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We examine maximum enhancement that can be achieved in the ZZ
and 7y channels for a two-Higgs-doublet model Higgs boson with a mass
near 125 GeV. Theoretical constraints restrict substantially the possibilities
for enhancing the g9 — h — vy or g9 — H — ~7 signal relative to that
for the SM Higgs. We find enhanced rates in the v+ final state for the h in
the Type I 2HDM — the largest [g9 — h — v7]/[g99 — hsmyy] ratio found
is of the order of ~ 1.3, when tan 8 = 4 or 20 and the charged Higgs boson
has its minimal LEP-allowed value of mg+ = 90 GeV.
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1. Introduction

Data from the ATLAS and CMS collaborations |1, 2| provided an es-
sentially 50 signal for a Higgs-like resonance with mass of the order of
123-128 GeV. In the v~ final state, the ATLAS and CMS gluon fusion in-
duced rates are significantly enhanced relative to the Standard Model (SM)
prediction.

Enhancements with respect to the SM in the vy channel are generically
possible in two-Higgs-doublet models (2HDM) of the Type I and Type II as
explored in [3-8]. In this paper, we impose all constraints from B-physics
and LEP data (B/LEP), precision electroweak data, stability, unitarity and
perturbativity to determine the maximum possible enhancement, consider-
ing also cases of degenerate scalar masses at ~ 125 GeV [9].

* Presented at the Cracow Epiphany Conference on the Physics After the First Phase
of the LHC, Krakow, Poland, January 7-9, 2013.
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2. 2HDM models

The general Higgs sector potential employed is
2
V = m3 66, + mdhdy — [m§2q§{q§2 + h.c.} iy (@{qﬁl>
| TRE i i i i
+1 (@2452) T (@1@1> (¢2q52) + M (@1452) (@2451)

+ {;A5 (@{@)2 + o (2]1) + 27 (la,)] (o]2,) + h.c.} 1)

where, to avoid explicit CP violation in the Higgs sector, all \; and m3, are
assumed to be real. We choose a basis in which

o= 5(8) ().

where v = (V2GF)~Y2 ~ 246 GeV, 0 < § < m/2 is chosen and we take
& =0 (no CP violation). Then, we define

Pa = ( <va+pa¢fma)/ﬂ )  a=12 @

with v; = vcosf and vy = vsin 3. The neutral Goldstone boson is GO =
11 cos B + nesin B, while the physical pseudoscalar state and the physical
scalars are

A = —msinf +nacos 3, (3)
h = —pisina+ pacosa, H =picosa+ pasina. (4)

Without loss of generality, one can assume that the mixing angle « varies
between —m/2 and w/2. We choose our independent variables to be tan
and sin «, which are single-valued in the allowed ranges.

We discuss the Type I and Type II 2HDM models that are defined by
the fermion coupling patterns as specified in [12].

We adopt the code 2HDMC [10] for numerical calculations®. For input
parameters, we use the physical Higgs boson masses (mpg, mp, ma, mg+),
tan 3, sin & and m?,, with Ag and \; assumed to be zero (in view of Z3 sym-
metry). With the above inputs, A1 2345, m3; and m3, are determined [11].

! We have modified the subroutine in 2HDMC that calculates the Higgs boson decays
to vy and also the part of the code relevant for QCD corrections to the ¢g final state.



2HDM and Enhanced Rates in vy Channel 1419

3. Setup of the analysis

The 2HDMC code implements precision electroweak constraints (denoted
STU) and theoretical constraints: vacuum stability, unitarity and coupling-
constant perturbativity (denoted jointly as SUP). By coupling constant
perturbativity, we mean the requirement that all self-couplings among the
Higgs-boson mass eigenstates are smaller than 47 (this becomes an impor-
tant constraint on \1). Vacuum stability is the requirement of positivity of
the potential in all directions at asymptotically large field strength. Unitar-
ity is the requirement that the multi-channel Higgs scattering matrix have
a largest eigenvalue below the unitarity limit using the analysis of [16]. The
SUP constraints are particularly crucial in limiting the level of enhancement
of the gg — h — 7 channel.

We have also included the B/LEP constraints and for the LEP data
we adopt upper limits on o(ete”™ — Zh/H) and o(ete™ — Ah/H) from
[13] and [14], respectively. Regarding B-physics, the constraints imposed
are those from BR(Bs — Xsv), Ry, AMp,, ex, BR(BT — 771;) and
BR(B* — Dt%v;). B-physics constraints allow us to place a lower bound
on mpy+ as a function of tan 4 as shown in Fig. 18 and Fig. 15 of [15] in the
case of the Type I and Type II model, respectively. However, we ignore the
anomalous magnetic moment of the muon (g—2), as its 2HDM contribution
day, is very small unless tan 3 is of the order of 100.

