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strict substantially the possibilities for enhancing the gg — h — ~vvy or g9 — H — vy
signal relative to that for the SM Higgs, hgy. Further, we find that a large enhancement
of the gg = h — vy or gg — H — v signal in Type II models is possible only if the
g9 — h — ZZ or g9 - H — ZZ mode is even more enhanced, a situation disfavored by
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LEP-allowed value of mpy+ = 90 GeV.
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1 Introduction

The original data from the ATLAS and CMS collaborations [1, 2] provided an essentially
5o signal for a Higgs-like resonance with mass of order 123-128 GeV. The updates from
Moriond 2013 include those for the v+ channel from ATLAS [3] and CMS [4]. The earlier
ATLAS and CMS gluon fusion induced rates were significantly enhanced relative to the
Standard Model (SM) prediction. The Moriond ATLAS data still shows substantial en-
hancement for the vy channel while the CMS MVA analysis finds a roughly SM-like rate in
the vy channel. Here, we consider the extent to which an enhanced -y rate is possible in var-
ious 2HDM models once all relevant theoretical and experimental constraints are imposed

It is known that enhancements with respect to the SM in the vy channel are gener-
ically possible in two-Higgs-doublet models (2HDM) of Type-I and Type-II as explored
in [6-10]. However, these papers do not make clear what level of enhancement is possible
after all constraints from B physics and LEP data (B/LEP), precision electroweak data,
unitarity and perturbativity are imposed. In this paper, we impose all such constraints
and determine the maximum possible enhancement. We employ a full 1-loop amplitude for
Higgs— ~~ without neglecting any contributions from possible states in the loop. We ex-
amine correlations with other channels. We also consider cases of degenerate scalar masses
at ~ 125 GeV [11, 12].

2 2HDM models

The general Higgs sector potential employed is
VY =m2®ld; + mold, — [m§2<1>’{<1>2 + h.c.}
Ly (ata: ) + L (a10,) i i i i
+ 2/\1 (191(1)1 + 2)\2 @2(192 + A3 (131@1 (I)2<I>2 + M\ CI)l(I)Q (1)2@1 (2‘1)

+ {;/\5 <<I>I<I>2>2 + o (ofer) + a7 (22 )] (afe) + h'c'} ’



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

v 0 v 0
<q>1>:\/§<cosﬁ> <¢2>:\/§(eifsinﬂ>’

where v = (v2Gr)~Y/? ~ 246 GeV. By convention 0 < < 7/2 is chosen. For real
parameters, the phase £ could still be non-zero if the vacuum breaks CP spontaneously.
We avoid parameter choices for which this happens and take £ = 0. Then, we define

(nFmre)
o, — a a=1,2 (2.2)
(Vo + pa +iMa)/V2

with v; = vcos 8 and v = vsin 8. The neutral Goldstone boson is GV = M1 cos B+ masin B
while the physical pseudoscalar state is

A= —msinf + ngcosf. (2.3)
The physical scalars are:
h=—p1sina+ pycosa, H =pjicosa+ pasina. (2.4)

Without loss of generality, one can assume that the mixing angle o varies between —m /2
and /2. We choose our independent variables to be tan 3 and sin«, which are single
valued in the allowed ranges.

We adopt the code 2HDMC [13, 14] for numerical calculations. All relevant contribu-
tions to loop induced processes are taken into account, in particular those with heavy quarks
(t, band c¢), W* and H*. A number of different input sets can be used in the 2HDMC con-
text. We have chosen to use the “physical basis” in which the inputs are the physical Higgs
masses (Mg, mp, ma, mg+), the vacuum expectation value ratio (tan ), and the CP-even
Higgs mixing angle, «, supplemented by m32,. The additional parameters A\g and \; are
assumed to be zero as a result of a Z, symmetry being imposed on the dim 4 operators
under which H; — H; and Hy — —H>. m%Q % 0 is still allowed as a “soft” breaking of
the Zs symmetry. With the above inputs, A1 2345 as well as m%l and m%z are determined
(the latter two via the minimization conditions for a minimum of the vacuum) [15].

In this paper we discuss the Type I and Type II 2HDM models, that are defined by
the fermion coupling patterns as specified in table 1 — for more details see [16].

