Production Cross Section

Pairs of neutral Higgs bosons can be generated through two different loop processes (depicted in
Fig. 1): (%) the triangle diagram where an s-channel Higgs boson decays into two Higgs bosons
and (1) the box diagram where annihilation of two gluons through a square loop produces a Higgs
boson pair. The exact expressions for these one-loop diagrams with generic internal/external Higgs
bosons (as well as generic heavy quarks) were first computed in Ref. [10]. We have independently
confirmed the expressions for the loop diagrams and we present them here just for completeness.
Readers interested in the finer details are referred to Sections 3 and 4 of Ref. [10].
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Additional experimental and theoretical constraints are shown as in Fig. 5.
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A: B: C:
My = 300 GeV, My = 300 GeV, My =500 GeV,
ts=2,¢5-a=01|tg=1,c5.4=002 | tg=1,cs o =0.02
Ahhh xR 0.946 0.998 0.992
NPH (GeV) 40.8 8.87 29.2
NHHE (GeV) 310 327 795
yH —0.40 —0.98 —0.98
o(pp — hh) (fb) 340 810 37
o(pp — hH) (fb) 7.7 44 26
BF(H — hh) 18% 7.6% 0.1%
BF(H — tt) 0.0% 0.0% 99%
BF(H — bb) 34% 74% 0.2%
BF(H — ZZ +WW) 49% 18% 0.2%

Table 1: Benchmark points of relevant couplings, production cross sections at LHC14 and branching

fractions for the channels of interest with M; = 125.5 GeV.

First, let us introduce some notation. Denoting the intial-state gluon momenta as p,; and the
final-state Higgs boson momenta as p; 1, the Mandelstam invariants are given by:

§=(pat+p)’; t=(pa—p;)%; 0= (pa—pr).

It is also useful to define the quantities

S=3§/my ; T=1t/my ; U=i/mg,

pj =M =M ;5 19=4/S,

T1:T—pj, U1:U—pj,T2:T—pk, UQZU—pk.

In the discussion to follow, we will reduce all tensor integrals to scalar ones. The pertinent three-
and four-point scalar integrals can be written as

CZ m

Dfmn

d*k

1

/

d*k

(2m)* (g2 — m) ((k +pe)? — m%) ((k‘ TP+ pm)? —m

1

2
Q

7

/

in which ¢, m,n label momenta entering the loop.

The matrix element of the triangle diagram can be written in terms of a “coupling” C'a and a form

factor Fa as:

Gpas§

Mn =
o 2\@77

12

CAFAAI,;Luﬁgegéab )

(m)* k2 = ) (e + p)? = m) ) (6 +pe+ o) = 13 ) (K + pe+ pn + pa)? = m

(26)

2
Q

7



in which the tensor structure A} is:
VoM
ALY = g — e (27)
(pa : pb)
The coupling factor can be expressed as:
i=h,H
with:
M

— M3 +iM;Tyy, 99

Ch = Ay m, 3 (29)

in which yp,0o denotes the heavy quark Yukawa coupling to H;. The form factor Fa can be
computed in closed form, and is given by

2

in which
. arcsin® \/% , TQ>1 1)
f Q)= 14+4/1—7 . 31
—i logﬁ—lﬁ TQ < 1.

The matrix element for the box diagrams can be written in terms of a coupling factor Cg and two
gauge-invariant form factors Fg and G as:

- Gpas§
N /o

where A; ., is given in Eq. (27) and the other tensor structure takes the form

Mnp

CD (FDAl,[LV + GI:IAQ,/LV) 65655@ 5 (32)

A= g pivaph  2(py - p)papi  2(pa - py)PhYY N 2p!/pY (33)
2 b)
PrPa - P) PP+ Db) PP - Db) pr
with
Pa - Pj) Py Py
ph = QM —p2. (34)

(Pa - Pb)

The advantage of writing the amplitude in terms of Afl“; is that it greatly simplifies the calculation

of the matrix-element-squared, since

Al'AQZO and Al-A1=A2~A2=2. (35)

The coupling for the box diagrams is just the product of the two Yukawa couplings of the heavy
quark to the two Higgs bosons

