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In this paper, we use the latest Higgs measurements from ATLAS and CMS to constrain the parameter space
of the model of Schmaltz, Stolarski, and Thaler, a little Higgs model with two Higgs doublets, which we will
refer to as the BLH model. We account for all production and decay modes explored at ATLAS and CMS intwo
scenarios: a general case, which assumes the / state is light (m,, ~ 125 GeV) and the masses of the other
neutral scalars (H and A,) are allowed to vary, and a case with a near-degeneracy between the masses of the /4,
and A, and, for some choices of parameters, the H, states. The near-degeneracy scenario can result in an
enhanced diphoton rate, as measured by ATLAS, but is largely ruled out by a combination of the hy — 717~
and the heavy Hy, — W' W™ measurements. In the general case, we find large regions of parameter space that
are in better agreement with either the ATLAS or CMS results than is the SM. However, a significantly
enhanced diphoton rate is only possible through large contributions to the /yy effective coupling from charged
Higgs bosons in a region of parameter space that borders on violation of perturbativity in the scalar sector.
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I. INTRODUCTION

After analyzing the results from approximately 5 fb~! of
integrated luminosity at both 7 TeV and 8 TeV center-of-
mass collision energies, both ATLAS and CMS revealed the
discovery of a new resonance in the yy, ZZ* — 4] and
WW* — [tI~E; decay channels, consistent with a Higgs
boson at a mass of approximately 125 GeV, with a combined
significance of more than 56 [1,2]. Now that the remaining
8 TeV collision data, corresponding to approximately
20 fb~! of integrated luminosity, has been analyzed, this
new state continues to be consistent with a Higgs boson.
However, there are indications that its branching ratios
might deviate from those of the Standard Model (SM)
Higgs boson, particularly in the diphoton decay rate that is
sensitive to the presence of new physics [3,4]. More data will
be needed for precise determination of the branching ratios.

Prior to Moriond 2013, both the CMS and the ATLAS
experiments found an enhancement in the diphoton signal
strength, without significant deviations from SM values
in the ZZ* and WW* signal strengths [3,5-11]. Following
Moriond 2013, CMS updated their diphoton analysis with
results that were in better agreement with the SM pre-
dictions [12]. Of interest, however, is that ATLAS [13,14]
still observes an excess in the diphoton rate at a significance
of approximately 2o; and the ATLAS diphoton resonance
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provides a best fit invariant mass for the Higgs boson that is
larger than the measured resonance mass for the ZZ* final
state (126.8 GeV versus 124.3 GeV).

Beyond the Standard Model physics may be significantly
constrained by comparing its predictions to the measured
mass and the various measured signal strengths (i) of the
Higgs-like state. In general, vector boson fusion (VBF),
vector boson associated production (VH), and the
ZZ*/WW* decay modes are sensitive to modifications
of the Higgs boson couplings to gauge bosons; top quark
associated production (ttH) and the fermion decay modes
are sensitive to modifications of the Higgs boson couplings
to fermions; and gluon fusion (ggF) and the diphoton (yy)
and Zy loop-induced decay modes are sensitive to the
presence of new colored and electrically charged states,
respectively, that couple to the Higgs boson, as well as
modifications to the AW*TW~ and hff couplings.

In general, Little Higgs models without 7-parity are
more highly constrained by precision electroweak mea-
surements than by the LHC Higgs results [15,16], while 7-
parity models are primarily constrained by relic abundance
considerations [17] and LHC search results [18]. The recent
non-T-parity Little Higgs model of Schmaltz, Stolarski,
and Thaler, which we will refer to as the BLH model [19],
is not as constrained by precision measurements due to the
presence of a custodial symmetry and a disassociation of
the masses of the top partner and heavy gauge boson states.

The BLH model features a global SO(6), x SO(6)g
symmetry that is broken to a diagonal SO(6), at a scale
f ~ O (TeV) when a nonlinear sigma field, X, develops a
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vev ((Z) = 1). The resulting 15 pseudo-Nambu Goldstone
bosons are parametrized as two real SU(2), triplets, ¢* and
n* (a =1,2,3), two complex Higgs doublets, &, and h,,
and a real singlet 6. A general two-Higgs doublet potential
is generated in part explicitly and in part radiatively, where
the quartic coupling for the Higgs arises when integrating
out the heavy scalar singlet, 6. A second global symmetry
of the form SU(2) - x SU(2), is also present, and is broken
to a diagonal SU(2) at a scale F > f when a second
nonlinear sigma field, A, develops a vev ((A) = 1). To
connect these two nonlinear sigma models, the SU(2), , C
S0(6), and SU(2). symmetries are gauged with the same
SU(2), gauge bosons, while the SU(2),, C SO(6), and
SU(2), symmetries are gauged with the same SU(2),
gauge bosons. The diagonal subgroup of SU(2), xSU(2),
is then identified as the Standard Model SU(2),.
Meanwhile, the diagonal combination of SU(2)g, X
SU(2)gp € SO(6), X SO(6), is gauged by the hyper-
charge U(1),, while leaving the A sector unchanged.
This symmetry breaking leads to an extra heavy gauge
boson triplet (Z', W'*), with large squared masses propor-
tional to f?+ F?, which reduces their contribution to
precision electroweak observables. Fermions in the BLH
model, including the newly introduced top partners (7, B,

Ti/ 5, TS/ 3 Ts and Tg), only transform under the global
S0(6), x S0(6) This leads to top partners with masses
proportional only to the scale f, lighter than the heavy
gauge bosons, and results in a lesser degree of fine-tuning
than in other Little Higgs models [15,19].

The BLH model has a large parameter space, allowing for
a wide range of experimental signatures that could poten-
tially reproduce either the CMS or the ATLAS results. Since
the BLH model is a type I two-Higgs doublet model
(2HDM), it also presents the possibility for a near-degen-
eracy between two or three physical scalar fields (), Hy and
Ap), which would have a large effect on the measured signal
rates of the observed scalar resonance. In particular, since a
CP-odd scalar (Ag) boson does not couple directly to pairs
of gauge bosons (WW* and ZZ*), it is possible for a (nearly)
degenerate CP-odd scalar to contribute to the diphoton rate
without affecting these signal strengths. Type I 2HDM are
not as strongly affected by meson factory constraints as type
IT 2HDM [20], and so the near-degenerate case presents a
very interesting possibility that we explore in this paper.
Although this scenario can lead to an enhancement in y,,, it
also leads to a large enhancement in p,,. As we will show,
this effectively rules out the entirety of the near-degenerate
scenario.

Alternatively, the large number of new vector boson,
fermion and scalar fields in the BLH model can contribute
to the loop-induced production and decay modes of a light
Higgs boson. These additional states can also reproduce the
observed enhancement of the diphoton rate without sig-
nificantly affecting the nonloop-induced couplings [21].
Furthermore, mixing between flavor eigenstates in the BLH
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model further leads to modifications of the couplings from
the normal SM expressions that can also result in changes
to the Higgs boson signal strengths. These three features
(extra Higgs states, new gauge and fermion states, modified
couplings) combined lead to the possibility of large
variances in the Higgs boson signal strength rates, and
the potential to reproduce either the ATLAS or CMS
measurements.

In this paper, we explore the Higgs results in the BLH
model, accounting for all production and decay modes
explored separately by ATLAS and CMS, in two scenarios:
a general case, which assumes the A, state is light
(=125 GeV) and the masses of the other states (H, and
Ap) are allowed to vary, and a second case with a near-
degeneracy between the masses of the Ay and A fields. The
masses of the /sy and A, fields are input parameters for the
model, while the H, mass is calculated from these input
parameters and from the values of tanf, the ratio of the
vacuum expectation values of the two Higgs doublets, and
v [see Eq. (16)]. Therefore, the H, state may or may not be
similarly near degenerate in the latter scenario, depending
on the values of the input parameters (m;,, my,, tan 3, v).
These two regions are not orthogonal, as the general
scenario does allow for the possibility of near degeneracy
in the masses of the Ay and H|, states; this will be discussed
further in Sec. IV B. In Sec. II, we describe the formalism
we use in our calculations of the Higgs results, while in
Sec. III we describe the details of the BLH model that are
relevant to our calculations. In Sec. IV, we compare the
BLH model predictions to the measured results from
ATLAS and CMS in both scenarios. We summarize our
results in Sec. V.