3 Setup of the analysis

The 2HDMC code implements precision electroweak constraints (denoted STU) and lim-
its coming from requiring vacuum stability, unitarity and coupling-constant perturbativity
(denoted jointly as SUP). We note that it is sufficient to consider the SUP constraints at
tree level as usually done in the literature. Evolution to higher energies would make these
constraints, outlined below, stronger and would not be appropriate when considering the
2HDM as an effective low energy theory. In more detail, the vacuum stability condition
requires that the scalar potential be positive in all directions in the limit of growing field

_9_



Type 1 Type 11

Higgs | up quarks | down quarks | leptons up quarks | down quarks leptons

h |cosa/sinf| cosa/sinf3 |cosa/sinf |cosa/sinf | —sina/cos B | —sina/ cos B

H |sina/sinf | sina/sinf |sina/sinf |sina/sinf | cosa/cosf | cosa/ cosf3

A cot B3 —cot 3 —cot 3 cot 3 tan 8 tan 3

Table 1. Fermionic couplings C’;ﬁ} normalized to their SM values for the Type I and Type II
two-Higgs-doublet models.

strength [17-19]. Tree-level necessary and sufficient conditions for unitarity are formulated
in terms of eigenvalues of the S-matrix in the manner specified in [20] for the most gen-
eral 2HDM — the criterion is that the multi-channel Higgs scattering matrix must have
a largest eigenvalue below the unitarity limit. Coupling constant perturbativity is de-
fined as in 2HDMC by the requirement that all self-couplings among the Higgs-boson mass
eigenstates be smaller than 4. For the scenarios we consider, this becomes an important
constraint on A\;. The SUP constraints are particularly crucial in limiting the level of en-
hancement of the gg — h — ~~ channel, which is our main focus. For all our scans, we have
supplemented the 2HDMC code by including the B/LEP constraints. For the LEP data we
adopt upper limits on o(ete”™ — Zh/H) and o(e*e™ — Ah/H) from [21] and [22], respec-
tively.! Regarding B physics, the constraints imposed are those from BR(Bs — X,7), Rp,
AMg,, €k, BR(BT — 7%1;) and BR(BT — D7"v,;). The most important implications
of these results are to place a lower bound on mpg+ as a function of tan 8 as shown in
figure 15 of [23] in the case of the Type II model and to place a lower bound on tan S as
a function of my+ as shown in figure 18 of [23] in the case of the Type I model.

While looking for an enhancement of the signal in the v+ channel we also computed
the extra Higgs-sector contributions to the anomalous magnetic moment of the muon,
ay = (9, —2)/2. Since the experimentally measured value, a,, = (1165920.8040.63) x 1079
[24], differs by ~ 30 from its SM value it is important to check correlations between
da, = ay, — aEM and the signal in the v+ channel. Given the B/LEP, STU and SUP con-
straints, it turns out that one-loop contributions within the 2HDM are small and negligible,
and the leading contribution is that known as the Barr-Zee diagram [25] which emerges at
the two-loop level. For completeness we include also sub-leading contributions, see [13, 14].
Since the overall ~ 30 discrepancy between the experimental and theoretical SM values
could still be due to fluctuations (the world average is based mainly on the E821 result [26]
with uncertainties dominated by statistics) or underestimates of the theoretical uncertain-
ties, we do not use the a, measurement as an experimental constraint on the models we
discuss. However, in tables presented hereafter we do show (in the very last column in
units of 10711) da,,, the judgment as to whether da, is acceptable being left to the reader.
In fact, for all parameter choices yielding an enhanced Higgs to two-photon rate the extra
contributions to a, are very small and the a, discrepancy is not resolved.

"We have modified the subroutine in 2HDMC that calculates the Higgs boson decays to 4 and also the
part of the code relevant for QCD corrections to the ¢g final state.