Co = Yu,00 YH,0G » (36)
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while the form factors Fg and G are given by

1
Fh o= 52{45 +85mg Cap — 25mé (S + pj + pr — 8) (Dabj + Dyaj + Dajo)
+ (pj +pr—8) sz [T1Coj + UiCyj + UsClap, 4+ ToCoi — m2Q (TU = pjpr) Daj) } , (37)
and
Go = o dmd (T2 + pypp — 8T) [SCup + T1Coj + ToCoic — ST Do
S(TU = pjpr) | © ! J Q*baj

+mg (U? + pjpr — 8U) [SCap + UrChj + U2Car — SUMH Dapy]
—m2Q (T? +U? — 2p;pr) (T + U —8) Cyy,

o (T +U = 8) (TU = pypx) (Day + Doy + Daﬂ»} - (38)

The differential cross section (averaging/summing over initial/final state spins and colors) then
takes the following form:

dé(gg — H;Hy, GZa? 2
( it ) _ 2561(”277)3 (CAFa + CoFn)

} , (39)

+ ‘C[}GD

To obtain the total parton-level cross section, this expression is integrated over the scattering
angle of one of the Higgs bosons. Finally, to convert the parton-level cross section to the proton-
proton cross section, we convolute the former with the PDFs for two gluons and integrate over the
momentum fraction of the gluons. For the parton distributions, we use CTEQ 6L1.

4 Light Higgs pair production simulation

The leading order (LO) matrix elements of the hh subprocesses in Fig. 1 are known [10, 7, 8, 9, 39].
We generate signal events by incorporating the loop amplitudes directly into MADGRAPHS5 v1.5.7
[79], and we include the NNLO K-factor of 2.27 for 14 TeV [11, 80, 27, 81, 82, 83, 14]. We note
that in principle, the resonant production can shift the overall K-factor as the ratio onnyro/oro
can be /s dependent. The K-factor for the resonant contribution can be up to 1.2 at NLO [11],
to our knowledge a NNLO calculation of the resonant K-factor has not been done. We adopt the
SM value and conservatively neglect shift induced by the H resonance is small. We show the cross
section contours of pp — hh with the H — hh resonance in Fig. 7.

We perform our simulations at the parton level, which neglects details of hadronization and parton
showering that is present in a hadron collider environment. These effects can be implemented
and have been known to give an accurate representation of what is measured. Still, parton level
analyses can provide a good approximation to these effects. Nonetheless, the detector effects can
be simulated, the details of which will be given below.

The pp — hh cross section can be shifted dramatically away from its SM value by the presence of
an extended Higgs sector [22, 13, 35, 84, 37]. The relative competition of the diagrams in Fig. 1

14
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15



strongly impacts the kinematic distributions with the most apparent coming from the resonant
gg — H — hh diagram. Here, if My > 2my,, the resonance can become prominent, overwhelming
the continuum from the gg — hh box and gg — h* — hh diagrams, seen as the large cross section
in the 250 — 350 GeV range, above which, the H — tt branching fraction dominates.

We note that the sign of the combination y/Z \**# determines the shape of the distribution due to
the interference with the continuum diagrams. In principle, measuring the H — hh lineshape can
determine the sign of yZ \""H  further constraining the model. A simple counting of events above
and below resonance will provide a handle on the sign of the coupling combination, while more
sophisticated fits including the matrix elements are possible, as has been done in the continuum
case [21]. For sufficiently heavy H, the lower energy My, distribution converges to the SM expec-
tation. We explore model independent resonant production of hh in more detail in Ref. [22].

Each final state Higgs boson in these events is decayed in the narrow width approximation to SM
Higgs decay modes. There are a number of potential final states for the Higgs pair, but most suffer
suppression due to small SM branching fractions [50].

We neglect the bbW+ W~ channel due to a small SM significance [38] and the bbr*7~ channel
due to the complexities of reconstruction [23, 25]. The bbbb channel also suffers from a large QCD
background, and would only be viable with the use of jet substructure techniques [85]. Therefore,
we concentrate on the analysis of the bbyy channel for the resonant production of hh. Ref. [18],
exploring the same channel, appeared while this work was in preparation.