For an individual Higgs, denoted h; (where h; = h, H, A are the choices),
we compute the ratio of the gg or WW-fusion (VBF) induced Higgs cross
section times the Higgs branching ratio to a given final state, X, relative to
the corresponding value for the SM Higgs boson, hgy, as follows

b (n\2 BR(h = X)
Rgg(X) o <ng) BR(hSM — X) ’
h; _ h; 2 BR(hl — X)
Rypp(X) = <wa> BR{hsy = X) (5)

gg,C'{,L[}W are
the ratios of the gg — h;, WW — h; couplings (C{I‘/W being zero at tree
level) to those for the SM, respectively. When considering degenerate cases
of more than one h; with mass 125 GeV [9], we sum the different R for
the production/decay channel of interest.
We have performed five scans over the parameter space with the range
of variation specified in Table I. The lower bound on m g+ for a given tan 3
is read off from Fig. 18 and Fig. 15 of [15].

where hgy is the SM Higgs boson with myg,, = my, and Chi
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TABLE I

Range of parameters adopted in the scans. The lower bound on mg+ for a given
tan 8 is read off from Fig. 18 and Fig. 15 of [15].

Scenario I Scenario 11
my, [GeV] 125 {10,..., 124.9}
mpy [GeV] | 125+ {0.1,...,1000} 125
my [GeV] {10,...,1000} {10,...,1000}
tan g {0.5,...,20}
sin « {-1,...,1}
m3, |GeV?| {-10007,...,1000%}

Scenario 111 Scenario IV Scenario V
myp, [GeV] 125 125 {10,...,124.9}
my [GeV] 125.1 125 + {0.1,...,1000} 125
ma [GeV] | {10,...,1000} 125.1 125.1
tan 8 {0.5,...,20}
sin «v {-1,...,1}
m32, |GeV?| {—1000%,...,1000%}

3.1. The my, = 125 GeV or myg = 125 GeV scenarios

For the case of h with mass my = 125 GeV, we scan over the masses of
the other Higgs eigenstates (degenerate cases are discussed in the following
section) and plot the maximum value achieved for the ratio Rgg(’y’y) as a
function of tan 3, see Fig. 1. These maximum values are plotted both prior
to imposing any constraints and after imposing various combinations of the
constraints (see Fig. 1, legend). For most values of tan 8 the B/LEP and
STU precision electroweak constraints, both individually and in combina-
tion, leave the maximum Rgg(’y'y) unchanged relative to a full scan over all
of parameter space. In contrast, the SUP constraints greatly reduce the
maximum value of Rg”g(*yfy).

After imposing all constraints, we see that in the Type I model maximum
Rgg(vv) values much above 1.3 are not possible. In the Type II model,

maximum Rgg (v7y) values in the range of 2-3 are possible for 2 < tan g <7
and tan 8 = 20. Tables II and III display the full set of input parameters
corresponding to the maximal Rgg('yy) values at each tan 8 for models of
Type I and Type II, respectively. It is important to notice that in the
Type II model, the value of R;Lg(Z Z) corresponding to the parameters that

maximize Rgg(’y’y) is typically large, ~ 3.
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Fig.1. The top two plots show the maximum RZg(fy'y) values in the Type I (left)
and Type II (right) models for m;, = 125 GeV as a function of tan § after impos-
ing various constraints — see the figure legend. Corresponding R’;g(Z Z) values
are shown in the lower panel. Disappearance of a point after imposing a given
constraint set means that the point did not satisfy that set of constraints. In the
case of boxes and circles, if a given point satisfies subsequent constraints, then the
resulting color is chosen according to the color ordering shown in the legend, the

same pattern is adopted in the remaining plots.

Corresponding results for the case of H with mass my = 125 GeV are
presented for the Type I and Type Il models in Tables IV and V, respectively.
In the case of the Type I model, an enhanced gluon fusion rate in the ~v
final state does not seem to be possible after imposing the SUP constraints.
For the Type II model, maximal enhancements of the order of R (yv) ~ 2.8

99
are quite typical, albeit with even larger ng(Z 7).

In Type IT models, we observe that an enhanced 7+ rate (e.g. RZ&H (yy) >

1.2) leads to RZ;,H(q/q/)/RgéH(ZZ) < 1, therefore, this case seems to be
disfavored. An explanation of the mechanism behind the enhancement of
RIH(ZZ) in the Type IT model can be found in [5].
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We emphasize that a substantial enhancement of the ~~ rate is possible
for the A in Type I models without enhancing the ZZ rate. From Table II,
we see that for tan 8 = 4 and 20 the enhancement in the v channel is
~ 1.3 (for both gg fusion and VBF). It turns out that in these cases the
total enhancement, ~ 30%, is provided by the charged Higgs boson loop
contribution to the yy-coupling. This maximum enhancement is achieved
for sina ~ 0, therefore, the coupling of the h to quarks and vector bosons
is SM-like (8 ~ 7/2 and cosa ~ 1). The mass of the heavier Higgs boson is
mpy = 225 GeV, which is within the reach of the LHC.

