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CP-violating type-11 2HDM Per OSLAND

1. Introduction and notation

One of the most pressing questions in particle physics today is to determine whether or not
the discovered Higgs-like particle [1, 2] is compatible with the Standard-Model expectations [3],
or whether it belongs to an enlarged scalar sector. The most popular extension is certainly the
supersymmetric one [4], but while waiting for hints of supersymmetry, it may be worthwhile to
entertain also other possibilities [5].

We shall here review and update the interpretation of the 125 GeV Higgs particle in the Two-
Higgs-Doublet model [6], with Type II Yukawa couplings, like in the MSSM. In the spirit of the
original motivation for the model, we allow CP violation [7] (see also Ref. [8]), and take the
potential to be
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with m?, and As complex.

The potential uniquely determines the mass spectrum. There are three neutral states, Hy, H»
and H3, with masses M; < M, < M3, and a charged pair, H*, with mass M*. With the field
decomposition (ghosts are removed):

—Sﬁl‘lJr Cﬁ[‘lJr
CI)l = 1 . 5 CI)z - 1 . . (12)
2 vi+mn— lSﬁTB] NG [vo+m+ icp 3]

where cg = cos 8 and sg = sin 3, and the ratio defines tan 8 = v, /vy, the neutral Higgs states can
be expressed via a rotation matrix R as

H, m
H2 =R n21- (13)
Hj UE!

The rotation matrix can be parametrized in terms of 3 rotation angles, o; [9].

It is instructive to take the input parameters in terms of quantities that have a more direct
physical interpretation. A convenient choice is to specify the masses of the two lightest Higgs
bosons (M;, M,), as well as that of the charged one, M*. Supplementing these data by tan 3, the
three angles «;, as well as u?> =Re m%z /(2cos fBsin ), the potential can be trivially reconstructed
[10, 11]. This is useful, since some of the theoretical constraints (see below) are more simply
expressed in terms of the potential parameters.

2. Constraints

The parameter space is constrained both by theoretical considerations, and by experimental
data.
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2.1 Theory constraints

We impose the familiar theory constraints: positivity, tree-level unitarity, and perturbativity. In
addition, we impose the less familiar constraint of requiring that the potential minimum be a global
one. This is computationally rather expensive, and therefore checked only if all other constraints
(including experimental ones) are satisfied. For details, see Ref. [6].

2.2 Experimental constraints

We impose the constraints from flavor physics (in particular, b — s7), I'(Z — bb), and elec-
troweak precision observables 7 and S. While allowing for CP violation opens up a larger pa-
rameter space than CP-conserving models, one has to make sure that excessive CP violation is not
induced. A representative observable that is easily checked, is the electron electric dipole moment.
For details, see Ref. [6].

As compared with our original work, the LHC constraints have tightened: ATLAS has pre-
sented the new (preliminary) result Ryy = 1.65+0.3 [12], where

o(pp — HiX)BR(H| — vY)

= . 2.1
"= 5 (pp = HewX)BR (Hsw — 77) @D

As a 2-0 interval, we allow 1.05 < R,y < 2.33. The exclusion of values below unity has significant
implications for the allowed parameter range. !
Also, CMS has presented more tight exclusions of a SM-like Higgs particle in the high-mass
region [14],
o(pp—H;X))BR(H; — ZZ)
o(pp — HsmX)BR(Hsy — ZZ)’

77 = (2.2)

having implications for how strongly the heavier partners, H> and H3 can couple to W and Z. Also,
both ATLAS [12] and CMS [14] presented new results on Rzz and Ry, relevant for H;. As a 2-0
envelope covering both the ZZ and WW channels, we adopt the range 0.3 < Ryy < 2.7. Finally, we
also take into account new preliminary results from a H — bb search [15], yielding the 2-c range
0.49 < R,; < 1.69, with R;, defined in analogy with (2.1) and (2.2).