4.1 The hh — bbyy channel

We simulate the pertinent backgrounds for the bbyy channel. The irreducible background includes
the following production modes:

pp = bbyy, (40)
pp — Z+h—bb+ vy, (41)
while the reducible backgrounds include
pp — tt+h — MU b4y (0F missed), (42)
pp — bb+jj — bb+yy (5 =) (43)

We assume a photon tagging rate of 85% and a jet to photon fake rate of €;_,, = 1.2x107* [86]. We
have determined the additional reducible backgrounds of jjvyvy and céy~y are subdominant, therefore
they are not included in this analysis.

To account for b jet tagging efficiencies, we assume a b-tagging rate of 70% for b-quarks with
pr > 30 GeV and || < 2.4 consistent with multivariate tagging suggested for the LHC luminosity
upgrade [87]. We also apply a mistagging rate for charm-quarks as

€csp = 10% for pr(c) > 50GeV, (44)

while the mistagging rate for a light quark is:
€uds,gob = 2% for pr(j) > 250GeV (45)
€uds.gob = 0.67% for pr(j) < 100GeV. (46)
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Over the range 100 GeV < pr(j) < 250 GeV, we linearly interpolate the fake rates given above [88].
With pile-up the rejection rate is expected to worsen by up to 20% [87]. Finally, we model detector
resolution effects by smearing the final state energy according to

oF a

— = —= Y, 47

E VE 47
where we take a = 50% and b = 3% for jets and a = 10% and b = 0.7% for photons.

We apply a multi-variate analysis (MVA) which relies on relevant kinematic variables. We begin
with low level cuts, requiring two b-tags and two y-tags and no tagged charged leptons, with sepa-
ration of AR, ARy, ARy, > 0.4. The value ARy, = \/(gba — )2+ (na — mp)? is the separation
of two objects in the n — ¢ plane. We further require pr(b,y) > 30 GeV and | ,| < 2.4.

We define a window within which the MVA will analyze events. This window has the Higgs boson
reconstructed in the bb and ~y+ channels according to:
|My; — M| < 20 GeV, (48)
My, — M| < 10 GeV. (49)

We extend our analysis to include multiple variables simultaneously. This allows one to in essence
blend cuts together rather than perform a hard cut on a kinematic distribution. We form a dis-
criminant based on a set of observables which include:

0= {MbE»y»yv My, M’y’ya pT(bB),pT ('Y'Y)v ARva AR’y’yv Aﬁw, A”]bl}} . (50)
The discriminant is then constructed by the ratio
SO
D= —( ) (51)

S(0) + A B(O)’

in which S(O) and B(O) are the normalized differential cross sections in the observable space O.
These differential cross sections are estimated via event generation. The discriminator is evaluated
for an event sample, yielding a value close to 1 for signal-like events and close to 0 for background-
like events. For the particular choice of A = Np/Ng, the discriminant gives the probability of
an event being signal [89]. A cut may be placed on the value of D, thereby selecting a relatively
high signal event sample. Such a multivariate discriminator can offer similar sensitivity that the
matrix-element, or neural network methods allow [56].

In practice, we apply a simplified version of the discriminant in which we ignore the correlations
among the variables. With limited statistics, this allows a more efficient construction of the dis-
criminator, defined as

_ 5{0i}

-~ S{O:} + AB{O;}’
where {O;} is the combinatorial subset of observables O that go into the multivariate discriminant.
In the MVA results that follow, further optimization may be done by including the correlations
between observables, but we adopt this uncorrelated approach for simplicity. We define the level of
statistical significance, S, according to [90]

S:Q(W—@), (53)

(52)
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in which S and B are the number of signal and background events surviving cuts. We maximize
S by varying the cut on the discriminator, Dy, which minimizes the choice of A in Eq. 51. We
show in Fig. 8 the differential rate of the signal and background over the MVA discriminant for
benchmark A. Note the signal is strongly peaked near 1 while the background is peaked near
0 by construction. The combination of observables that maximize significance using the MVA
often include Mbgw,MbB,MW,pT(bB),pT('w),ARbZ;, and/or AR,,. Many combinations of the
observables in the MVA provide similar significances.

