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ABSTRACT: We introduce and explore new heavy Higgs scenarios in the Minimal Super-
symmetric Standard Model (MSSM) with explicit CP violation, which have important
phenomenological implications that may be testable at the LHC. For soft supersymmetry-
breaking scales Mg above a few TeV and a charged Higgs boson mass M+ above a few
hundred GeV, new physics effects including those from explicit CP violation decouple from
the light Higgs boson sector. However, such effects can significantly alter the phenomenol-
ogy of the heavy Higgs bosons while still being consistent with constraints from low-energy
observables, for instance electric dipole moments. To consider scenarios with a charged
Higgs boson much heavier than the Standard Model (SM) particles but much lighter than
the supersymmetric particles, we revisit previous calculations of the MSSM Higgs sector.
We compute the Higgs boson masses in the presence of CP violating phases, implementing
improved matching and renormalization-group (RG) effects, as well as two-loop RG effects
from the effective two-Higgs Doublet Model (2HDM) scale Mpy+ to the scale Mg. We
illustrate the possibility of non-decoupling CP-violating effects in the heavy Higgs sector
using new benchmark scenarios named CPX/LHC.
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1 Introduction

Supersymmetry (SUSY) remains one of the best-motivated extensions of the Standard
Model (SM), despite the current lack of evidence for supersymmetric partner particles at the
LHC. In particular, the discovery of a light Higgs boson in Run I of the LHC, is in agreement
with the predictions from SUSY. Supersymmetric theories provide a viable mechanism
for stabilizing the electroweak vacuum [1] and require a restricted range for the mass of
the lightest Higgs boson [2-4] that contains the measured value [5]. Moreover, minimal
low-energy SUSY models with masses of the additional Higgs bosons and supersymmetric
particles larger than the weak scale lead to values of the lightest Higgs couplings that are
close to the SM ones [6], as suggested by current LHC experiments [7].

On the other hand, the non-discovery of SUSY in Run I of the LHC has disproved
benchmark scenarios proposed previously [8], and motivates the consideration of new
benchmarks that can be tested in future runs of the LHC. Specifically, it is plausible
to consider the case that the common soft SUSY-breaking scale Mg is 2 2TeV, whereas
the mass scale My of the heavy MSSM Higgs bosons, as determined by the charged Higgs
boson mass Mg+, could be somewhat lower, in the few to several hundred GeV range. In
relation to this, we recall that future runs of the LHC at 13/14 TeV are expected to be



sensitive to squarks and gluinos weighing < 3TeV, and heavy MSSM Higgs bosons weigh-
ing < 2TeV depending on the value of tan 3. Accordingly, in this paper we introduce and
explore MSSM Higgs boson benchmark scenarios with 100 GeV <« My <« Mg = 2TeV.

Our principal interest in new heavy Higgs boson benchmark scenarios is the possi-
ble manifestation of observable CP violation in the Higgs sector of the MSSM. It is well
known [9-17] that such a possibility arises in the MSSM Higgs potential beyond the tree-
level approximation, predominantly from CP phases in the soft SUSY-breaking trilinear
couplings of stops and sbottoms, but also from CP phases in the gaugino masses. However,
experimental upper limits on electric dipole moments (EDMs) severely constrain the size of
such CP-violating parameters as predicted in the MSSM at one-, two- and higher loops [18].
In particular, in the absence of cancellations between these different contributions [19, 20]
as occur along specific directions in the space of CP-odd phases [21, 22], the EDM con-
straints effectively preclude the observation of CP-violating effects in the couplings of the
Higgs boson discovered at the LHC [23]. However, the observation of CP violation effects
elsewhere, notably in the heavy MSSM Higgs sector [10, 11, 14] or B-meson decays [24, 25]
is not excluded. These CP-violating effects have often been studied in the framework of
the CPX scenarios proposed previously [8], but in light of the LHC Run-I limits on super-
symmetric particle masses and the observed Higgs boson properties, the CPX benchmarks
should be revisited.

With the above motivations in mind, in this paper we present new precision calculations
of the MSSM Higgs spectrum in the presence of CP violation, which are suitable for
scenarios in which the SUSY scale Mg is (far) beyond the TeV region. To this end, we solve
the two-loop RGEs of the two-Higgs-doublet model (2HDM) in the range Mg > @Q > My,

as well as the two-loop SM RGEs in the range My > Q > mfde, implementing full one-loop

matching conditions at the relevant thresholds Mg, My and mP'®. All the improvements
considered here are being implemented in a new version of the public code CPsuperH [26—
28], namely CPsuperH3.0.! The full description with all the detailed information about
CPsuperH3.0 will be presented in a future publication.