II. CALCULATIONS

A. Production and decay

As shown in [22-24], the scalar interactions of a Little
Higgs model Lagrangian can be normalized to the form
of the SM expressions by introducing scaling factors y;,
such that

_ZCSOffSOJ}f+ ZCSOVVSOVTV_ ZCSOSSSOS%S
f Vv S

+> gs,svSeS Vi (po— p'),
S/

-3

- ZZ—)’SOSSSOS S+ ng svSoS V4 (po—=p'),
S/
(1)
for fermion species f, vector bosons V and scalars S. The

Sy label denotes the h(, H(, and A, (with an appropriate y5
factor) for the fermion interactions, and the s, and H for

ySOffSOff+ Zz yS(,VVSOV 14

013010-2



CONSTRAINING THE LITTLE HIGGS MODEL OF ...

¢ Z(W)
ho, Ho, Ao h,, H,
Z* (W¥)
FIG. 1. Direct decay modes of the h(y, H, and A, states.

the vector boson and scalar boson interaction terms. The
parameters (v, m;, C;, y;) are model dependent. The
expression for the vev, v, will be discussed further in
Sec. III.

A Higgs boson of approximately 125 GeV decays
predominantly to pair produced, kinematically accessible
states, such as bb and 7777, and to one on-shell and one
off-shell vector boson (ZZ* and WW*). Decays to
diphotons, digluons and Zy also occur through loop
interactions [22]. In the BLH model, all three physical
Higgs states (hy, Hy and Ag) can decay to light fermions
and to loop-induced final states, but only the CP-even
states (hy and H;) can decay to pairs of weak gauge
bosons, as shown in Figs. 1, 2, and 3. In our calculations,
we account for the contributions from all three Higgs
states, and include all new particle states of the model that
contribute to the loop diagrams.

When the scalar couplings are expressed in the form of
Eq. (1), the partial decay widths of the Sy = hy, Ao, H
can be written in terms of the SM calculated values (we
use the values calculated in [25]) multiplied by some
combination of scaling factors. For direct decays, this is
straightforward. For loop-induced decays the scaling
factors must also include the loop factors. The direct
decays are given by
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FIG. 3. Loop diagrams contributing to decays to pairs of
gluons, where f refers to all fermions with a color charge,
including heavy, vectorlike quark states. This is also the process
for the gluon-fusion production mode.

T(Sy = bb)giy = rs,psl (So = bb)sy.
['(Sy = cC)pry = rsyecl (So = €C)gu
['(So = 7777 )pLu = syeel (S0 = 7777 s
['(So = ZZ")gLu = 15,220 (So = ZZ7)gu,
I'(So = WW*)pLy = rsowwl (So = WW*)gu.  (2)

where
[ Vsgbb 2
rSObb - Yo ’
_ (ySocc>2
rSocE = ’
Yy
YSyzz 2
rSoTTE< . ) ’
yi/‘
2
_ <)’Sozzysz>
rs,zz = s
Yo
YsywwYiYmy\
rsww=\—"—_—"| - (3)
Yy
H*, n+,¢+ /«/\/\/\/\/\/\/\/‘
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_h_,_Hg _ -ll \
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FIG. 2. Loop diagrams contributing to decays to pairs of photons, where f refers to all fermions with an electric charge, including
heavy, vectorlike quark states. Similar diagrams exist for the Zy final state, where one of the photons is replaced by a Z boson.
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The factor y, accounts for the differences between the vev
in the BLH model and the SM vev, such that » = y,vqy,
and is discussed in further detail in the following section.
The factor y,, = mi-/miM is the ratio of the W boson
mass calculated in the BLH model and in the SM, and
appears when making the replacement g = 2my /v in the
expression for the Sy — WW* partial width [26].

The factors of yy 7, are givenby yy 7 = <ngf’)L/(ngf )L

and yz7; =\ (GGEDE + (GG (G)E + (6357
and account for differences in the expressions of the couplings
of the light vector bosons to fermions in the BLH model. For
our chosen parameter values, we found that these factors
amount to at most a 1% correction to the Zff and Wff’
couplings. Although these corrections are numerically small,
it is appropriate to include them when the experimental
measurements rely on leptonic decay modes of the vector
bosons. Thus, we account for Z — [*[~ and W* — [Ty,
decays (I = e, u)inthecalculation of the ZZ* and WW* decay
widths, corresponding to the experimental results from
ATLAS and CMS [3,5-11]. Likewise, the Z — I*t]~ decay
(I = e, p) is taken into account in the Zy channel as measured
by ATLAS and CMS [27,28], by including a factor of y%}-c . in
the expression for I'(Sy — Zy)g; i in Egs. (4) and (5) below.

The expressions for the partial widths of the loop-
induced decay modes are given by

L(So = ¥7)pLa = Tsor L (So = 77)sm>

[(So = Zy)gin = s,z (So = Z¥)sm>

[(So = 99)sLE = T's,90L (S0 = 99)sm> (4)
where
|z:fSMA];§%’JI + A%VL}I’—}’ + AE@L\E’{Y}’P
rs s
e y”|ZfSMA§l\}{IY WW|2
r |Zf§MA?I;}-’I + A%VL?}/ + AEeLvi{Zy |2 y2
SoZ; )
v y1)|ZfSMA?I\§y WZ;/|2 i
|Z BLH + ABLH |2
rsogg By q = L (5)

yU‘ZQSM 499‘2

In this form, the ABLH terms in each channel account
for the contributions from loops involving only the new
(non-SM) particles of the BLH model. Thus, we find the
expressions

BLH __ BLH BLH BLH
Anew.ry ZAJ rr Ay Y T ZAS e
BLH __ BLH BLH BLH
Anew Zy — 2 § :Af Zy W’.Z}/ + 22 :AS,Z}”
S

BLH
;Af,yg : (6)

BLH
Anew .99
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The expressions for the A terms in the BLH model are given
by [29,30]

BLH — _ S
Ajzr = Vs, QiNeFy(zp),
AP = y5 v OF Fy (y),

A]S?"yy —)’SOSSQ%FS(TS),

AP = yo o [(gBE), + (B RO NLF £ (15, Ap)
ny Sofr\Izzr )L zff /RIS b fs 2 )

AV = ys,wv oy Qv Fy (zy, Ay),

A]S)’,]ikyl = Vs,559555 QsFs(ts. As),

AF ) = Vs,7rF (7). (7)

where the SM expressions from the denominators in Eq. (5)
can be found by setting the y; scaling factors in Eq. (7) to
unity. In these expressions, Q is the electric charge of
the particle, and N, is the number of colors (3 for quarks, 1
for leptons). The form factors F ((zy), Fy(zy) and Fg(zg)
[and similarly for F (77, As), Fy(zy,Ay) and Fg(zg, Ag)]
are found by integrating over the fermion (f), gauge
boson (V) and scalar (S) loops, respectively. These are
given by [29,30]

[ 2t(1+(1—=7)f(z)) for Sy = hy, Hy
Fyle) = { 21 (2) for Sp = Ay
Fy(r) = =243t +32(2—1)f(7)),
Fs(r) = —t(1 = 7f (7)),
[ Li(z,4) = Ih(z.4) for Sy = ho, Hy
Fywd) = { —I5(z,4) for Sy = ’
Fy(z,2) = 4(3 — tan®6,,) I, (z, 1)
+ (1 + 2 YHtan?d,, — 5 — 271, (z, A),
Fy(r.2) = =1,(7.2). (8)
where
N 1242
1) = 50255+ =y ) = 10))
- 2 (o) —gl)
(x—y)? ’
Bixy) = =525 (@) = F0).
[arcsin(1/+/x)]?, x>1
TOZ 2 n(E) i’ v<t
- x — larcsin(1/4/x), x>1 o)
X) = . 9
g 12—x [ln(%\/g) — iﬂ'}, x<1
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In the above, 7y s=4m7 , o/m5, and Asy s=4m7 y, o/m3,
for field f, V or S, with corresponding mass my y s. In the
limit that z; > 1, these factors approach the values of
Fp—4/3, Fy—» —7,and Fg — 1/3.