In Fig. 9, we show the luminosity required to obtain 50 discovery at the LHC. We find that generally
these contours follow the shape of the hh — bb + vy resonance excluded region (shaded in purple)
with Run-I data. The contour with /s = 14 TeV and 30 fb~! of integrated luminosity is a close
match with the 748 TeV exclusion region, with small fluctuations likely caused by different analyses
and statistical fluctuations in the data.

The statistical significance expected with 3 ab™! of integrated luminosity at the LHC is shown in
Fig. 10. A bulk of the parameter space above My > 2my can be excluded at the 95% C.L., even
near the alignment limit.
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o
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MVA Discriminant

Figure 8: Signal and background separation using an MVA discriminant for Benchmark A in Table 1.
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5 Associated hH production

Associated production of a light-heavy Higgs boson pair is a valuable complement to H — hh
resonant production for measuring components of the scalar potential, see Table 2. This process, by

virtue of the scalar coupling, A" is not suppressed in the alignment limit as seen in Eq. 25.
Process NPhR NPRH NHH
pp — hh (continuum) v X X
pp — H — hh v v X
pp — h*/H* — hH X v v
Alignment dependence | AP (1 + (’)(c%_a)) O(cp—a) (2MZE —2M? + M7?) /v + O(cs—a)

Table 2: The Higgs pair production processes that are sensitive to the couplings among the CP-even
states. For each scalar coupling, the leading term in the expansion in the alignment parameter,
Cg—a = cos(f — ), is also shown.

Both the box and triangle diagrams shown in Fig. 1 can contribute to hH production. For the
triangle diagram, we can have either h or H in the s-channel. Unless My > 2m; and tan g is small,
the width of the heavy Higgs is narrow, so there is usually no enhancement for the H diagram by
being slightly off-shell. Therefore, all three diagrams are relevant.

As noted in Table 2, the triangle diagram involving H is the only Higgs pair process that probes
MNHH - as its amplitude is proportional to the combination yZ \"## . Furthermore, the contribution
from the h* triangle diagram depends on the coupling combination y A" providing sensitivity
to A" even in regions where BF(H — hh) is small. The sensitivity is best for small tan 3, due
to the effect of the top Yukawa coupling to H on the production cross section. More precisely, the
magnitude of y/? is largest at small tan 3, as

12

= CAR_ —_—
nyM G tanﬂ.

The production cross section for the pp — hH process is shown in Fig. 11.

The hH process can proceed to a number of final states. As above, we let the light Higgs decay
to either 4y or bb. The preferred final state for H depends strongly on My, and to a lesser extent
cos(B — a) and tan 3. For My < 2my,, H decays predominantly into bb or WW ) /ZZ*) . bb is
strongest for small cos(8 — a) and large tan 3, while WW®) /ZZ®) is most important for large
cos(f — «), as is demonstrated by the branching fraction contours shown in Fig. 16 and 18 in
Appendix A, respectively. For the H — bb channel, we find that both the 4b and bb~~y channels are
viable. We also explore H — ZZ — 4{ decays. We choose ZZ — 4l despite its small branching ratio
because it has small backgrounds and allows for straightforward event reconstruction. However,
this limits us to choosing A — bb in order to have a detectable number of events at the LHC.

Above 2my, H decays primarily to t-quarks, with a branching fraction that surpasses 90% for small
tan (3 (see Fig. 17 in Appendix A). The most viable channel in this region is t¢ bb, with at least one of
the tops decaying leptonically to reject background. Between 2my, and 2m;, the hH — hhh — 4b~y~y
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Figure 11: Contours of o(pp — hH) in the My — tan 8 plane for selected values of cos(8 — a).

Additional experimental and theoretical constraints are shown as in Fig. 5.
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is important, as we would expect from the results of the resonant H production analysis. The
H — bband H — ZZ channels are weaker but are possibly still viable in this region as well.