"POUSI)RS 9 PINOD SHUTRIISUOD NS PuR .S ‘SosAyd-g oyl [[B® UoIyM I0J PUnoj og Pnod siojeowered
I81[)0 3} I0J 90107 ou ‘[¢g] ‘Jo Jo sy0[d oY) 01 SUIPIOIOR pamo[[e anfes FHw, WUt 8} 10J ‘Yer[) SURSW 1 PAIIIWIO ST oNeA ¢ UR) ®
JU ‘so[qe) juenbesqns Ul g 9[qr} Ul payroods UOIJRLIRA JO 93URI oY) UM ooeds Iojomrered oY} ISAO SURIS OAL POULIONIOd OARY OA\
"(19pISU0D oM sassetl ST Jo o3uel ) Ul ABJN (O] URY) Io[[ews A[[RIIUR)SANS dIR SYIPIM SSSTH oY) Je() USALS) o[(ISI[3oU oIe $109]0
9OUSIDLIDYUI 9SBD ST} UL — ASIN (T 15e9] 18 Aq pajeredas are jey) (7 9[e) Ul PIJRIIPUL SB) SISSRU 9S00TD SARM[R oM 1R[] 10v] o) A poy
-1ysnl TSIy, “9s9103Ul JO [PuueyDd Aedop/uoronpord oy} 10§ +,¢f YUOIIYIP oY) wmns oM ‘[[T] AOD) GZT ~ JO SSBUI SBY Yy 9UO UL} SIOUL OIIYM
SOs®e) SULIOPISUOD USA\ *(SU0SO( SSSTH N(IHE OU} 10] Se IoUURW Ules o) Ul U0SO( SSSTH JNS oY) I0J SUOIII0II0D dATIRIPRI SUIIRAI) ‘ST
Je(}) IOUURW JUS)SISTOD-J[oS © Ul PoINdUIOd oIe SOIJel 9S9Y) R} PUR SOIJRI 9S9Y} [[® JO 10 [9DURD SI0JOR] DIJRTDULY JRT[) USALS ‘( Nvmm\w@
03 Tenbo st y <+ 'y um (7'M = A) YA A 10} oryel Surpuodsor1od o) Jey) 9j0N ‘A[PA1300dsor ‘IS 93 I10J 9S0T[} 0} ([9AS] 9913 Je
019z Futeq .\s\ﬁbv ssurdnoo *y <— MM "y < 66 91} JO so1yel oY) IR \S&D “mﬂwb pue “Yw = " yym uosoq sSSIFT NS 03 ST NSy a1oym

: (X WSy)ug _ (X ST s ves
(1°¢) (Y « “)ud NA%»\WDV = Cmvmm.\wﬁ (x — ua (D) = (X) 0¥

:SMOT[O] S® U0SOq SSITH

971 10T onyea IurpuodsorIod 9] 07 SAIIR[AI ‘Y ‘O181S JRUII USAIS © 01 OI1RI JUIYDURI( SIITE] O] SOWII) UOI1I9S SSOID SIJT Q0N PUIL

NS 943} 10} onj p q nepr " x eugy I ! q q IH oY I ! IH poonpul

uoIsnj- I0 b6 91 J0 o1er o) 9INdwod M (SOOT0YD YY) oI |/ ‘f7 ‘Y = 'y o1oym) Yy pIjoudp ‘SIJTE] [RNPIAIPUI UR IO,
HdA st- MM 3} Jo o1 q 1ot oy V' HY Y oI9Y Y P P [H [eUpIAIpul Gl

“FHw o[qrssod gsorrews oY) 10} 3s931e] s1 doo] SSIT] poldIeyd oY) 90uls 1Rl AL WNWIXeWw oy} I0] Sulyoress uoym ajeridordde
ST ST, "sIojourered IoUj0 UI SUTUURDS O[IM ON[eA WNWIUIW ST} je FHw X1 om ‘sueds Areurmirord mof © WOIJ OpPISY 'SOINGY 0S9Y) WIOIJ Son[eA
¢ ey pouweds AT} JO ORI J' soneA PUNOC FHuu IomO[ o) JO Pral oary oA\ “A[oaroedsar ‘spopow | odAT, pue IT odAT, o) 10§ [gg] Jo 8T oSy pue
¢T oSy 998 ‘sosAyd g woIy sHUrensuod Ay Aq MO[q woly papunoq are FHw jo senea oy, {000T'0SL 005 007 00€ 008 00T 0¢ 0T T'0}=""w

slequmu  Jo 8ouenbes oY) 0} spuodserroo Ftw  ‘9iqey oy} U 'sueds oy} ur pojdope smjeuwrered Jo aFuey ‘2 olqel