In the BLH model, it is useful to consider the contri-
butions of each of three sectors—gauge, fermion and
scalar—to the diphoton rate. This can be performed by
summing up all contributing states Sy, ¢ =y AP-H

Vir»
Shyy—r =y ARSY and S, s = > AGUL The relative
value and sign of these terms, Sj,,_g, Sj,—r, and
Shyy—s-» represent the size of the contribution of that sector
of particle states to the diphoton effective coupling. The
diphoton effective coupling is dominated by gauge boson
loops in the SM, with a subdominant contribution from
fermions (predominantly the top quark). This is not
expected to change significantly in the BLH model in
regions of parameter space that produce SM-like signal
strength ratios. The reason for this is that, for example, a
decrease in the gauge contribution to the diphoton rate
would likely correspond to a smaller Wt W™ rate, assuming
a negligible contribution from the heavy W'.

For new fields whose masses are proportional to f or F,
such as the new vectorlike quarks and heavy gauge bosons
in the BLH model, the scaling factors behave as

 (v/f)k, where k> 1. Thus, while the factor of
F;(r) may increase in magnitude with increasing mass
of the new state, the scaling factor, y;, decreases at a faster
rate, and very high mass states typically have only a small
contribution to the loop factors. It is also possible that
loops involving both W* and W'* or ¢* and #* contribute
to the Sy — yy and Sy — Zy decay widths due to vertices
of the form of AW W'~ and h¢ 5. However, since the
yWTW'= and y¢™n~ couplings of the BLH model are
suppressed at O(v?/f?), these mixed loops can be safely
neglected in this model.

In addition to the decays discussed above, the heavy
CP-even scalar, H, and the CP-odd scalar, A, of the BLH
model, when kinematically allowed, may also decay to top
quarks (H,, Ay — 11*)), pairs of scalars (H, — hh*)
A0A6*>, H*H‘<*)), or a scalar and a gauge boson
(Hy = AgZ™, H*WF) and A, — hZ*), where in the
case of off-shell decays, Z* — ff and W* — ff') [31].
These decays have the effect of lowering the H,, and A,
branching ratios to the standard modes considered above.
Hence, their contributions to the Higgs signal strengths
under consideration in this study are lowered, particularly
for Hy and A, masses above roughly 200-300 GeV [31].
Thus, it is important to include their effects in our
analysis.

The partial widths for the top quark decays of
Sy = Hy, Ay were calculated using the data from [25],
scaled in a similar manner as the direct decays of
Egs. (2) and (3):

PHYSICAL REVIEW D 91, 013010 (2015)

2\ 2
[(So = P = B (yj") P(So = Mgy (10)

v

where f,=/1—4mi/mg and p=0(=2) for Sy =
Hy(Ay) is an additional factor that accounts for the
difference in kinematics of the CP-even H, and CP-odd
A, decays.

The scalar-scalar and scalar-gauge partial widths
were calculated using HDECAY [32] in a generic
2HDM using the mixing angle parameters a,ypy =
—0.14 and tan foypy = 1.5 for a range of scalar masses
from 125 to 1200 GeV in 5 GeV increments. To calculate
the widths for a particular set of BLH model parameters,
interpolation was used on the discrete set of 2HDM widths
and the results were scaled according to

F<Ho = AoZ)gLy = rHAZr(HO - AOZ)2HDM’
F(Ho - H*WT BLH — rHHWF(HO - HiW:F)2HDMv

)
)
(Ho - hh)BLH = thhF(Ho - hh>2HDM’
T(Hy = AgAg)pLy = THaal (Ho = AgAg)rupm:
T(Hy = H"H™ )gry = raunl (Ho = H H ™ )ypp»
[(Ag = hZ)gr g = ranzl' (Ao = hZ)ppms (11)
where
( gHvo BLH )2
'Haz = )
QHOA0 Z)2HDM
_ ( QHOHiW* BLH )2
'HHW = )
QHOHi w¥ )ZHDM
. ( gHOhh BLH )
THhn = >
gHohh 2HDM
_ ( gHOAOAU BLH )2
T'HAA = )
gHvoAo 2HDM
. ( 9H0H+H BLH )2
'HHH = )
9H0H+H 2HDM
(QA hZ) 2
- <BLH , (12)
(gAOhZ)ZHDM

where the expressions for the 2HDM couplings, g>upms
used in HDECAY are written in Appendix E of [33]. We
have verified that these couplings agree with those listed in
Appendix A of [22]. The couplings, ggry, of the BLH
model are directly related to the scaling factors, y;, and are
listed in Eq. (21) and (28) of Sec. III.

Expressions similar to those for the decay modes exist
for the production modes. At the LHC, the primary
production mode is through gluon-gluon fusion (ggF),
which occurs via the reverse of the diagram in Fig. 3.
The other production mechanisms at the LHC include
vector boson fusion (VBF), associated production with a

013010-5



PAT KALYNIAK, KENNETH MOATS, AND TRAVIS A. W. MARTIN
q q

ttH

FIG. 4. Subdominant production modes for Higgs bosons at the
LHC: vector boson fusion (VBF), associated production with a
vector boson (VH), and associated production with top quarks (ttH).

vector boson (VH), and associated production with top
quarks (ttH). The diagrams for these subdominant proc-
esses are given in Fig. 4.

In the BLH model, the cross sections are modified from
the SM expressions in a similar manner as the decay
widths, and can be expressed as a multiplicative factor
times the SM values, such as

o(99F )pLn = 75,900 (99F )sm-
G(VBF)BLH (ySOWWymW/y@) (VBF)SMv
o(WH)g y = ()’50 Wymw/y@) o(WH) gy,

0(ZH)p y = (ySOZZ/yv)G(ZH)SM’

o(VH)g g = 6(WH)g g + 0(ZH)g .

o(ttH gy = ygotia(”H)SM' (13)

The factor modifying the gluon fusion production mode,
rs,qq» 18 the same as for the gg decay mode, defined in
Eq. (5). Since y,,, =1 and ysww = ys,zz in the BLH
model due to custodial symmetry, the VBF and VH
expressions are essentially independent of whether the
gauge boson is a Z or a W.

III. MODEL DETAILS AND COUPLINGS

The following subsections deal with the determination of
the scaling factors, y;, for all neutral Higgs states (g, H, Ag)
coupling to the charged scalars (H*, ¢, n*), the gauge
bosons (Z, W+, W'*), the SM fermions, and the additional
fermions (7', B, T2/ 3 TS/ 3 ,Ts, T¢) of the BLH model.

PHYSICAL REVIEW D 91, 013010 (2015)

A. Scalar sector

The BLH model Higgs fields, #; and h,, form a two-
Higgs doublet potential that undergoes spontaneous sym-
metry breaking. The most basic form of this potential is
given below as in [19], and is sufficient for understanding
EWSB in the model:

1 1 o
V=_m}hlhy +-m3hih,—B,hhy+=

5 5 > (hThy)?.  (14)

In this form, each of the Higgs “doublets” are written as 4’s
of SO(4), which have the same degrees of freedom and
hypercharge values as the standard two Higgs doublets
from [34]. Additionally, while there are other quartic terms
present in the BLH model [namely (h7h)% (hlh,)?,
(hThy)(hihy), and (hThy + h3hy)(hihy)], their coeffi-
cients are generated at loop level and do not significantly
affect the details of electroweak symmetry breaking. As
these terms have a small effect on the diagonalization, they
are ignored in the determination of the mass eigenstates.
They are not ignored in the determination of the couplings,
however, as they comprise the dominant contribution to the
interactions of the scalar triplets with the Higgs fields.

The parameters in this potential are generated in part
explicitly and in part radiatively, as with other Little Higgs
models, and spontaneous symmetry breaking occurs for
parameter values that satisfy B, > m;m,. The minimiza-
tion condition is achieved by shifting the first component
of each of i, and h, by a respective vacuum expectation
value (vev), v; and v,. These vevs can be parametrized
by a mixing angle, tanf = v,/v, = m,/m,, where v =
\/? + 03 is related to the Standard Model vev via the
relation v = y,vqy (the expression for y, will be addressed
in the next subsection).