In both (2.1) and (2.2), we approximate the cross section ratio by the corresponding ratio of
gluon-gluon branching ratios,

o(pp—HiX) _ T(Hj—gg)
o(pp — HsmX) — T'(Hsm — gg)’

(2.3)

i.e., we consider only production via the dominant gluon-gluon fusion.

It is interesting to see how the new data have led to a shrinking of the allowed parameter space.
We shall refer to the constraints described above as “Moriond 2013 and compare the still allowed
parameter space to that allowed by the constraints considered in Ref. [6], which we refer to as
“2012”. Since the constraints on Ryy and R, are still rather loose, the main impact of the new

! After this scan was performed, also CMS released their updated results for Ryy [13]. They find the 2-c range
0.26 < Ryy < 1.34, significantly lower than that obtained by ATLAS, and adopted here. Since the ATLAS and CMS
results barely overlap, our scans should not be taken as definitive, but rather as an illustration of how improved data can
further constrain the model.
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data are in the following two sectors: (1) tighter constraints on how H, and H3 couple to ZZ (or
W*W ™), and (2) tighter constraints on how H; couples to photons, Ryy.
Key features of these LHC constraints can be summarized as follows:

“2012” [6]: Hy — yy:0.5 <Ry, <2, Hy3 —VV: Ref.[16, 17] 2.4)
“Moriond 2013”: H; — vy :1.03 <R, <2.33, Hy3 —VV: Ref. [12, 14] (2.5)

3. Allowed parameter space

We shall here illustrate how the allowed parameter space has shrunk as a result of the recent
LHC results, and determine remaining regions.

3.1 The general CP-violating case

The H;tf coupling is essential to the production of H; via gluon-gluon fusion. In the general
case, the H;tf coupling differs from that of the SM by the factor

_ 1 .
HjltN S,i[RjQ—l%COSﬁRjg,], 3.1)

inf
where R j; refers to the matrix defined by Eq. (1.3). Two points are worth noting: (1) At low tan f3,
a reduced value of |Ry,| = |sin @ cos az| can be compensated for by the factor sin 8 in the denom-
inator, and (2) there is an additional contribution from the pseudoscalar coupling, proportional to
R;3/tan B (and a different loop function).
For the H, — yyrate, the H{W W™ coupling is likewise essential. The H;ZZ (and H;W W)
coupling is, relative to that of the SM, given by

H,ZZ (HW*W™) ~ [cos BRi +sin BR ). (3.2)

This coupling, for H, and H3, is also important for the constraint from the high-mass exclusion of
a Higgs particle, since the most sensitive channels are various sub-channels of the H — ZZ and
H — WTW~ ones.
We shall show a few scans over the a-space, identifying allowed regions. We start with the
case
tanf =1, M, =400GeV, My =400 GeV, (3.3)

and two values of u, namely u = 250 GeV and yu = 350 GeV. In Fig. 1 we show allowed regions
in the oj—a plane, whereas in Fig. 2 we show allowed regions in the ap—a3 plane. We see that
the new constraints permit solution for both values of p (for these values of tan 3, M> and My-).
However, the case of u =200 GeV, studied in Ref. [6], is no longer allowed. This is due to the
new constraint on Ry,.

Already within the “2012” constraints, the parameter space is very constrained, as shown in
green (in some cases, this is practically covered by the blue and black regions). When we impose
the constraints from the high-mass exclusion (reduced couplings of H> and H3), we obtain the blue
regions. When we also impose the Ry, constraint, we are left with the black regions.
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Figure 1: Allowed regions in the o;—t; parameter space, with “2012” (green) and “Moriond 2013” con-
straints (blue and black), for tan § = 1, My = 400 GeV and M+ = 400 GeV.
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Figure 2: Allowed regions in the ap—0r3 parameter space, with “2012” (green) and “Moriond 2013 con-
straints (blue and black), for tan§ = 1, My = 400 GeV and M+ = 400 GeV.

In these examples, there are three regions that are almost or fully allowed (see Fig. 2). There
are two regions at small values of @, one around oz = 0, and the other around oz = /2. These
both have o ~ m/4. The third region has o < 0, somewhat larger values of ¢, and oz ~ /4.