{ Z(T0)F Z01)F 2(09)F Z(001)F ‘£(002)F ‘£(00£)F ‘Z(007)F £(00¢)F ‘£(052)F ‘Z(0001)F} [A9D] Gl

1°0 Jo sdogs ur {1 - ‘1-} 0 UIS

{0¥ ‘02 ‘0z ‘ST ‘0T ‘LS ‘% '€ C®T 9T ¥ 12T 0T ‘60 G0} g uey
(s[rejep 10J woryden 99s) SHUTRIISUOD 1910 Pue SOISATd-g [IIM JUIISISUOD onfeA Wnwiur juapusdap-g uey | [AeD)] FHw
IREA 1621 st iz B [A9D] Y
4 Wizt 1°6T1 4 Wlwtcgt | [APD] Huw
{6:7e1'c01°68°c9°cH'cz c} 6ol rdl {6:7e1'001°68°C9'c¥ ez G} 6Tl [A9D)] Y

A OLIRUSOS AJ OLreuoos | [[[ OLIeuoos I OLIRUSOS ] oLIeuoOs




3.1 The my = 125 GeV or my = 125 GeV scenarios
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Figure 1. The top two plots show the maximum Rgg (vy) values in the Type I (left) and Type

IT (right) models for m;, = 125 GeV as a function of tan§ after imposing various constraints
— see figure legend.  Corresponding R} (ZZ) and R}, (77) are shown in the middle and lower
panels. 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.
This same pattern is adopted in the remaining plots.
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Let us begin by discussing the case in which the h has mass my = 125 GeV while
scanning over the masses of the other Higgs eigenstates (cases where two Higgs are approx-
imaely degenerate are discussed below). The upper plots of figure 1 show the maximum
value achieved for the ratio R’g‘g

input parameters (as specified earlier), in particular sin «. These maximum values are plot-

(77v) as a function of tan 8 after scanning over all other

ted both prior to imposing any constraints and after imposing various combinations of the
constraints outlined earlier with point notation as specified in the figure legend. We ob-
serve that for most values of tan 8 the B/LEP and STU precision electroweak constraints,
both individually and in combination, leave the maximum Rgg (77) unchanged relative to
a full scan over all of parameter space. In contrast, the SUP constraints greatly reduce the
maximum value of RZg

B/LEP and STU constraints are imposed in addition. Remarkably, in the Type I model

(v7v) that can be achieved and that value is left unchanged when

maximum Rgg(yy) values much above 1.3 are not possible, with values close to 1 being

more typical for most tan 5 values. In contrast, maximum R;‘g('y'y) values in the range of

2—3 are possible for 2 < tan 8 < 7 and tan 8 = 20 in the Type II model. In figure 1 we also

show the values of RZQ(Z Z) and Rgg (77) (middle and bottom plots, respectively) found for

h
99

One can get a feeling for how the different constraints impact R

(v7y) values appearing in the upper plots.

h
99

quantity as a function of sin« at fixed tan 8 for different constraint combinations and a

selection of different other input parameters. As shown in figure 2, Rgg (v7) typically has

those parameter choices giving the maximum R
(77) by plotting this

a maximum as sin « is varied but the height of this maximum depends very much on the
constraints imposed as there is also variation with the other input parameters.

Tables 3 and 4 display the full set of input parameters corresponding to the maximal
Rgg (77y) values at each tan § for models of Type I and Type II, respectively. It is important
to notice that in the Type II model, the value of RZQ(Z Z) corresponding to the parameters
that maximize RZQ(VV) is typically large, ~ 3. In fact, as discussed shortly, RZH(Z Z) >
Rgg (v7y) whenever RZQ (77) is even modestly enhanced. The current experimental situation
is confused. The Moriond 2013 ATLAS data [3] shows central values of Rl (vy) ~ 1.6
and RZQ(ZZ) ~ 1.5. In the Type II model case, the former would imply RZQ(ZZ) > 2,
somewhat inconsistent with the observed central value. However, the data uncertainties
are significant and so it is too early to conclude that the Type II model cannot describe
the ATLAS data. The Moriond 2013 CMS data has central values of Rgg(fw) < 1 and
R;}g(Z Z) ~ 1, a situation completely consistent with the Type II model predictions.