Using current data, the H will not be detected since g7z o cos(f — «)
and g Hbb, peE O Sin o s0 that the H decouples from both vector bosons and

fermions given that a ~ 0 and § ~ 7/2. The A will also be difficult to
detect since it has no tree-level WW, Z Z coupling and the Abb, Att couplings,
x cot 3, will be quite suppressed, especially at tan 8 = 20.

From Table II, we observe that for tan 5 = 4 and 20 the corresponding
charged Higgs is light, mgy+ = 90 GeV, i.e. as small as allowed by LEP2
direct searches in eTe™ — HTH~. Searches for a light H* are underway at
the LHC along the lines described in [17]. Currently, a charged Higgs yielding
enhanced h — v rates in gg fusion and VBF is still fully consistent with
the data [18, 19].

3.2. Degenerate scenarios

One also needs to consider scenarios with mass degeneracy between my,,
my and ma. The signal at 125 GeV can come from both A and H. It
cannot be pure A since the A does not couple to ZZ. However, one can
imagine that the CP-even h or H and the A both have mass of 125 GeV.
We will discuss further only the possibility of h and A degeneracy, as other
cases are disfavored by the data (see [5]).

For the Type I model, we see from Fig. 2 and Table VI that R;}; A(yy)
is significantly enhanced only for the same tan § = 4 and tan 8 = 20 values
as in the case of having (only) mj; = 125 GeV and that the pseudoscalar

contribution R‘; (77y) turns out to be tiny. However, the contribution to the

© g
bb final state from the A can be substantial. This (unwanted) contribution
to the bb final state from A production is apparent from the results for
R}g‘; A(bb) in Table VI for tan 3 = 2-4. In the end, only tan 3 = 20 yields

both an enhanced 7y rate, R4 (yy) = 1.31, and SM-like rates for the

- gg max -
ZZ and bb final states, R (ZZ), REFA(bb) ~ 1. For this case, 3 ~ /2
and a = 0 implying that the h couples to fermions and gauge bosons like a
SM Higgs boson and the enhancement of R;?ﬁax(v'y) is due exclusively to

the charged Higgs loop contribution to the v+ couplings.
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2HDM (typel) m;=125 GeV, m,=125.1 GeV 2HDM (typell) m;=125 GeV, m4=125.1 GeV
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Fig. 2. RZ;A('W) maximum values when mj, = m4 = 125 GeV as a function of
tan 5 after imposing various constraints — see the figure legend. Corresponding
R} (ZZ) is shown in the lower panels.

For the Type II model, the enhancement of R’;;A () is essentially the

same as that for Rg‘g(’w) for the case when only my = 125 GeV, reaching
maximum values of the order of 2-3 (see Table VII). However, as in the pure

mp = 125 GeV case, a substantial enhancement of R’;;A(’w) is most often

associated with RiHF4(ZZ) > RIF4(yy), as in the pure my, = 125 GeV case
(contrary to the LHC observations). But this is not always the case. Among
the my, ~ m 4 scenarios, we find 56 points in our parameter space for which
RMMA(ZZ) < 1.3 and RiFA(y7) > 1.3. Unfortunately, for all those points

the 77 signal is predicted to be too strong, RZ;A(TT) 2 4.

4. Conclusions

We have discussed the Type I and Type II 2HDMs with regard to consis-
tency with a significant enhancement of the gluon-fusion-induced ~+ signal
observed at the LHC at ~ 125 GeV. Generically, we observe that the Type II
model allows a maximal enhancement of the order of 2-3, whereas within
the Type I model the maximal enhancement is limited to < 1.3.
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However, we find that for Type II models a significantly enhanced gg —
h — 7~ signal is inconsistent with results in other channels. In the Type II

model, the parameters that give Rgg(’y’y) > 1.3 are correlated with R’g"”g(Z Z)>

Rig‘g(vv), which is in contradiction with experimental results for gg — h —
77 — 4¢. Similar statements apply to the case of the heavier H having a
mass of 125 GeV. In the case of Type Il models with approximately degener-
ate Higgs bosons at 125 GeV, we found that there exist theoretically consis-
tent parameter choices for which R (yy) > 1.3, while RiF4(ZZ) < 1.3.

However, in these cases RZ; A(r7) 2 4, a value is far above measured limits.

Thus, the Type II 2HDMs cannot yield RZ;‘A(’yv) > 1.3 without conflict-
ing with other observables. Nevertheless, definite conclusions require more
precise data.

In the case of the Type I model, the maximal R]glg(’y’y) is of the order
of 1.3, as found if tan 8 = 4 or 20 and the charged Higgs is light, my+ =
90 GeV. In these cases, RZQ(ZZ) and Rgg(TT) are of the order of 1. Thus,
Type I models could provide a consistent picture if the LHC results converge
to a modest enhancement for Rgg (vy) £1.3.

In our analysis, we imposed all possible theoretical and experimental
constraints. Vacuum stability, unitarity and perturbativity play the key role
in limiting the maximal possible enhancement which, in the most interesting
scenarios, is generated by the charged Higgs loop contribution to the Higgs
to two photon decay amplitude.
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