Diagonalizing the mass matrix for the scalar sector
results in three physical neutral scalar fields (hy, H
and A, along with the unphysical G,), and two physical
charged scalar fields (H*, along with the unphysical G¥),
parametrized by an angle a such that

hi|1] = cos ahy — sinaH( + v sin f3,

(1]
hy[1] = sinahgy + cos aHy + v cos f3,
hy[2] = —cos fAy + sin G,
hy[2] = +sin A, + cos G,

hi = —cos pH* + sin fG*,
hy = +sin fH* + cos fG*. (15)

The four parameters in the Higgs potential (m;, m,, B,
and 1y) can be replaced by a more phenomenologically
accessible set consisting of the masses of the i, and A,
states, along with the mixing angle f and the vev, v. In this
parametrization, we find the following expressions:

013010-6
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2 )
) _my, my, —my
0—"2 2 ’

v? \mj —sin*(2f)m3,

1 .
B;t = E <m1%0 -+ 1]2/10) Sln(2ﬁ>,
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B, cot(2f) + \/B/%/ sin?(2f8) — 29B,v* sin(2p3) + Agv* sin®(2p)

tana =

B, — Ayv? sin(2p) '

2 2 2 2
My = Ny = mj + m3,

2

mZ = (Ase + A¢5) f? = 220 f*K,.

Since the quartic interaction, with coupling 4, is produced
when the heavy singlet state (o) is integrated out, it is
related to the fundamental parameters Ass and Ags via
Ao = 24s6dg5/ (A5 + As6). The parameters Asq and Ags are
the coefficients of the quartic potential, defined in Eq. (9) of
[19], and must both be nonzero to achieve collective
symmetry breaking and generate a Higgs quartic coupling.
Rather than expressing m2 in terms of these two free
parameters, we instead choose to parametrize it in terms of
A and a single free parameter, K, as shown in the last line
of Eq. (16).

There exists a number of theoretical constraints that can
be placed on these parameters, primarily due to perturba-
tivity requirements. The value of the mixing angle f is
limited by two constraints, the first of which is the
requirement that 4y < 4z, leading to an upper bound of

2 2
22,0170~

2
A
tan f < = mg 7 —1. (17)
n’liz (1 + 2]7:1?2 0>

A lower bound also exists, and is set by examining the
radiatively induced contributions to m; and m, in the
model, which suggest that tanf = 1 [19]. Furthermore,
there are limits on K, from requiring that Ase/es are real
valued and < 47, such that

1
As6/65 = 2P (mZ &+ \/mg —2f*m2A). (18)

which leads to the bounds

B B2 ) )
" = n(2p) \/sinzém ™ 208,07 sin(2f) + A" sin®(26).

(16)

1672

1<K, <——.
* Jo(87 =)

(19)

The BLH model also contains two physical, real
triplets, with charged fields ¢* and #* that are relevant
to the diphoton and Zy decay modes. These scalar triplet
fields obtain a contribution to their mass from the explicit
symmetry breaking terms in the model, as defined in
Eq. (38) of [19], that depends on the parameter
my ~ 10 GeV. However, their masses are dominated by
contributions from the Coleman-Weinberg potential involv-
ing gauge boson loops for ¢* and hypercharge boson
loops for ™. The dominant contributions to their masses
are given by

2 3 22 (1 v R 2 2
My MK I\ ~ 5 e (f?+F?)

A2
X log( 5 >,
mW/

m?, ~x ig’2 ]_v_2 A? (20)
T 2f2)

where A =4z f is the compositeness scale, and k5 and ky
are taken as O(1) factors that account for the details of the
cancellation of the gauge logarithmic, and hypercharge
quadratic divergent loops, respectively, at the scale A. In
our calculations, we take into account all contributions up
to O(v?/f?), including the subdominant explicit symmetry
breaking mass terms [19], but we do not show them here
for brevity. The factors g, and gp are the gauge couplings
for SU(2), and SU(2)p, respectively, which will be
discussed in further detail in Sec. III B.

The scaling factors for the charged scalar interactions are
given by

013010-7



PAT KALYNIAK, KENNETH MOATS, AND TRAVIS A. W. MARTIN

PHYSICAL REVIEW D 91, 013010 (2015)

2 2
v v
Yhorn~ R —(CpSa + Casp) 212 _Sa+ﬂ2_f2’
v? v?
yHo'ﬁ’l_ ~ _(Cﬂca - sas/}) 2_][2 = _c(1+/}2—f2 s
UZFZ 1J2F2
Vhoptg= = _(Cﬂsa + Casﬂ) W = —Sa+ﬂm,
1]2F2 1}2F2

YHop = _(cﬁca - SaSﬁ) 2f2(f2 + F2) “Catp 2f2(f2 + FZ) ’

UZ

Yo (768 [m?2%)

2

w'

2

my

A A
(—9KGF291249129 log {—2} (cpSq + CaSp) — 32k5Aom2 log {—] (3cpsq +2¢45p5)
m

+ 1287 sy (—6/*Ao(Cacp + Sasp) +mj (Cacp — Sa85)(c — s%))) ,

2

v
YHH (768 23 1)

2

",

2

A A
(91<(;Fzgflg%3 log [—] (cpca — SaSp) + 32Kk549m log [—2} (Bcpsa + 2¢asp)(c; — 53)

me

+ 128”26‘/?*9//’(_6f2/10(cﬂsa - C(zs[f) + mio(cﬁsa + C(zsﬁ)(c/zi - S%))) ’

U2

Vit ¥ (768 f2m? 72)

2

",

2

A A
<9KGF29319I23 IOg |::| (Cﬁca - Sasﬁ) + 32KS/10m127 IOg |:2:| (3Cﬁsa + ZCaSﬁ)(C% - SE)

mes

+ 36KYg2tan29WA2(cﬂca — 5484) + 128ﬂ2cﬂs/;(—6f2/10(cﬂsa — CySp) + mﬁo(cﬂsa + casﬁ)(clzj - sf,))),

1}2

YHalo ™ (768 2z )

2

w’
2

A
<9KGF2g4cot26y log [mz ] (CpCa — Sasp)

A
+ 96KgAom? log {W] (CpCa — SpSq + SaCa(SpCq — psq)) + 12kygPtan?0, A% (cpcy — S5S4)

o

— 307277 cps5(f2Ao(CpCa — SpSa + 354Ca(S5C0a — CpSa)) + mio((cg —52)(cpsq + s/;ca)))>, (21)

where ¢y =cos6, sy =sinf, and ty =tanf, for 0 = f
and a + f. The factor of kg is also taken as an O(1) factor
that accounts for the details of the cancellation of the
logarithmic divergence involving scalar loops. Here we
have also neglected contributions from higher orders in
the expansion of w»/f, and terms proportional to the
small explicit symmetry breaking parameters in the BLH
model [19].

B. Gauge sector

The gauge couplings g4 and gp, associated with
SU(2), x SU(2)p, can be parametrized in a more phe-
nomenological fashion in terms of a mixing angle 6,
(tan, = g,/gp) and the SU(2), gauge coupling,
9= 9a98/\/ 94 + g5. Furthermore, g and ¢, the gauge
coupling associated with the U(1), symmetry, can be
parametrized as in the SM in terms of the fundamental
charge, e, and the weak mixing angle, 0,,, such that

sinf,, = ¢/\/¢> + ¢%, and e = gsiné,,.

The masses of the gauge bosons in the BLH model are
given by

g*v
m%v = T)’%W
2
2 :92_” 2
mz 463‘, ymwv
2 T e 2 2
;) = F — B
M 4egss (f* + F%) — miy
22,4
2 _ 0 g-Swv 2 232
mz = my, + 1622(/2 + ) (cg—s5)7 (22)
where
v? 3 f
iy = 1_6—f2(1 +§W(C§—S§)2) (23)
and ¢, = cos 6, and s, = sin6,. While both mj, and m%

obtain corrections of O(v*/f?), which do not vanish as
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F — oo, the model retains custodial symmetry and such
factors cancel out in their contribution to the p parameter.
Additionally, corrections to the Zf f couplings are propor-
tional to v?/(f? + F?), and do vanish for F — oo [19].