As an aside, we note that R;‘g('y'y) / Rig‘g(Z Z) z 1 when R;lg(vv) > 1 is fairly typical
of the MSSM model (which has a Type II Higgs sector), especially with full or partial
GUT scale unification for the soft-SUSY-breaking parameters, see for example [27]. In
such scenarios the primary modification to the ~+ rate relative to the SM is due to the
light stop loop contribution to the hyy coupling (which enters with the same sign as the
W loop and has a color factor enhancement) which enhances BR(h — 7). Note that the
stop loop contribution to the hgg production coupling is the same for both the ZZ and
~7 final states. In the absence of GUT scale unification, there are many other potentially
significant loops contributing to an increase in the Ay~ coupling, the most important being

the light chargino loop and the light stau loop, as studied for example in [28].
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Figure 2. R
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Figure 3. For the h (top) and H (bottom) we plot the gluon fusion induced yv/ZZ ratio as a
function of Rgy4(y7) for the Type II 2HDM.

Corresponding results for the H are presented for the Type I and Type II models in
tables 5 and 6, 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,
whereas maximal enhancements of order Rg](’yfy) ~ 2.8 are quite typical for the Type
IT model, albeit with even larger Rﬁ](ZZ). Again, in the case of the Type II model
RZ] (v)/ Rﬁ](Z Z) < 1 applies more generally whenever Rﬁ](*y’y) is significantly enhanced.

That an enhanced v rate, e.g. RZ&H(’yfy) > 1.2, leads to RZ&H(VW)/RgéH(ZZ) <1lin
Type IT models is illustrated by the plots of figure 3. We again emphasize that this is to be
contrasted with the Type I model for which R}glg(’y’y) > 1.2 implies Rgg(’yfy)/R}ng(ZZ) > 1,
see figure 4, in better agreement with current data. (For the Type I model, Rg{q (vy) > 1
is not possible after imposing the SUP constraints.)

It is interesting to understand the mechanism behind the enhancement of RZQH(Z Z)
that seems to be an inevitable result within the Type II model if RZ&H (v7) is large. Let us
define r as the ratio of 7y over ZZ production rates for a scalar s (either h or H). Then

it is easy to see that

_ Ry T(s = 97)/T(hsm = 17)
TR (Z2Z)  T(s— ZZ)|T(hem — ZZ)"

(3.2)
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Figure 4. For the h (top) and H (bottom) we plot the gluon fusion induced vv/ZZ ratio as a
function of Rgy4(y7) for the Type I 2HDMI.

For the decay mode s — ZZ*, the tree level amplitude is present and dominant so that
the denominator simply reduces to (C Z)2. For the decay mode s — 7y, there is no tree
level contribution — the svyv coupling first arises at the one-loop level with the t-loop,
W-loop and H*-loop being the important contributions. As a result, the numerator can
be written as

2
T(s>7y) (c;VWAgvM — CHAM + AH¢> 53)

C(hsm — 77) AGM — ASM

where C7; and Ciyy, are the st and sWW couplings normalized to those of the hgy, while
Aﬁ,M and AtSM are the W-loop and t-loop amplitudes, respectively, for the hgy;. Finally,
A+ is the H*-loop amplitude in the 2HDM; since it is very small in the Type II model,
it can be neglected. Thus,

s C5 asm\ 2 s Ci asm
poo Ciow)? (A — g AT (A o, (3.4
e \ AT A AT A '

where C7,, = Cjj,y in any doublets+singlets models. Note that when the ¢-loop contri-
bution is negligible then rs — 1. It is easy to see that rs < 1 if the following inequality is
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Figure 5. In the left panel we show contour plots (with shadowing) in the (3, &) space for r;, with

superimposed red contours for R;‘g (vy). The right panel show similarly ry with RZ,(’YW)- Red

numbers give constant values of R (yy) (RE (7)) while black ones show constant values of 7y,

(rgr). The white region correspond to 75 > 10.75.

satisfied o S
1 tt o7 W _ 4 3.5
< G AP (35)

When Ctst—/C“?VW is outside of the above interval then ry > 1. If s is the lighter scalar h

then C7/Cpy = cosa/[sin Bsin(f — «)] implying r, < 1 when
e
sin Bsin(f — a) APM

while for s = H, C7/Cyyy = sina/[sin 8 cos(8 — a)] and we obtain rg < 1 for

1~9, (3.6)