The two first-mentioned regions are close to CP-conserving limits. We recall that H3 = A
corresponds to (a, 03) = (0,0), whereas H, = A corresponds to (o, 03) = (0,7/2) [11], A being
the CP-odd boson.

As a second example, we consider

tanf =1, M, =500GeV, My:=400GeV, (3.4)

and show allowed regions in Figs. 3 and 4 for two values of u, this time 350 and 400 GeV.

For the lower value of u, two of the three regions described above, are connected. In fact, a
large region of CP-violating parameter sets is allowed. For the higher value of u, all three regions
are allowed, but distinct.

As a third example, we consider tan § = 2, with M, = My =400 GeV, in Figs. 5 and 6. Here,
we take pt =250 GeV and pu =400 GeV. In this case, the blue regions practically cover the green
regions, meaning that the “Moriond 2013” constraints in the high-mass region have little impact.
Instead, the new Ry, constraint significantly reduces the allowed regions (black). Indeed, the low-u
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Figure 3: Allowed regions in the o;—; parameter space, with “2012” (green) and “Moriond 2013” con-
straints (blue and black), for tan § = 1, My = 500 GeV and M+ = 400 GeV.
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Figure 4: Allowed regions in the 0p—0;3 parameter space, with “2012” (green) and “Moriond 2013” con-
straints (blue and black), for tan§ = 1, My = 450 GeV and M+ = 400 GeV.

case is fully excluded. For p = 400 GeV, there is a major difference with respect to the tanff = 1
case: the whole range of as-values is allowed, i.e., in addition to the CP-conserving limits also a
band in the CP-violating interior of the c,—0t3 space is allowed.

In Tables 1 and 2 we summarize the results of very coarse scans over p, for selected grids in
M, and Mpy+. Centered roughly around the average of these values, 50 GeV increments in [l are
explored and reported in these tables. For example, the notation “[250,350]” means that u values
of 250, 300 and 350 give allowed solutions, whereas the next values below (200) and above (400)

do not.

Mo 300 350 400 450 500
Mpy+
500 none none none none [450,500]
450 none | [250,350] | [300,400] | [350,450] | [400,450]
400 none | [250,350] | [250,400] | [300,400] | [350,400]

Table 1: Some allowed values of u for selected values of M, and My~ [all in GeV], for tan§ = 1.
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Figure 5: Allowed regions in the oj—t; parameter space, with “2012” (green) and “Moriond 2013” con-
straints (blue and black), for tan § = 2, My = 400 GeV and M+ = 400 GeV.

o5 tanB=2 M, =400 Gev M, =400 Gev
) L= 250 GeV
.
o |
5
-qJ.S 0 0.5

o,/

o5 tanB=2 M, =400 Gev M, =400 Gev
) L= 400 GeV
.
o |
5
-qJ.S 0 0.5

o, /n

Figure 6: Allowed regions in the a,—03 parameter space, with “2012” (green) and “Moriond 2013” con-
straints (blue and black), for tan § = 2, M, = 400 GeV and My+ = 400 GeV.

M 300 | 350 400 450 500
Mpy=
500 none | none none none [500]
450 none | none [400] [400,450] | [450,500]
400 none | [350] | [350,450] | [350,450] [400]

Table 2: Some allowed values of u for selected values of M, and My~ [all in GeV], for tan § = 2.

We see that the allowed range of u is rather narrow, and constrained to lie around &' (M, My ).

See also the discussion in sect.

5.

Related aspects of the model were presented recently [18]. We agree with the findings of
those authors that it is difficult for this model to yield high values of Ry, consistent with the other

constraints.