We use the experimental value of the fine structure
constant, agy;, to determine the value of e (= \/agpym/47),
and calculate v and sin §,, from the experimental values of
Gr and the pole mass of the Z boson, by exploiting the
custodial symmetry relation, p = 1. Accounting for the
contributions from the W and W’ in the process u — er,v,,
gives an expression for the vev, v, in terms of the SM vey,
such that

U =Y, Usm (24)
where
1)2 fZ
=1 SM (1 34 12(c2 —52)) ).
g +12}‘2( TR S"”)
(25)

Combining this with the expression for the Z pole mass
(), the weak mixing angle in the BLH model can be
expressed as

sin’g,, =

627)2

N =

The scaling factors important to the VBF and VH
production modes, and to the diboson decay modes
(So = yy, VV*) are given by

_ _ 2
YhoWw = YhyzzZ = Sa+pYmy

o o C(lJrﬁ
YHWW = YH,ZZ =~ YhyWW>

s(l+/3

c2s20?

YhoW'w' = —Sa+p 429 £ 5

0 f + F

Catp
YHWW = s YhoW' W'+ (27)

a+p

We see that s, 4 is the most important parameter control-
ling these scaling factors and note that the coupling to the
W' gauge boson is suppressed at O(v?/F?).

The heavier Higgs states, Ay and H, may also decay
to combinations of scalar and gauge states, such as
Ay = hZ™) and Hy — AgZ™), H*WT*)_ These couplings
do not have an equivalent expression in the SM, so we
provide the explicit BLH coupling expressions below:

PHYSICAL REVIEW D 91, 013010 (2015)

. g9
avzhy =15 —Carp + O(v?/f%),
w

. g
GHozag = 15 —Satp + O(v?/f?).

w

IHHEWF = :ngaﬂi + O(v*/f?). (28)

C. Fermion sector

The Yukawa terms for the light fermions in the BLH
model Lagrangian take the form

L=y, fOSU* +y,f Q" (~2iTXE)D + He..  (29)

where T% is the second component of the triplet of
SU(2)g generators corresponding to the SO(4), subgroup
of SO(6), and performs the charge conjugation of the
Higgs fields for interactions with the down-type quarks.
This identifies the BLH model as a type I 2HDM, with light
fermion masses given by

2
my = y}vzsin2ﬂ<l - 3U_f2 + - ->, (30)

and scaling factors of the form

c, 207
=T g
Yhof 5 3 f2 atp
S, 207
YH ] = T, T 32
202
YAgun = COtﬂ<1 + 3f2> )
Yagdd = ~YAgui- (31)

The following expressions give the leading order contri-
butions in terms of s,, 5 and #4:

C
—= = Saip + Catpl1ps
Sp

S
<= —Caip T SaJr/)’/t[)" (32)
S/}

The BLH model also includes a number of heavy,
vectorlike quarks that act to protect the Higgs boson mass
from developing quadratic divergences from the top quark
loops. The Yukawa interactions for the heavy fermions,
which includes the top quark, take the form given in
Eq. (46) of [19]:

L =y,fQTSESUC + y, fQI U + y;fQTSUS + Hec.
(33)
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These couplings can be parametrized in terms of y; and two
mixing angles, defined such that y, =y,/tanf,, and
y3 = y;/tané5. The value of y, is then fixed through
the measured top quark mass.

As we showed in [35], analytic methods for determining
the mass eigenstates for the heavy quarks fail in the region
where |y, — y3| &~ 0, due to the degeneracy between the T
and T'5 states. This can clearly be seen by observing a
slice of the (tan®,,tan03) parameter space, where
tand;; = 1 —tan@j,, as in Fig. 5. As a result, we use
numerical diagonalization to determine the mass eigen-
states of the heavy quarks, and thus their coupling to the A,
H, and A, states, for all values of tanf, and tan@;.
Therefore, we do not provide analytic solutions for the
relevant scaling factors.

However, we can provide some insight into their
contributions to the Higgs production and decay. Since
the vectorlike quarks (7', B, le/ 3, Tf;/ 3, Ts, Tg) obtain con-
tributions to their masses proportional to f, the lowest
order contribution to their scaling factor is O(v/f), and
their contribution to the loops in the Sygg and Syyy
effective vertices drop off rapidly with increasing f. In
particular, the scaling factors for the B and Ti/ 3 are
suppressed at O(v*/f3), making these two states effec-
tively decouple from the process. The scaling factors for
the 75 and T are the largest for the set, but with values

typically smaller than 0.02, while for the T and TIZ/ 3 the
scaling factor is suppressed by an additional factor of
about 10.

Since the top quark is generated from the heavy quark
Yukawa terms, it gets a mass proportional to v, and thus
the dependence of the scaling factor for the top quark on
and a behaves at lowest order like those of the light up-
type quarks. This dependence on f and a, characteristic of
a type I 2HDM, results in the most significant deviations
from the SM in the fermion contributions to the loop
interactions.