: SM
P sin a < 2AEVM B
sin 8 cos(f8 — «) A;

1~0. (3.7)

In the case s = h, Rgg(v'y) is maximized by suppressing the h total width, which corre-
sponds to chosing « so as to minimize the hbb coupling, i.e. o ~ 0, resulting in Cft—/ C{}VW ~
1/sin? 8 > 1 (and < 5 for tan 3 > 0.5). Consequently 7, < 1, as observed in table 4. The
argument is similar in the case of the H: this time the Hbb coupling is chosen to be small
(equivalent to o ~ £7/2) in order to minimize the H total width and therefore maximize
ng (77), with the result that once again Cg JCly ~ 1/sin? B > 1, yielding ri < 1. These
analytic results explain why large R (v7) is correlated with even larger Ry (ZZ) in Type
IT 2HDMs.

— 14 —
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In figure 5 we plot contours of r4 and of Rf]g(’yfy) in the Type II model. It is seen from

the left panel that if tan 8 is large then only small o’s will maximize R;,(yy). And, in

that region, ry, is always less than 1. Note that the Rj (y7y) > 1 region shrinks for large
Zg(’y'y) converge to 0 when 3 — 7/2. For

the case of s = H, the right panel shows that when tan § is large then only vertical bands

tan g, so the the values of a preferred for large R

of a corresponding to values close to +7/2 are allowed if R (yy) > 1. From the plots,
we see that Ry (77) > 1 could be consistent with 75 > 1 only if tan 8 < 1, which explains
the pattern observed in tables 4 and 6 and figure 3. Note, however, that small tan § is
disfavored by B-physics as it enhances the H1tb coupling too much, see for example [23].

Once again, we emphasize that a substantial enhancement of the «~ rate is possible for
the h in Type I models without enhancing the ZZ rate. In particular, from table 3 we see
that the enhancement in the 7+ channel is ~ 1.3 (for both gg fusion and VBF) for tan g = 4
and 20 while other final states, in particular ZZ, have close to SM rates. The table also
shows that this maximum is achieved for sina ~ 0. Thus, 5 ~ 7/2 and cosa ~ 1 yielding
SM-like coupling of the h to quarks (see table 1) and vector bosons. It turns out that in
these cases the total enhancement, ~ 30%, is provided by the charged Higgs boson loop
contribution to the yy-coupling. In these same cases, the mass of the heavier Higgs boson
is my = 225 GeV. As such a mass is within the reach of the LHC, it is important to make
sure that the H cannot be detected (at least with the current data set). It is easy to see
that indeed this is the case. Since grzz x cos(f—a) and Grvb, 117 € sin o one finds that the
H decouples from both vector bosons and fermions given that o ~ 0 and 8 ~ 7/2. The A
will also be difficult to detect since it has no tree-level WW, ZZ coupling and the Abb, Att
couplings, being proportional to cot 3, will be quite suppressed, especially at tan 8 = 20.
From table 3, we observe that for tan 8 = 4 and 20 the corresponding charged Higgs is
light, mp+ = 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 [29]. The most
promising HT production and decay process is pp — tt — HTbW Tb — tvbbg'q. According
to figure 3 of [29], for the Type I model, the region of tan 5 < 6—7 for my+ ~ 90 GeV could
be efficiently explored at the 14 TeV LHC by ATLAS even at the integrated luminosity of
10 fb~! — for more details see [29]. The existing LHC bounds on BR(t — H*b) obtained
assuming BR(H* — 7%1,) = 1 are only moderately restrictive: 5%—1% [30] (4% —2%) [31]
for masses of the charged Higgs boson mpy+ = 90(80) — 160 GeV in the case of ATLAS
(CMS), respectively. These bounds are weakened in the Type I model where BR(H* —
7%v,) =~ 0.7. Since BR(t — H'b) ~ 1/tan? 3, large tan 3 suppresses BR(t — H™b).
Indeed, it is easy to verify that for my= = 90 GeV BR(t — H'b) is ~ 3.8% and ~ 0.15%
for tan 5 = 4 and tan 8 = 20, respectively. So, a charged Higgs yielding enhanced h — ~y
rates in gg fusion and VBF is still completely consistent with current data.
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Figure 8. Correlations between R!f4(yy)/RiFA(ZZ) and R:EF4(yy) (upper panels) and
RZ;A (77) (lower panels) for selected values of tan S.