3.2 The CP-conserving case

There are three CP-conserving limits, any one of Hy, H, or H3 (with M| < M, < M3) could
be CP-odd, usually referred to as A. We shall here discuss the case H3 = A, which in the above
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terminology corresponds to o = 0, o3 = 0, namely the origin in Figs. 2, 4 and 6. In Figs. 7 and 8
we show allowed regions in the a;-M3 plane, in the same color code as above. Two values of tan 3
are studied (1 and 3), and two values of M, (400 and 600 GeV).

tanf = 1 M, =400 GeV M,. =400GeV tang = 1 M, =600 GeV M, =600GeV

800 800
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D D
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Figure 7: Allowed regions in the a;—M3 parameter space, with “2012” (green) and “Moriond 2013 con-
straints (blue and black), for tan § = 1, My = 400 GeV and 600 GeV.
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Figure 8: Allowed regions in the o—M3 parameter space, with “2012” (green) and ‘“Moriond 2013” con-
straints (blue and black), for tan § = 3, M = 400 GeV and 600 GeV.

In this limit, the H;ZZ (or H;W "W ™) couplings are proportional to
H\ZZ ~cos(B—a), HxZZ~sin(f—a1), H3ZZ=0, (3.5)

(in the familiar notation of the CP-conserving model, cos(f8 — o) — sin(f — o) and sin(f} —
ay) — —cos(B — a)). Thus, maximizing the H;W W~ coupling (in order to obtain an acceptable
H| — yyrate), simultaneously makes the H,ZZ coupling small, and the tightened “Moriond 2013
high-mass exclusion has little effect. In fact, for the CP-conserving case, it is only at low tan 8 and
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low M, (see left panel of Fig. 7) that they have any impact. For higher values of tan 3 and M>, even
rather loose constraints (2.4) on H; — Yy are more relevant than the high-mass “Moriond 2013”
exclusion applied to H, and Hj3.

For low values of M,, the new Ry, constraints significantly reduce the allowed range in «,
whereas for higher values of M, everything is excluded.

The CP-conserving case was recently studied in [19, 20, 21, 22]. Our results are in qualitative
agreement with one notable exception: Eberhardt ef al. [22] find that high masses (of order 1 TeV)
are allowed, whereas we do not. We comment on that limit in Sect. 5.

M, =200GeV M, =300GeV

fo2}
o

Ol 600

M, [GeV]
M,;: [GeV]

400) 400

10 1 10

tan B tan B

M, =400GeV M, =500GeV

600 600

M, [GeV]

400

tan B

tan B

Figure 9: Allowed regions in the tan B—My+ parameter space, without (green) and with (black) the recent
LHC constraints, for M; = 125 GeV and four values of M», as indicated. The dashed lines show the recent
lower bounds at 360 and 380 GeV [23].

3.3 Overview vs tan § and M+

In Fig. 9 we present an overview, in the tan 3-Mpy+ plane, of allowed regions. Two colors
are used: green refers to regions considered allowed in our 2012 paper [6], whereas black refers
to regions compatible with the recent “Moriond 2013” constraints (adopting the ATLAS range for
Ryy). The horizontal dashed lines represent the recent constraint from b — sy transitions [23],
according to which, My+ < 360 or 380 GeV is excluded for all tan 3. (The published version of
the paper quotes both these values, depending on the choice of input.)
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The new constraints from LHC are seen to significantly reduce the allowed region in parameter
space, in particular at high values of My+. However, we note that they depend on adopting the
ATLAS result for Ry, [12].

4. Charged Higgs Benchmarks

We consider the production of the charged Higgs boson in association with a W boson, and its
decay to a neutral Higgs boson and a second W:

pp — WTHE - WTW*H, — WTW*bb — 2+ 2b+ 1¢+MET. 4.1)

i.e., we let one W decay hadronically, and the other leptonically.

There is a considerable 7 background, but it was found [6] that a certain combination of cuts
can reduce this background to a tolerable level (see also Ref. [24]).