3 © M
S 2000 7 M,
s -
<1500 P .
~~~~~ 7 T
woof T -~ —_
....... - \
ST
700 S e
s0fp- ——— — —  TTTTTE—
300 - T
200
150
100
0.0 02 0.4 0.6 0.8 1.0 @and,
1.0 0.8 0.6 0.4 0.2 0.0 tan6i3
FIG. 5. Slice of fermion mass plots, depending on mixing

angles tan#;, and tan#3, corresponding to (f = 1000 GeV,
tan # = 3.35). The point at which the heaviest state switches from
the T to T is obvious.
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D. Parameter survey

We use the values in our

calculations [36]:

following fixed

ApM = 1/1279,
Gr = 0.0000116637 GeV~2,
m; = 91.1876 GeV,

m, = 172.5 GeV,
my, = 4.16 GeV,

m, = 1.77684 GeV,

m. = 1.28 GeV,

my = 30 GeV,

ms = 30 GeV,

mg = 30 GeV. (34)

Of note, the parameters mys¢ are explicit symmetry
breaking mass terms in the full BLH model scalar potential
[19] that are small and provide a negligible contribution to
the interactions examined. As discussed in [19], these
parameters are introduced to break all the axial symmetries
in the Higgs potential, giving positive masses to all scalars.
In particular, the 75, state receives a mass equal to
my ~ 10 GeV. Since this state couples to top quarks and
would decay predominantly to b quarks, it may be visible in
17bb final states. The value of m, would strongly affect the
rate for this process, but this is not relevant for the signal
strengths considered here.

To be thorough, we randomize all remaining parameters
in the BLH model over the ranges:

my, € (124,126) GeV,

my, € [see Eq.(36)],

0

fe
F e

My Max (s, )
700, 3000) GeV,
Min(F), Min(F) + 4000 GeV),
1,Max(tanf)) [seeEq.(17)],
tand, € (0,5),
tand;, € (0,5),
tand3 € (0,5),

K, € (1,Max(K,))

kc € (0,5),

ky € (0,5),

ks € (0,5), (35)

tanf €

o~ o~ o~ o~ o~ o~

[see Eq.(19)],

where
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700 GeV

eneral scenario
Max(ims,) = { 128 GeV : )

(near-degenerate scenario).

(36)

We determine Min(F) as follows. Electroweak precision
observables (EWPO) place constraints on the mass of the
heavy gauge bosons, as a function of the heavy gauge
boson mixing angle, sinf,, as shown in [19] for a light
Higgs boson mass of 125 GeV. This lower limit on the W’
mass in turn determines Min(F) for each value of sin 6, via
the third line in Eq. (22). So the parameter sets we generate
satisfy this EWPO constraint.

Since the mass of the observed resonance is not precisely
known, and especially since the ZZ* and yy mass peak
values in the ATLAS measurements are distinct, we allow
the mass of the light Higgs boson to vary over a small
range. All other values are calculated from this base set, as
described in the preceding sections of this paper.

Additionally, we separate our analysis into two
scenarios—a “‘general case,” where my, varies up to
700 GeV, and a “near-degenerate” case, where m, can
take a maximum value of 128 GeV.

IV. RESULTS

Both CMS and ATLAS have now published updated
signal strengths for each given production mode and final
state using the 7 TeV and 8 TeV data. We have calculated
the expected value for these signal strength ratios in the
BLH model for 60k parameter sets for each of the general
and the near-degenerate cases. Each set corresponds to a
point on the plots which follow. Specifically, we calculate:

o Lol BRE + £33 o UBR!
(Lo BRYY + L 07 BREY)

exp
m,

where

(S — XX)

BRyy = — 0 ~“°°)
XTSLI(Sy — YY)

(37)

The sum over the index i accounts for all contributing
production modes, including the A, and H, mediated
production. Since the signal strengths from CMS and
ATLAS are calculated based on the experimentally deter-
mined best fit mass, our u values are normalized to the
expected results for a SM Higgs boson with the mass given
in the experimental study, and are weighted by the 7 TeV
and 8 TeV integrated luminosities, £, and Lg respectively.
Summaries of the published results from CMS and ATLAS
can be found in Tables I and II, respectively.

While we include contributions from the A, and H in
our determination of the signal strength ratios, some
constraints currently exist on heavy scalars. In particular,
both CMS [44] and ATLAS [45] have placed 95% C.L.

PHYSICAL REVIEW D 91, 013010 (2015)

TABLE 1. Summary of published Higgs boson results from
CMS. Note: The quoted yy result uses the multivariate analysis
value, rather than the cut-based analysis value.

Signal  Production £; (fb~") Lg (fb~1) pi my, (GeV)
yy [12]1  inclusive 5.1 19.6 078793 125
ZZ* [37] inclusive 5.1 19.6 0917939 1258
ZZ* [371  VBF 5.1 19.6 122708 1258
WW* [38]  ggF 4.9 19.5 0.76+021 125
bb [39] VH 5.0 12.1 13797 125

777 [40] inclusive 4.9 19.4 1.1+04 125

tt7 [40] VBF 4.9 194 14+0.06 125
TABLE II. Summary of published Higgs boson results from
ATLAS.

Signal  Production £; (fb™")Lg (tb™1) pi my, (GeV)
vy [14]1  inclusive 4.8 20.7  1.65703; 1268
ZZ* [41] inclusive 4.6 207 L7037 1243

WW* [42]ggF + VBF 4.6 20.7 1.01+031 125

WWw* [42] VBF 4.6 20.7 1.66+0.79 125
WW* [42] ggF 4.6 20.7 0.82+036 125
bb [43] VH 4.7 130 —-044+1.0 125
tt77 [7] inclusive 4.6 13.0 07407 125

constraints on the decays of a heavy Higgs boson to
WHW~=, and CMS provides 95% C.L. exclusions on
c/osy for the H — yy final state for masses up to
150 GeV [12]. We have incorporated these results and
show parameter points that violate these constraints in light
red/pink to distinguish them from the unconstrained results.

We present our results using two different y*> measures in
Figs. 6-26. In order to show the BLH parameter sets that
produce results in better agreement with the measured data
than the SM, we calculate y3; ;; — ¥3\, Where

BLH/SM obs

(ui —u™)?
ZzBLH/SM = Z(ZZBLH/SM)i = Z (61?2 : ’
f f i

(38)

where the sum over the index i includes all channels listed
in Tables I and IT and y$™ = 1. This measure is employed in
Figs. 10, 12-19, and 26. For Figs. 6-9, 11, and 20-25, we
calculate an alternate measure Ay?, defined as

Ay* = Z ()(123LH)i_)(r2nin» (39)

i=yy, WW*

where the sum in this case is only over the yy and WW*
channels from Tables I and II and
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TABLEIIL.  Values of y2, , as defined in Eq. (40), in the general
and near-degenerate cases. These calculated values include only
the yy and WW* channels from Tables I and II.

Near-degenerate General
Experiment peen Experiment peen
CMS 0.001 CMS 0.007
ATLAS 0.08 ATLAS 0.11

Hmin = Min( Z (XZBLH)z) . (40)

i=yy, WW*

This measure focuses only on the most precisely measured
signal strength values in order to identify regions of the
BLH parameter space which favor either the distinctive
CMS diphoton and WW* results or those of ATLAS. The
values of y2. in the near-degenerate and general scenarios
are listed in Table III. In all figures, both the ATLAS (right
panel) and CMS (left panel) results are included, in order to
show the differences between the ATLAS and CMS
preferred regions.

A. Near-degenerate scenario

We define a near-degenerate scenario such that the mass
of the A, is constrained to be within a few GeV of the mass
of the lighter scalar Higgs state (), which allows it to
contribute to any signal strength that involves fermionic
couplings in both the production mode (ggF, ttH) and the
decay mode (bb, "7, yy and Zy). Depending on the other
parameters, the mass of the heavier scalar Higgs state (H)
can also be nearly degenerate with the 4, and thus also
contribute significantly to the measured signal strengths,

P e I I e
2 |
1.5 —
2
= 4
3
1 -
05 =
CMS 7
0t Pl R
0 2 25

FIG. 6 (color online).
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including WW* and ZZ*. Ultimately, this scenario can
reproduce an enhanced diphoton signal strength, as mea-
sured by ATLAS, due to multiple scalar states contributing.
However, at the same time, the 777~ mode is also
enhanced, beyond what is experimentally observed. So
the scenario is largely ruled out. However, it remains useful
as a tool to study the contribution of the different scalar
states to the various processes.

Since several scalar fields may be contributing signifi-
cantly to the diphoton production rate, it is useful to
consider the individual contribution to u,, from each of
the hy, Ag and H. For this purpose, we define

ﬂyy = ﬂhyy + ﬂAy;/ =+ MH;/}/? (41)
where pg,, includes only the cross section from the
production and decay of the stated scalar, S.

We first focus on the issue of the CMS results versus
those of ATLAS. Figure 6 shows that both the more SM-
like p,, from CMS and the excess p,, from ATLAS can be
accommodated in the near-degenerate scenario. Together,
Figs. 7, 8, and 9 provide insight into the reproduction of the
data of each experiment within the BLH parameter space,
in terms of the particular scalar states that are being
produced, and in terms of the parameters sin(a + ) and
tan . Those parameter sets that yield results consistent with
the CMS data involve a strongly suppressed /4, contribution
to the diphoton signal strength ratio, yy,,, as seen in the left
panels of Figs. 7 and 8. The reduced A contribution results
from a suppression of the coupling between the A, and the
W boson that occurs for small to moderate values of
sin(a + p) [see Eq. (27) for a and f dependence], as seen
in the left panel of Fig. 9. The A, coupling to the top quark
is slightly enhanced for this range of sin(a + ) and tan 8

25

uWW

0.5

Near-degenerate scenario: WW* versus diphoton signal strength ratios, assuming a reduced Ay? calculation

(including only y,, and pyy measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength ratios.
Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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Near-degenerate scenario: heavy versus light Higgs boson contributions to the diphoton signal strength ratio,

assuming a reduced Ay? calculation (including only Hyy and pryy measurements) to focus on the disparity between the CMS and ATLAS
diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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Near-degenerate scenario: CP-odd scalar versus light Higgs boson contributions to the diphoton signal strength

ratio, assuming a reduced Ay? calculation (including only H,, and gy measurements) to focus on the disparity between the CMS and
ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

values, which results in destructive interference with the