We simulate the pp — hH signal using MADGRAPH as described in Section 4 and compute the
expected LHC reach for 3 ab™! at 14 TeV. In Fig. 12, we show the expected 95% CL and 50
contours for the bbyy, 4b, ZZbb 4byy, ttbb (1 lepton), and ttbb (2 lepton) final states. As the
coupling N*H is not suppressed in the alignment limit, we find that our sensitivity is actually best
for small cos(8 — «). Indeed, for the smallest values of cos(8 — ), we find that LHC will be able
to probe essentially all of the allowed parameter space at the 95% CL. Even for larger values of
cos(8 — a), the LHC will be sensitive to up to tan 8 ~ 2 over a wide range of My.

In the following sections, we describe our background simulations and selection cuts for each channel.
Throughout the analysis, we use the efficiencies and fake rates described in Section 4.1. We also
include a lepton to photon fake rate of e._,, = 6.2% [91]. Additionally, we apply the baseline cuts
on AR and pr from the resonant bbyy analysis to all five channels, and add the following cuts for
leptons: ARy > 0.2, pr(€) > 20 GeV, and |n,| < 2.4.

5.1 The hH — bbyvy channel

The low-mass region is probed by the H — bb channel. First let us consider the case where h — 7.
The h — v branching fraction is extremely small (2.3 x 10~2), but requiring photons in the final
state also reduces the background significantly. The irreducible backgrounds include

pp — bbyy (55)

pp — bbh — bbyy (56)

pp — Zh — bbyy, (57)

while the reducible backgrounds are

pp — bbete” (e—7) (58)
. — bbjy (G —7) (59)
pp — Dbjj (60)
= vy (61)
pp — 3j+7 (62)
pp — 47 (negligible). (63)

We require exactly two photons and two jets, with both jets b-tagged. Then we apply a multivariate
analysis after incorporating the following basic cuts:

|Myy —mp| <5 GeV, My > 100 GeV. (64)

The first of these cuts isolates the light Higgs resonance, while the second rejects Z/v* — bb, as
well as a significant portion of the continuum background.

From here, the procedure is exactly as it was in the resonant case discussed in Section 4. Specifically,
we form over a discriminant

0= {Mb5777 My, M777pT(bE)apT(77)7 ARbBa AR’Y'Y} : (65)
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The expected LHC significance for £ = 3 ab™! is shown in blue in Fig. 12. The reach is extremely
good for My < 400 GeV, especially for small cos(5 — «), where we achieve 95% C.L. significance
beyond tan 8 & 5. The cross section falls of rather quickly with cos(8 — «) due to the cos(8 — «)
and tan 8 dependence of the bottom Yukawa coupling to H, which is

H
Y
e = G-t \/1- G, tand (66)
b

Hence, yl{{ is enhanced for large tan 8, and this effect is strongest for small cos(8 — ).

5.2 The hH — 4b channel

We also consider the case where H — bb, but the light Higgs decays to bb instead of 4. The signal
is much larger than in the bbyy case, but the QCD background is large as well. With appropriate
cuts, we find that the two channels are comparable in significance. The irreducible backgrounds in
this case are given by

pp — 4b (67)
pp — bbh — 4b. (68)

The main reducible background is pp — bbjj, with the jets faking b quarks. We also considered the
44, ttbb, and Zh, and W h backgrounds, but found them to be negligible.

We use a cut-based analysis. We require exactly four jets, all b-tagged. While the b-tagging efficiency
is low, we find that all four b-tags are necessary to sufficiently reduce the light jet backgrounds.
Since we have more than two b quarks in the final state, care must be taken in reconstructing the
parent Higgs bosons. We identify the decay products of the light Higgs by minimizing | My, 5, —mp,|
over all possible pairs b;, b;; we label the resulting pair as bk and b%. The remaining two b quarks
are taken to reconstruct the heavy Higgs, and are labeled bi’ and b . After identifying the b quarks,
we apply the following cuts:

MO > 100 GeV (69)
|M(EDE) —my| < 125 GeV (70)
AR W) < 1 (71)
ARGBE b)Y < 15 (72)
|M (DI — My < 15 GeV. (73)