In Ref. [6] we proposed a set of benchmarks, which, in addition to being compatible with the
constraints, also yielded acceptable signal rates for the above channel. In the face of the new LHC
constraints, they are all excluded. Then, in the spirit of our previous work, we have adopted the
same procedure and picked new benchmarks which could replace the old ones with no qualitative
modification of our previous strategy to clean the signal from the background. In Table 3 we present
anew set of candidate points: the value of tan 3 is chosen to be &'(1) and the free mass parameters
are ~ 400 — 500 GeV.

a/mr | a/r | oz/m | tanf | My min M
PI’ 0.27 —0.002 | 0.045 1 400 ~ 400
Pz’ 0.27 —0.02 0.02 1 400 ~ 400
P3’ 0.29 —0.03 0.03 1 450 ~ 400
PA{ 0.38 —-0.22 0.26 1 450 ~ 450
PS’ 0.37 —0.15 0.23 1 500 ~ 400
P6’ 0.38 —0.02 0.04 2 400 ~ 400
P7' 0.39 —0.03 0.13 2 400 ~ 400
Pé 0.38 | —0.0005 | 0.49 2 400 ~ 400

Table 3: New benchmark points selected from the allowed parameter space. Masses M, and allowed range
of My« are in GeV, and yt ~ min(M,, My+).

All the candidate points are allowed by the theoretical and experimental contraints that we
have described in the previous sections, but the open question is whether at these benchmarks our
selection strategy is still allowed. In order to establish this, we must profile the charged Higgs at
each point of the parameter space and check if there is room for an observation at the LHC. In
Table 4 we show the branching ratios for the charged Higgs boson main decay channels: WHy, tb
and ¢s. Since we are interested in decay and production associated with bosons, we focus on the
WH, decay mode. From the table is clear that the points Pj, P and P} provide interesting branching
ratio values.

Thereafter, in Table 5 we present the cross sections for the main charged Higgs production
channels at the LHC with /s =8 TeV and /s = 14 TeV. Again, we are interested in the production

10
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Pl P P P Pl Pl P P

WtH; | 0.0034 | 0.0067 | 0.020 0.35 0.21 0.037 | 0.071 0.025
b | 099 | 099 | 098 | 064 | 079 | 096 | 093 | 097
(5| 0.0016 | 0.0016 | 0.0016 | 0.0010 | 0.0012 | 0.0015 | 0.0015 | 0.0015

Table 4: Branching ratios of the main charged Higgs decay channels.

associated with bosons, in particular the most sizeable one, which is H*W . By direct comparison,
we immediately see that the most promising points are represented by the choice P{, P;, P;, P, and
P/

6.

Pl P, P, P, P! P P P
H*H;(8) | 0.0010 | 0.00099 | 0.00073 | 0.0013 | 0.0013 | 0.00075 | 0.00092 | 0.0010
H*H;(14) | 0.0043 | 0.0042 | 0.0033 | 0.0049 | 0.0049 | 0.0033 | 0.0039 | 0.0043
H*W(S8) | 0.18 | 0.18 0.19 | 0.059 | 020 | 0.13 | 0.041 | 0.042
HEW(14) | 124 | 1.19 115 | 040 | 1.02 | 0.62 026 | 0.28
H*(8) | 031 | 031 031 | 021 | 026 | 0078 | 0.078 | 0.078
H*1(14) | 197 | 1.97 197 | 139 | 169 | 0.49 049 | 049

Table 5: Cross sections (pb) for the charged Higgs production channels at the LHC with /s = 8 — 14 TeV.

If we combine the two results, it is clear that the best candidate is P{, which shows the best
features for both the production and the decay. Such strong production is triggered by the high
value of the H, mass (500 GeV), which produces a charged Higgs H* (400 GeV) together with
a vector boson W* (~ 80 GeV) almost resonantly. This point has a very similar behaviour to the
benchmarks Ps and FPs of Refs. [0, 24], for which our proposed strategy can be easily applied. We
can conclude that the portion of the parameter space in the neighborhood of P% is a good candidate
for a charged Higgs analysis in association with bosons.

5. High masses and high tan 3

The parameter space is severely constrained at high values of M+ and tan 8. There is actually
an interplay of three constraints that operate in this region. Below, we shall comment on these.