gauge boson contribution to the diphoton effective cou-
pling. The diphoton rate as measured by CMS, which is
near that of the SM, is instead understood as predominantly
a result of contributions from both the A, and H(, decays.
The WW* signal strength ratio, as measured by CMS, is
produced from a combination of the decays of the h
and H,.

The right panels of Figs. 7, 8, and 9 give equivalent
information for the reproduction of the ATLAS data. Here it
is primarily BLH parameter sets with large sin(a + f3) and
small tan f# that are favored by the data. This range of the
parameters yields a diphoton signal ratio approximately

40% due to production and decay of the CP-odd state, A,
with an admixture of decays of the H and / providing the
rest of the contribution. The WW?* production arises
primarily from the h,, with a smaller contribution from
the H,, which is proportional to cos(a + f3).

The results presented in Figs. 6-9 only include the
diphoton and WW* signal rates in the y*> measure. The
picture is drastically different when accounting for the full
data set, as shown in Fig. 10. Comparing the full y3; ; to
that of y2,,, it is clear that there are almost no parameter
values in which the near-degenerate BLH model is a better
fit to the data than is the SM, nor is it even close. This is due
entirely to the u,, signal strength ratio, as shown in Fig. 11.
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ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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FIG. 10 (color online). Near-degenerate scenario: comparison of the sin(a + ) and tan # parameters, using a y> — ﬂng measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.

When the CP-odd scalar field is nearly degenerate with
the light Higgs boson, it contributes a significant amount to
the production of 77~ pairs. For most parameter regions
producing a signal consistent with the diphoton rates
observed by either CMS or ATLAS, the ztz~ signal
strength ratio would need to be 3-5 times larger than the
SM rate, and several sigma larger than the respective
measured values.

These calculations do not include the effect of interfer-
ence. There are no interference effects between the CP-
even (hy and H,) states and the CP-odd (A,) state due to
CP invariance. In the case where the heavier CP-even state,
H, is nearly degenerate with the A, the mass difference

between the two is typically large enough compared to the
corresponding boson widths that the interference effects
can be neglected. This was the approach in [20] wherein the
authors point out that the experimental mass resolutions
are significantly larger than the Higgs widths and, so, the
assumption does not significantly constrain their analysis.
Since we are democratic in our scan, we do include some
parameter points in which the mass separation is small
enough such that interference effects should be included;
however, we find that the value of .., the contribution of
the CP-odd scalar to the di-tau signal strength ratio,
increases for decreasing my, — m, . The region with small
mpy, — my, is thus ruled out due to considerations of the
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FIG. 12 (color online). ~General scenario: comparison of the sin(a -+ ) and tan  parameters, using a y> — )(éM measure to compare the
BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in pink indicate

an exclusion at 95% C.L. due to high mass resonance.

CP-odd scalar contributions alone, suggesting that
the inclusion of interference effects will not change our
conclusions.

B. General scenario

In the general scenario, we allow the mass of the CP-odd
scalar to vary between the mass of the light Higgs boson
and 700 GeV. Thus, there is some overlap between the
regions of parameter space explored in this and the near-
degenerate scenario. However, since the 777~ results
exclude the entirety of the near-degenerate scenario, the
points of overlap will be greyed out in Figs. 12—-19, which

are colored based on y? — y2,;. This is discussed in further
detail below.

Figures 12—19 distinctly show that the BLH model is a
better fit to the CMS data than is the SM for a significant
portion of the parameter space, and is a better fit to the
ATLAS data than is the SM for a smaller set of parameter
points. The region of better fit occurs for values of
sin(a + ) 2 0.9, my, 2 200 GeV and f 2 1200 GeV for
CMS, as shown on the left side of Figs. 12 and 13,
respectively. The right side of Fig. 13 indicates that
agreement between the BLH model and ATLAS results
occurs predominantly for my, 2200 GeV and for
f 22200 GeV, with an extended region of agreement

013010-15



PAT KALYNIAK, KENNETH MOATS, AND TRAVIS A. W. MARTIN

600

500

400 |-

m, (GeV)

300

2004~
CMS

Ko D Bet APl v e G RIS U IS i Y e B

1000 1500 2000 2500
f (GeV)

PHYSICAL REVIEW D 91, 013010 (2015)

B2, <9
O, <1
600 {EX*x2,, < 4
O, > 4
500 |-
< |
(0]
S 400
<
£ .
300 -
200 {~ -
ATLAS |
PR rREE e PN L0tk VL0 D I ety A0
1000 1500 2000 2500
f (GeV)

FIG. 13 (color online). ~ General scenario: comparison of the CP-odd scalar mass, m, , and f parameters, using a X — x4y measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.

between 1200 < f < 2200 GeV for parameter sets on the
lower boundary of m, ~200 GeV. The favored large
values of sin(a + f3) for both experimental result sets are
understandable in order to achieve pyw ~ 1, and larger
values of f reduce the contribution from higher order terms
in the expansion of v/f in the couplings.

Both the ATLAS and CMS results can be realized in
the general scenario, as is evident in Fig. 14, where we
show uyy versus p,,. Figure 15 shows that the parameter
sets which produce a value of p,, > 1, as in the ATLAS
side of Fig. 14, occur more frequently near the boundaries
of excluded regions of tan$ and my . In both the CMS
and ATLAS cases, the region with m, <200 GeV is
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mostly ruled out. This means the A, contribution to ., is
small for parameter points that are allowed and makes
that signal strength more consistent with the SM, as
shown in Fig. 16. These results are therefore effectively
orthogonal to the near-degenerate scenario, even though
there is a small amount of overlap between the parameter
spaces generated.

To enhance the excluded (pink) points in Fig. 15, a
dashed line of the approximate region enclosing the
excluded points has been included. For low values of
my (less than 250 GeV), parameter sets are excluded
primarily due to the constraint on A(H) — yy production.
For larger values of my, the exclusion comes entirely from
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FIG. 14 (color online). General scenario: comparison of the WW* signal strength ratio to the diphoton ratio, using a y> — )(%M measure
to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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FIG. 16 (color online). ~General scenario: comparison of the 777~ signal strength ratio to the diphoton ratio, using a y* — 2, measure
to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance.

the H, — W W~ search. In the areas with overlap between
excluded and nonexcluded points, there is large variation
in the BR(Hy - WTW~) and 6(gg — H,) values due to
influences from the other fundamental parameters (such as
f and the scalar sector parameters), and large variations in
the total width of the H,. This allows for many parameter
sets to avoid exclusion, with sufficiently low branching
ratio or production rate, or both. The small region of pure
exclusion at approximately tanf ~ 3 and m, ~ 380 GeV
occurs due to all parameter points having a sufficiently
large production rate and branching ratio for exclusion.
This results in the appearance of an apparently isolated

region with a high density of excluded parameter sets.
However, this appearance is simply a result of the two-
dimensional display of values that depend on multiple
degrees of freedom in which the excluded points are
displayed as the lowest layer.

As is clear from Figs. 14 (u,,, pww), 16 (1, pr), 17
(#yy» Hpp), and 18 (u,,, p,7), the general scenario of the
BLH model includes parameter sets that can produce
signal strength ratios in better agreement with either
CMS or ATLAS than is the SM. The BLH model also
allows for the possibility of y,, > uww, as supported by
the ATLAS measurement set and visible in the right side
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FIG. 18 (color online).  General scenario: comparison of the yZ signal strength ratio to the diphoton ratio, using a y*> — y2,,; measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.

of Fig. 19. This occurs due to our calculation of an
inclusive cross section that includes contributions from
the H,, which has larger suppressions to the W+W~
branching ratio at larger masses than the ZZ. An invariant
mass windowing of 4/ events would likely exclude any
excess Hy — ZZ* — 4l contributions, and result in a
measurement of pyw ~ pzz.

It remains to understand the physics underlying the
enhancement of the diphoton rate, in agreement with the
ATLAS results, in the general scenario. It is not a result of
significant contributions from the production and decay
of the other neutral Higgs bosons in the 2HDM. While
Figs. 12 through 19 show the parameter sets that are in

better agreement with the experimental results than is the
SM, they do not focus on the parameter sets which best
agree with the experimental values. To examine the physics
underlying the enhancement in the ATLAS diphoton rate,
we consider the reduced y?> (Ay?) that includes only the
pww and u,, values. This will focus on the results which
agree with the diphoton rate while constraining the results
to also agree with the precisely measured WW rate. In
Fig. 20, we plot uyy versus u,,. Figure 20 shows that the
points in agreement using the reduced y? (green points with
Ay* < 1) are a subset of those that are a better fit to the data
than is the SM, as previously shown in Fig. 14 (green points
with y? — y2y < 0).
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General scenario: comparison of the WW* and diphoton signal strength ratios, assuming a reduced Ay?