The AR cuts help isolate the signal from background. The light Higgs recoils against the heavy
Higgs, so the two tend to have large pr and be well-separated in the ¢ — n plane. Since My >
myp, > my, the Higgs decay products tend to be cluster, especially for the light Higgs. Therefore
the AR distributions will be peaked at small values. Furthermore, the AR cuts also improve
the reconstruction of My by ensuring the b quarks have been correctly paired. In Fig. 13, we
show the normalized AR distributions for both pair of b quarks for My = 300 GeV, tanf = 2,
and cos(f — a) = 0.1 before cuts. In Fig. 14, we show the invariant mass distribution for the
reconstructed heavy Higgs after the AR cuts for the same benchmark point.
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3
(0]
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; ! ; ; == i
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Figure 14: The invariant mass of the heavier bb pair in the 4b channel after the cuts on M}, and AR
is shown. Signal (red) is shown for Benchmark 1 (Mg = 300 GeV, tan f = 2, and cos(f —a) = 0.1).

The background distribution (blue) drops off quickly with M (bb), which leaves the resonance at
My clearly discernible.
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The expected LHC significance for £ = 3 ab™! is shown in purple in Fig. 12. The 4b channel is
slightly stronger than the bbyy channel. As in the bbyy channel, the reach at large tan 3 is good
due to the high BF(H — bb) in that region.

5.3 The hH — ZZbb channel

A complementary channel in the low-mass region is H — ZZ — 4¢, h — bb. The only significant
background is
pp — 7, (74)

with the tops decaying leptonically. The potential ZZh, ZZjj and WW Z backgrounds are negligi-
ble. There are also contributions to the signal from h — ZZ*, H — bb, but they are subdominant
except for a small region with My < 200GeV, cos(f — «) < 0.02 and tan 8 2 5. Furthermore,

the resonant peaks in M,; and My, are well-separated between the two cases, so there is little
interference.

We require four leptons and two b-tags in our final state, then use the MVA to isolate the signal
from the background. Our MVA variables are

0= {M4Za MbEapT(bg)a ARbI_)a ET} . (75)

The missing transverse energy variable is particularly important in this case, since t#Z has the same
visible particle content as ZZbb, but with missing energy from the W — fv decays. This channel is
promising for moderate values of My, especially for larger cos(3 —a). The LHC 3 ab~! significance
is shown in brown in Fig. 12.

54 The hH — hhh — 4bvy~y channel
The 4byy backgrounds are fairly small. The relevant backgrounds are

pp — 4dbyy (76)
pp —  bbjjvy. (77)

Backgrounds with higher light jet multiplicities are negligible due to the small j — v and j — b
fake rates.

Our initial selection requires exactly four b-tagged jets and two photons. The diphoton invariant
mass must satisfy

|M., — mp| < 5 GeV. (78)

This cut is sufficient to optimize the cut-based significance, reducing the background to only ~ 2
events for 3 ab~!'. However, we can better reconstruct the heavy Higgs mass with an additional
cut. First we pair the b quarks by minimizing |My, ,, — My| over all possible pairs b;,b;, as in
the 4b final state. We denote the three reconstructed light Higgs bosons as (h., hp1, hp2), where
| M (hy1) — Mp| < |M (hy2) — Mp|. If we compute AR(h;, hj) for each of the reconstructed light Higgs
bosons, we find that the distribution is peaked at low AR and near AR = w. This corresponds to
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two light Higgs bosons from the H decay being clustered together and the other h recoiling against
the H — hh system. We therefore require that exactly one pair (h;, h;) satisfy

AR(hi,hj) < 1.5, (79)
and use that pair to reconstruct the heavy Higgs.

The expected LHC significance for £ = 3 ab™! is shown in green in Fig. 12. Unsurprisingly, the
significance contours run parallel those found for the H — hh resonant case.

5.5 The hH — bbtt channel

To explore the My > 2m; region, we consider the bbtt final state. The irreducible backgrounds
include:

pp — bbtt (80)
pp —  htt — bbtt (81)
pp — Ztt — bbtt. (82)

We also include the reducible background pp — jjtt.