Section 2 of this paper reviews the conventions and notations of CPsuperH that we use
for our analysis, as well as some basic formulae for the Higgs boson self-energies. Section 3
specifies the matching conditions and the RG running effects that we incorporate. In
section 4 we present some numerical results for the Higgs spectra. In section 5 we introduce
our new CP-violating benchmark scenarios (CPX4LHC) for the MSSM heavy Higgs sector,
and present the results for the CPX/LHC benchmarks. Our conclusions are summarized
in section 6. The main text of the paper is accompanied by appendices containing detailed
formulae: appendix A.l contains the relevant SM RGEs, appendix A.2 contains the one-
loop 2HDM RGESs, appendix A.3 contains the two-loop 2HDM RGESs, and appendix A.4

summarizes the threshold corrections to quartic couplings at the scale Mg.

2 The CP-violating MSSM Higgs sector

In this section we review the computation of the Higgs boson self-energies and pole masses
and record the basic expressions used in CPsuperH3.0, that underlie our present analysis.

!For another tool to calculate CP-violating effects in the MSSM, see [29, 30].



We follow the conventions and notations of CPsuperH [26-28], unless stated otherwise
explicitly.

2.1 The two-Higgs-doublet model (2HDM)

The tree-level 2HDM Higgs potential can be written as [11]:

Ly = 1 (0l®) + 3 (0hes ) + mdy ([@s) + mi3(@her) + A (@{@1)2 + A2<<1>;c1>2)2
(@)@ )(@1@2) + Aa (@)@ )(@h@1) + s (<b§q>2)2 +AL (cp;qn)z (2.1)
(@] )(@]@s) + A5 (@)@ )(@h ) + A (@], )(@]@2) + A3 (@], )(@la ).

The relations between these and the conventional MSSM parameters are

1
pi=—mi—|uf, py = —m3— |l M=d=-2 (9 +d7),
1 1
As == (* =47, )\4—5927 As = Ag = A7 = (2.2)

The doublet Higgs fields may be decomposed as follows:

n +
¢ = ( 1 g , > ; Dy =€’ < 1 vz . ) ) (2.3)
7 (v1 + ¢1 + iaq) 7 (v2 + ¢2 + iaz)

where the charged and neutral Goldstone bosons, G* and G, are determined through the

GT\ [ cs sg\ [of G\ [ cs sg\ [m
) =) (G (D2 @) e

with sg = sin 3, cg = cos  and tan = vy /v;.

relations:

To make contact with the notations used in [31], we make the following identifications:
H, = ® and Hy = & = in®} = (¢9*, —¢;)T. Moreover, the kinematic parameters as
defined in [31] are related to ours as follows:

mi =~ Mby — —4i3 miy — +miy,
Al — —2)q, Ay — —2)o, A3 — —A3, Ay — — Ay,
As — —2)5, A = — A6, A7 — =7,
92— g, g—4d (2.5)

The one-loop 2HDM RGEs are given in appendix A.2,%? and the two-loop 2HDM RGEs are
given in refs. [32, 33] and appendix A.3.

%We note that the RGE running parameter used in ref. [31] is related to ours by t — 2t.



2.2 Charged Higgs bosons

In the {qﬁ{c, ;E} basis, the RG-improved charged Higgs-boson self-energy matrix can be
found in eq. (2.6) of ref. [16]:

() () = - (M), + @) ) o+ () ). @)

ij ij ij

The first term, ﬂi, is the two-loop Born-improved squared-mass matrix,

-2 1- . tang —1
M. = (2A4um+§reem%2)< ) cow> , (2.7)

expressed in terms of relevant parameters such as the real part of the soft bilinear Higgs
mixing, %em%Z, and the quartic coupling A\y. The bar on these parameters indicates the
sum of the tree-level and of the one- and two-loop leading logarithmic contributions. When
solving the 2HDM RGEs, A4 is to be estimated at the scale My where the heavy Higgs
bosons decouple, and Rem?, is fixed when the charged-Higgs-boson pole mass is given as
an input, as shown below.