First of all, the electroweak precision data, in particular 7' (or Ap), severely constrain the
splitting of the second doublet. However, in the exact limit

My = M, :MHi EM, (51)

the additional contributions to T cancel. So this particular constraint can be evaded by such tuning
of the heavy masses, which we will explore in the following.

There is a price to pay, the “soft” mass parameter must be carefully tuned, u ~ M, due to the
positivity and unitarity constraints. In the limit when M and u both are large (compared to M) and

11
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tan 3 > 1, we find [11]

b= 2P (G + (1 - e -, (520
Ay = V%[s%c%M% +(1=sic3)M?), (5.2b)
by S0P s, 1))+ L m? —), (5.20)
Y v%[sﬁM% +(c3 —2)M* + u?, (5.2d)
Re s ~ viz[—sﬁM% + (u* = 3M?)), (5.2¢)
ImAs ~ vl—zczsz(cl +tan Bsy)(M?> — M?). (5.21)

In the CP-conserving limit with ¢; = 1 and Hz = A, we have

tan B

Ay~ (M} + stM? — u?], (5.32)
Ao~ %[S%M% +cIM?), (5.3b)
A = ta;ﬁ cis1(M? — M) + v—lz[zM2 — (5.3¢)
Ay ~ v12 (u>—M?), (5.3d)
ReAs ~ Vl—z(,u2 —M?), (5.3e)
ImAs = 0. (5.36)

Tree-level unitarity roughly requires |A;| < 87 [25]. From Egs. (5.2d) and (5.2¢) it follows that
we must have ¢, ~ 1 and u ~ M. Egs. (5.2a) and (5.2b) further require |s; | ~ 1. The latter statement
is made more precise by considering Eq. (5.2¢), from which it follows that c; tan BM? /v> < 0/(1),
meaning that when tan f3 is large, ¢; must be very small, or ¢ close to +7/2.

The positivity constraints can be written as [26]

A >0, A,>0, (5.4a)
2+ min[0, A4 — [As]] > — /2 2. (5.4b)

The first of these equations, together with Eq. (5.2a), leads to 4 < M. Then, min[0, A4 — |As]] =
—2(M? — u?)/v?. By unitarity, the RHS of Eq. (5.4b) can not be lower than —87. Thus, we have a
bound on tan 3, unless c¢;s; vanishes:

M? +8mv?

—_— 55

c151 tan ﬁ <
where we have approximated g ~ M. On the other hand, if we set s; = 1 (but keep u < M), we
find
8mv?
M2 — 2

tan B < (5.6)
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Clearly, large values of tan 3 require either ¢;s; — 0 or 4 — M. For u = 0, the cut-off is around
tan B = 5-7, depending on the value of My+ considered [27]. In addition, for a fixed value of M-
there is a cut-off on tan § from B — tv and B — tvX decays [28].

As stressed by Ref. [22], there is an M >> v region, but our higher-dimensional parameter
scan has some difficulty finding it. See, however, Fig. 8, where the case M, = Mg+ = 600 GeV is
excluded only by the ATLAS result on Ry,.

6. Summary

In this note, we have reviewed the status of the experimental and theoretical limits on a CP-
violating version of the 2HDM type-II in view of the Moriond 2013 updates from the LHC. From
the surviving parameter space, we have chosen some candidate points and we have checked the
possibility of applying the selection strategy previously explained in [6]. It turns out that, despite
the considerable shrinking of the parameter space, there is still room for our proposed analysis.
In practice, among our proposed benchmarks, a choice like P and similar configurations with
Mgy, ~ My+ + My give raise to a very good production cross section and decay rate. Hence, we
persist with our suggestion for the next era of charged Higgs searches: after the discovery of the
Higgs-like boson, the production and decay charged Higgs channels associated with bosons at
hadron colliders deserve a special attention, because while the fermionic-associated channels are
accompained by a huge background (¢7), the latter can be suppressed by a proper cutting strategy
in the case of bosonic-associated channels.

Acknowledgement: We are grateful to the authors of Ref. [22] for clarifying discussions.
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