We require four b-tags in our final state. At least one of the top quarks must decay via t — bW —
blv. We allow the other top to decay to bjj or blv. Thus our final state must include either
4j 420 + 7 or 65 + L +Fr. As above, we reconstruct the light Higgs by minimizing My, ,, — ma|
and requiring that this pair of b quarks satisfies

|M(bEDR) — my,| < 12.5 GeV (83)

and
AR < 1.0. (84)
The other two b quarks are assumed to come from top decays. The AR(b2bY) is very peaked in this

channel, since H must be heavy to allow for t¢ decays. This leads to a more boosted light Higgs
than in the previous channels, and therefore more closely clustered b quarks.

In the one-lepton channel, we apply additional cuts. We can reconstruct the tops by minimizing
|M(b;jj) — my| over the remaining two b quarks. Let M (t,) = M (bjj) and My (t;) = Mr(blEr).
Then we require
|M(ty,) — m| < 20 GeV (85)
and
MT(tl) < Mmy. (86)

Finally, we define a signal region that varies with Mpg:
Mg —200GeV < MT(thtl) < My — 10GeV. (87)

In Fig. 15, we show the transverse mass of the top quark pair after cuts for cos(f — «) = 0.02,
tan 5 = 1, and My = 500 GeV. The one-lepton channel is stronger than the two-lepton channel
due to the relatively small branching fraction for W — fv. The expected LHC significances for
L =3 ab~! are shown in red and orange in Fig. 12. The reach decreases slowly with My, and it
should be possible to probe above My =1 TeV for tan 5 < 2 at the LHC.
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Figure 15: The transverse mass of the top quark pair in the tbb with one lepton channel. The
signal (red) is shown for Benchmark 3 (cos(8 — a) = 0.02, tan 8 = 1, and My = 500 GeV). The
signal drops off sharply above My, while the background (blue) decreases more gradually.

6 Conclusions

We have investigated two types of Higgs pair production within the CP-conserving Type-I1 2HDM:
the resonant production of an hh pair, and the associated production of an hH pair. We included
theoretical constraints from requiring perturbative unitarity and a bounded scalar potential, as well
as LHC constraints from the direct heavy Higgs search and the X — hh search. We have made the
simplifying assumptions that My = My4+ = M4 ,and M = 0.8 My and have presented our results
in terms of the remaining free parameters: My, tan 3, and cos(f — «).

For the resonant case of pp — H — hh, the reach in the bby~y channel for 30 fb~! at LHC14 is
comparable to the current limits on X — hh, as expected. With 3 ab™!, the coverage extends to
tan 8 ~ 2 and My ~ 350 GeV near the alignment limit, cos(8 — «) — 0. For large tan 3, the reach
improves so that a majority of the theoretically allowed region above My = 2mj; may be probed.
This is because the H — hh rate is governed by the A""# coupling, which behaves as cos(3 — )
to leading order and is suppressed in the alignment limit.

The associated production case, pp — hH, offers a variety of interesting channels to explore.
Near the alignment limit, the LHC14 reach is excellent due to the non-decoupling nature of the
MR scalar coupling. Due to the potentially large mass difference between light and heavy Higgs
states, the h is often boosted when My > my, resulting in decay products which have small
separation. This is contrary to the common backgrounds, which contain more dispersed jets and
leptons, resulting in a quite clean differentiation between signal from background. In the low
mass region, My < 2my, ~ 250 GeV, the H — bb,h — bb/~y7y channels cover the entire allowed
range of tan 3. The Hh — ttbb channels cover the high mass region, My > 2m; ~ 350 GeV.
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A: B: C:
My = 300 GeV, My = 300 GeV, My = 500 GeV,
ts=2,¢c5-0=01|tg=1,¢54=002 | tg=1,cs =002

Ahhh xR 0.946 0.998 0.992
NPH (GeV) 40.8 8.87 29.2
NHHE (GeV) 310 327 795

yH —0.40 —-0.98 —0.98
o(pp — hh) (fb) 340 810 37
o(pp — hH) (fb) 7.7 44 26

BF(H — hh) 18% 7.6% 0.1%
BF(H — tt) 0.0% 0.0% 99%

BF(H — bb) 34% 74% 0.2%

BF(H — ZZ +WW) 49% 18% 0.2%
S(H — hh) 22 55 2.4
S(Hh — 3h — bbbbyy) 0.38 1.2 0.0
S(Hh — bbyy) 2.5 14 0.0
S(Hh — bbbb) 8.2 68 0.0
S(Hh — tp,t,bb) 0.0 0.0 16
S(Hh — tytobd) 0.0 0.0 5.6
S(Hh — ZZbb) 0.62 0.48 0.0

Table 3: The three benchmark points chosen to help elucidate the most viable channels as in Table 1,
but with the expected statistical significance for LHC14 with 3 ab=! of integrated luminosity.