For the Type I model, we see from table 7 that R’glg(’w) is significantly enhanced
only for the same tan 3 = 4 and tan 8 = 20 values as in the case of having (only) m; =
125 GeV and that the pseudoscalar contribution Rg‘g(’y'y) turns out to be tiny. However,
the contribution to the bb final state from the A can be substantial. Given that the top loop
dominates both the Agg and hgg coupling one finds (C’%/ng)2 ~ (3/2)*(cos B/ cos a)?,
where we used Cg / C’g = cos 3/ cos a from table 1 and the mj, 4 < 2m; fermionic loop ratio
of A/h = 3/2. As aresult, the A can contribute even more to the bb final state rate than the
h if tan 3 is small. This (unwanted) contribution to the bb final state from A production is
apparent from the results for RZ;A(bE) in table 7 for tan 8 = 2—4. In the end, only tan 5 =
20 yields both an enhanced v+ rate, Rggrﬁax(vfy) = 1.31, and SM-like rates for the ZZ and
bb final states, RZ;A(ZZ) = RZ;A(bE) = 1. For this case 8 ~ 7/2 and o = 0 implying that
the h couples to fermions and gauge bosons like a SM Higgs boson and the enhancement of

h+A
Rgg max

() is due exclusively to the charged Higgs loop contribution to the 47 couplings.
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the Type I model) negligible. Thus, the enhancement of RZ; A(v7y) is essentially the same as

For the Type IT model, see table 8, the pseudoscalar contribution R?, (y7) is also (as for

that for R;}g (v7y) for the case when only m;, = 125 GeV, reaching maximum values of order
2—3. However, as in the pure my = 125 GeV case, a substantial enhancement of R}g‘; Alyy)
is most often associated with RZ;A(Z Z) > R}gl;' 4(y7) (contrary to the LHC observations).
But this is not always the case. Among the mj; ~ my scenarios we find 56 points in our
parameter space for which RI'""4(ZZ) < 1.3 and RiF4(yy) > 1.3. Unfortunately for all
those points the 77 signal is predicted to be too strong, RZ;A(TT) > 3.82, a result that is
now excluded by the CMS analysis in the gluon fusion dominated 1-jet trigger mode which
finds RZ;A(TT) < 1.8 at 95% CL. This situation is illustrated in figure 8. As seen from

the upper panels in figure 8, for tan 8 = 1 there exist points (blue diamonds) such that

R (77)
Rh,(ZZ)
shows that the RZ; A (77) values that correspond to those points are greater than 3.5.
The case with ma ~ 125 GeV and my = 125 GeV is less attractive. For the Type
I model, the constraints are such that once parameters are chosen so that H and A have
masses of 125 GeV and 125.1 GeV the maximum value achieved for Rgtngx('yy) is rather

modest reaching only 1.04 at small tan 5. For the Type II model, as seen in figure 7, there

> 1 and RZ; 4(yy) > 1 (or even > 1.5). However, the lower left panel of figure 8

are no parameter choices for which the H and A have a mass of ~ 125 GeV while all other
constraints are satisfied.

3.3 my =125 GeV and my = 125.1 GeV scenario

Finally, we have the case where m; = 125 GeV and mpy = 125.1 GeV and we allow m g+
and m4 to vary freely. Following a similar search strategy, we find that some of the tan 3
values previously available when only my = 125 GeV or mpy = 125 GeV was required are
ruled out by the full set of constraints and that there is no gain in maximal RZ;H (v7) val-
ues, and often some loss, relative to the cases where only the h or only the H was required
to have mass of 125 GeV.

As discusssed earlier and in [33], the charged Higgs contribution to the v coupling
loops is sometimes relevant. Therefore, in figure 9 we show separately the fermionic loop, W
loop and H* loop contributions normalized to the total amplitude for the most interesting
cases of a Type I model with my, = 125 GeV and with m; = 125 GeV,m4 = 125.1 GeV
(left plots). One sees that the tan values of 4 and 20 associated with Rgg('y'y) ~ 1.3
are associated with large Ag+/A. Indeed, in these two cases, the relative charged Higgs
contribution reaches nearly ~ 0.2 and is as large as the fermionic contribution, but of
the opposite sign. In fact, although the dominant loop is the W loop, the H* loop may
contribute as much as the dominant (top quark) fermionic loop.