calculation (including only ,, and pyy measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

We now investigate the contributions of different
particles to the diphoton loop process. By separately
examining the real component of the fermion, scalar and
gauge contribution to the diphoton effective coupling,
ShyyfF = ZfAjl?I};JI,{a Shyny = ZVAELJ;I;’ and ShW*S -
> SA?};J',{ respectively, as in Figs. 21, 22, and 23, it becomes
clear that there are two possibilities that result in a
significant enhancement of the diphoton rate. As shown
in Fig. 21 (right panel), the contribution from fermions is
approximately SM-like. This is as expected since signifi-
cant deviation would also result in significant alterations of
the gluon fusion effective coupling to the Higgs. Similarly,

as shown in Fig. 22 (right panel), the contribution from
gauge bosons is also SM-like. The additional heavy gauge
bosons of the BLH model do not affect the results due to
their large mass and suppressed couplings. Any significant
alteration of the AWW coupling from its SM value would
result in disagreement with the pyy results.

The right panel of Fig. 23 shows the most obvious source
of enhancement of the diphoton rate, as measured by
ATLAS. The enhancement occurs when the scalar con-
tribution to the diphoton effective coupling becomes
significant, dominated by the contribution from the charged
Higgs field, H*. The dominant component of the diphoton

013010-19



PAT KALYNIAK, KENNETH MOATS, AND TRAVIS A. W. MARTIN

3

DAY < 1
|:|A)(2 <4
25 @Ax® <9
OAx2>9
2 —
~ 1
L
£ ]
(\/)_/ 1.5
o -
o

=y

05 .
- CMS -

0 PR EEEN SEEEE S BETET A B A A AR AT S A

0 0.5 1 1.5 2 25 3

HYY

FIG. 21 (color online).

PHYSICAL REVIEW D 91, 013010 (2015)

0.5 —
s ATLAS

0 PEFEEENES SUEEEE S BT ET A B A AN AT AT A A

0 0.5 1 1.5 2 25 3

l'LY‘{

General scenario: comparison of the fermion contribution to the diphoton effective coupling and the diphoton

signal strength ratio, assuming a reduced Ay? calculation (including only Hyy and pyyy measurements) to focus on the disparity between
the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass

resonance.

0 e

| BEA <1

a4k OAx® < 4

5 WA <9

Y. OAx®>9
3 -
~ -
AT N
0 5 -
T s .
o 5 i
6 .
7k .
3F CcMS ]

) PSPPI PN IO I I P
0 0.5 1 1.5 2 25 3

HYY

FIG. 22 (color online).

0 P

I BAax <1
Rl DA < 4
L WA <9
2+ OAx®>9
3+ —
~ | |
T 7]
” I ]
S S5F .
o L ]
6+ —
7k -
8= -
ATLAS |
9 PETETE SN ETETETEE SUETEUETSN BT AT A SRS A B
05 1 15 2 25 3

HYY
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mass resonance.

effective coupling comes from the W boson loop, which
has a negative relative value, as do the contributions from
the charged scalars (H*, »* and ¢*), while the sum of all of
the fermion loops contribute positively. Thus, enhancement
of the scalar loop contribution increases the effective
coupling strength of hyy (reductions of the contribution
from fermion loops would have a similar effect, but are not
important here). We have determined that the diphoton
enhancement occurs where the 1pH™ H™ coupling becomes
large for large values of 4, corresponding to where tan /3 is
near the the upper boundary of its allowed range as seen in

the right panel of Fig. 24. This region lies close to the border
of perturbativity constraints, as discussed in Eq. (17).
Figure 25 also shows several parameter points which fit
the data well but do not have a significant scalar loop
contribution to the diphoton effective coupling. These
points correspond to a moderate contribution to the
diphoton rate from the production of the CP-odd scalar
at masses above 300 GeV. This is an artifact of the method
we use for calculating, which determines an inclusive
(64, +0n, +04,) cross section, but excludes parameter
sets only for which the heavier resonances would be
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FIG. 24 (color online). ~ General scenario: comparison of the CP-odd scalar mass, m,,, and tan § parameters, assuming a reduced Ay?
calculation (including only 4,, and uy,y, measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

distinguishable at 95% C.L. In other words, if the heavier
resonances do not result in an exclusion, they contribute to
the total cross section calculated. Little information was
given by the experiments regarding any invariant mass
windowing incorporated into the determination of the
diphoton excess, and so we chose an inclusive cross section
calculation.

With regards to the other parameters in the model,
particularly the heavy quark mixing angles, 6, and 63,
and heavy gauge boson mixing angle, 6, no constraints can
be placed with the existing data. This is because these states

do not get a large component of their mass from the Higgs
vacuum expectation value, and so they do not contribute
significantly to the loop factors. In Fig. 26, we show, as an
example, the T¢ mass versus f. The only constraint that can
be determined is an overall mass constraint arising directly
from the constraint on f. In particular, the minimum heavy
quark mass as determined from the Higgs data is approx-
imately 300 GeV—the precise value of which is unim-
portant, as direct constraints from pair production searches
for heavy vectorlike quarks rule out much heavier
states [46,47].
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FIG. 26 (color online). ~ General scenario: comparison of the mass of the 7 heavy vectorlike quark to the f parameter, using a y*> — y2y
measure to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios.
Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

V. SUMMARY

The BLH model provides, in principle, a rich source of
phenomenology. Apart from incorporating a two-Higgs
doublet model, it includes additional scalar triplets, heavy
gauge bosons, and a set of six new heavy quarks. In this
paper, we have investigated whether the model includes
parameter sets that are consistent with the Higgs boson
signal strength ratios recently measured by the CMS and
ATLAS experiments. We have used a couple of y?
measures, one to compare the fit of the BLH model to
the data relative to that of a SM fit and another to identify
regions of BLH model parameter space favored by the

results of the two experiments. As described above, we
have found that the BLH model can reproduce the results of
either experiment but primarily via modifications to the
couplings of top quarks to the Higgs states and through the
contributions of additional scalar states in the context of a
2HDM. As a 2HDM, the BLH model provides two possible
scenarios: the general case in which a single Higgs state
dominates contributions to the signal strength ratios, and
the near-degenerate case in which multiple Higgs states
contribute to the observed results.

At this time, the experimental data remains statistically
limited and there remain discrepancies between the central
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values of the CMS and ATLAS results. However, using the
full set of measured signal strength ratios, we find that the
BLH model in the near-degenerate scenario is a worse fit to
the data of each experiment than is the SM for almost all
parameter sets. This is a consequence of a large enhance-
ment of the u,, signal strength by the contribution of the
CP-odd scalar state nearly degenerate with the light Higgs
boson. In this scenario, for parameter sets consistent with
the observed diphoton rates, y,, is predicted to be 3—5 times
larger than its SM value, and several sigma larger than
the value measured by CMS or ATLAS. Consequently, a
precise measurement of y,, will be sufficient to exclude the
near-degenerate scenario in the BLH model.

On the other hand, large regions of the general BLH
parameter space provide a better fit to the experimental
results than does the SM. This corresponds to sin(a + f8) =
0.9 in order to achieve uww ~ 1, while f 2 1200 GeV is
necessary such that higher order corrections in the expan-
sion in v/f do not reduce couplings between the ¢ quark
and h, and the W boson and A4,. A CP-odd scalar mass of
my 2 300 GeV is favored, resulting in a value of 4, that is
consistent with the SM. These rather general constraints
provide good agreement with the CMS diphoton results,
allowing a large range of tan # and m, values. The signal
strength ratios are produced primarily through the light
Higgs boson with approximately SM-like couplings.

Due to the enhancement of the overall scalar and CP-odd
scalar production for 130 < m, < 300 GeV, much of this
region of parameter space is already directly ruled out at
95% C.L. by heavy Higgs searches in the WW and yy
channels. Additionally, all parameter regions of the BLH
model predict the values of uyy and p;, to be similar, such
that the entirety of the BLH model would be excluded if the
difference in the p,, and uyy results becomes statistically
significant to the degree currently measured by ATLAS.

PHYSICAL REVIEW D 91, 013010 (2015)

It is possible to reproduce the ATLAS u,, measurement
with a SM-like p,, in the BLH model, but for a restricted
space of parameter sets. The physical origin of the enhance-
ment of the diphoton rate is a significant enhancement
of the charged Higgs field (H*) contribution to the
diphoton loop. The diphoton enhancement occurs for
maximal values of tanf, where the hgHTH~ coupling
becomes large.

More accurate measurements, including the bb, vt~
and Zy final states, with higher luminosity will be crucial to
determining the status of the BLH model, and for deter-
mining the values of the scalar sector parameters. The
2HDM sector of the BLH model is likely its most
accessible aspect, with fairly light CP-odd and, conse-
quently, charged Higgs states allowed. Discovery and
measurement of heavy quark partners can lead to further
constraints on the value of the scale f, as discussed in [35].
However, in the BLH model, measurements of the mass
and branching ratios of the lightest heavy quark partner is
insufficient to significantly constrain the value of f, due to
the presence of degenerate states and the involvement of the
two mixing angles, tanf;, and tanf;. In [48], it was
shown that measurement of several of the heavy quark
masses is needed to isolate the value of the scale f from the
values of the heavy quark mixing angles.
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