For larger values of cos(f — «), the sensitivity in these channels decreases due to the increased
BF(H — WW/ZZ), when kinematically allowed. However, H — ZZ and H — hh improve the
reach in this region.

In our analysis, we selected three benchmark points that illustrate the discovery potential for
different channels, which were presented in Table 1. Point A, for which My = 300 GeV, tan § = 2,
and cos(f — a) = 0.1, demonstrated the viability of the H — hh — bbyy channel due to the
large BF(H — hh). A secondary channel that is viable is the Hh — bbbb mode. Point B, for which
My = 300 GeV, tan 8 = 1, and cos(8—a) = 0.02, highlighted the hh/hH — bby~y and bbbb channels.
The large BF(H — bb) provides a sizable rate to the bbyy and bbbb final states. The hh — bbyy
channel has high significance due to the large production cross section of pp — hh. Point C, for
which Mg = 500 GeV, tan 3 = 1, and cos(8 — ) = 0.02, highlighted the hH — ttbb channel. In
this case, BF(H — tt) is large, allowing a sizable rate for the final state. We present the statistical
significance for these points at LHC14 with 3 ab™! of integrated luminosity in Table 3.

Ultimately, the results of our analysis demonstrate that there is a large region of the CP-conserving
Type-II 2HDM parameter space that is currently unconstrained, but should be testable by the LHC
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14 TeV run. Resonant production of hh pairs and associated production of hH pairs are orthogonal
probes of the 2HDM scalar potential. While the measurement uncertainty of the triscalar coupling
within the 2HDM scenarios presented here are outside the scope of this paper, we refer the interested
reader to analyses of the triscalar coupling measurement in the resonant channel, which can be
directly mapped into the 2HDM case [22]. By considering both production modes, along with the
continuum production of hh pairs, the LHC should be able to measure the three triscalar couplings
(/\hhh7 NRH - \hHH ). These coupling measurements can then be checked for consistency with a
given model in order to illuminate the structure of the underlying scalar sector.
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A Heavy Higgs Branching Fractions

We calculate the branching fractions of the Heavy Higgs via the expected SM-like partial widths

Tusvy = cos(B—a)’Th vy, (88)
P = (¥ H/Z/ M) Flsql\ibba (89)
Lo = (B /y ) F?{Ni)tta (90)
Chrtr = (Y7 Jyr™) THY o (91)

where I'M indicates the SM-like partial width with Mj,.,, = Mg . For these calculations, we neglect
the partial decays to vy and gg and light quarks as they’re negligible for the cases we consider.
We calculate the SM-like Higgs partial widths with the HDECAY package [92]. The heavy Higgs
partial width to the SM-like Higgs boson at mj; = 125 GeV is given by

)\hhH)2 Am2
r = - L 92
Hohh = 3or My M2 (92)
The total Higgs boson width is calculated according to the sum of the respective partial widths

o =Thosvv+Tg s +Tusi+Tgsrir— + Tasnn, (93)
leading to the branching fractions that are calculated in the usual way

- r
BF(H — XX) = % (94)
H

where XX = VV,bb,tt, 77~ and hh. We list in Figs. 16, 17, and 18 the contours of branching
fractions in the selected parameter planes for bb,tt and V'V, respectively. The branching fraction
to hh is shown in Fig. 6 in Section 2.2.
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Figure 16: Contours of BF(H — bb) in the My — tan 3 plane for selected values of cos(3 — ).

Additional experimental and theoretical constraints are shown as in Fig. 5.
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Additional experimental and theoretical constraints are shown as in Fig. 5.
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