This should be contrasted with other cases, such as the Type II mj; = 125 GeV and
myp = 125 GeV,m = 125.1 GeV cases illustrated in the right-hand plots of figure 9. One
finds that the charged Higgs contributions are small when SUP constraints are imposed.
In fact, the enhancement of Rgg (77) observed in figure 1 prior to imposing SUP is caused
just by the charged Higgs loop. When SUP constraints are imposed the charged Higgs
amplitude is strongly reduced by the requirement that the quartic couplings not violate
the perturbativity condition. Note that the SUP constraints can be violated even though
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Figure 9. For the most interesting scenarios we show imaginary part of charged Higgs contribu-
tions to the vy amplitude normalized to the imaginary part of the sum of all (fermions, W+TW—,

H™ H™) contributions as a function of tan 3 after imposing all constraints. The parameters adopted
hi

95(7y) (or an appropriate sum for degenerate cases).

correspond to maximal R

all the mass parameters have been varied within what, a priori, appears to be a reasonable
range, namely from a few GeV up to 1000 GeV. This is due to the fact that, for our
input, the SUP conditions imply a strong constraint on m?, that comes mainly from the
requirement of keeping A; small enough.

4 Conclusions

We have analyzed the Type I and Type II two-Higgs-doublet extensions of the Standard
Model with regard to consistency with a significant enhancement of the gluon-fusion-
induced 7 signal at the LHC at ~ 125 GeV, as seen in the ATLAS data set, but possibly
not in the CMS results presented at Moriond 2013. All possible theoretical and experimen-
tal constraints have been imposed. We find that vacuum stability, unitarity and perturba-
tivity play the key role in limiting the maximal possible enhancement which, in the most in-
teresting scenarios, is generated by the charged Higgs loop contribution to the Higgs to two
photon decay amplitude. Generically, we conclude that the Type II model allows a maximal
enhancement of order of 2 — 3, whereas within the Type I model the maximal enhancement
is limited to < 1.3. Moriond 2013 ATLAS results suggest an enhancement for gg — h — v
of order 1.6 (but with large errors). Only Type II models can give such a large value.
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However, we find that in the Type II model the parameters that give Rgg(*y*y) ~ 1.6 are

characterized by Rgg(ZZ )~ (3/ 2)R§Lg(’w), a result that is inconsistent with the ATLAS
central value of RZg(Z Z) ~ 1.5. Thus, the Type II model cannot describe the ATLAS data
if only the h resides at 125 GeV. Similar statements apply to the case of the heavier H
h (vy) < 1and

99
RSQ(ZZ ) ~ 1, easily obtained in the Type II model context. Next, we considered Type

having a mass of 125 GeV. In contrast, the CMS data suggests values of R

II models with approximately degenerate Higgs bosons at 125 GeV. We found that for
1 < tan 8 < 5 there exist theoretically consistent parameter choices for Type II models for
which R’;;A(fy'y) ~ RZ;FA(Z Z) ~ 1.6, fully consistent with the ATLAS results. Unfortu-
nately, in these cases R;L; A(TT) > 3.75, a value far above that observed. Thus, the Type II
2HDMs cannot yield RZ;’ A(’y'y) ~ 1.6 without conflicting with other observables. In short,
the Type II model is unable to give a significantly enhanced gg — h — 7 signal while

maintaining consistency with other channels.

h
99

tan § = 4 or 20. In these cases, RZg(Z Z) and Rgg (77) are of order 1. For these scenarios,

In the case of the Type I model, the maximal R (7y7) is of order of 1.3, as found if
the charged Higgs is light, mpy+ = 90 GeV. (Despite this small mass, there is no conflict
with LHC data due to the fact that BR(t — H'b) ~ 1/tan? 3 is small enough to be below
current limits.) Thus, Type I models could provide a consistent picture if the LHC results
converge to only a modest enhancement for RZg(’y’y) < 1.3.

Overall, if R}glg(’w) is definitively measured to have a value much above 1.3 while the ZZ
and/or 77 channels show little enhancement then there is no consistent 2HDM description.

One must go beyond the 2HDM to include new physics such as supersymmetry.
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