The second term in (2.6) describes the threshold effects of the sfermions (top and bot-
tom squarks) and is the product of two quantities: (i) the anomalous dimension factors &;

In Mg

& = exp [—/ 7i(t) dt] , (2.8)
In Mg

defined in terms of the anomalous-dimensions of the external Higgs fields 7; = d1ln ®;/dt

(in this case the charged Higgs fields), and (ii) the scale-invariant one-loop threshold con-

tribution from the top and bottom squarks

of _ (Lo o)) (tanf -1 )/
(AI)’ = <2)\ v1vg + Remi, >< 1 cot + (H ) . (2.9)

In the above, the SUSY-breaking scale Mg is used to decouple the heavy sfermions. More-
over, the superscript “(1)” in Afll) and %emfél) indicates that these quantities contain the
one-loop leading logarithmic contributions and they can be obtained from eqs. (3.6) and
(3.7) of [14] by choosing Q = Mg.

We note that the vacuum expectation values (VEVs) v; 2 of the Higgs doublets @ o,
and hence tan 3, evolve with the wave-function renormalization factors &; o of the corre-
sponding neutral Higgs bosons:

w(Ms) = wlMn)/6i,  tanB(Ls) = tan B (2.10)
where tan 3(Mp) is the input value of tan 3, i.e. at the scale Q = Mp. Consequently, the
SM VEV v is related to the Higgs VEVs v 2 through:

vi(Mp) = cg(Mp)v(Mpy) , vo(Mpy) = sg(Mp)v(Mg) . (2.11)



The SM VEV v is fixed at the RG scale Q = my, by virtue of the relation: v(Mpy) =
v(my¢)/€sm, where

In My
ésm = exp [/ v(t) dt] . (2.12)

Inmgy
Here v(t) is the anomalous dimension of the SM Higgs doublet, which is given in (A.12) in
the one-loop approximation.

: e ! e !
Finally, the last terms on the RHSs of (2.9) and (2.6), namely <H ) and (H ) , can
be expressed as follows,

(Tm)f/f i(Ta a

~ NF/E " 7),
R N W v 7 B

v Vg

with all quantities in the r.h.s. of (2.13) computed in the MS scheme. Explicit one-loop
calculations yield

() =@ =0 (1, ) =T (1) = T
() = | (Ton) =132 (Ta,) =0, (2.14)
with T, = Tq,/csg = —T,,/ss and where 1+ (@) 1E.(0) | £ () Tgl, Ta(i)Q, and Td()?)2 are

given by egs. (B.12), (B.13), (B.15), and (B.16) in [16]. The sfermionic contributions should
be calculated at the scale Mg, whereas the fermionic contributions are evaluated at M.
In the {G*, H*} basis, the inverse-propagator matrix of the charged Higgs bosons is

given by
Af's) = slowa+ | @ %8 ) Tits) [P 779 (2.15)
—5B Cp Sg Cp
where we have defined
=) (s) = — (ML) + (AfIF) (s). 2.16
(1), ) = = (ML) + (A1) () (2.16)

) )

In (2.15), the {22} matrix element of the second term is given by
(1), oh = [(10) o+ (1), s + (I12),,
( T N o) BB 2 P

1< Rems =~
= — (2)\4’02 + 057:;2> +Allg+g-, (2.17)

with
- — i+ 2 i+ i+ S+ 2

Allyp- = (Al )H - |(an )12+ (afi )21} spcs + (Al )22 & (218)
This yields the pole mass condition

e (Af)m (s = M)

1< Rem?

=M% — (a0 + —2

1= <2 T s

which may be used to eliminate Rem?, in favor of the charged-Higgs boson pole mass MIQ{i.

) + ReAllyspy-(s = M4s) = 0, (2.19)



2.3 Neutral Higgs bosons
In the {¢1, p2,a1, a2} basis, eq. (2.14) of [16] takes the form

I¥(s)  T5P(s)
T . , (2.20)

T = { (@5 firgs

with

(7)) = = (M3), + (&) ()] o) + (79 (o),

ij
~ g F ~ o\ f
(7). () = = (M3) -+ (&&) ™ (AI7)] () + (T7) " (9),
ij ij
TSP 1 (msp\! =sp\/

(i )j (s) = (&)~ (T )] (s) + (T )] (). (2.21)
where, in analogy with eq. (2.8), & are the corresponding anomalous dimension factors of
the neutral Higgs fields.

The quantities M§ and Mfu appearing here may be written in the forms

— t -1 2X1¢2 A
W =y (7 1Y (20D o)
—1 cotp A34c358 2/\286

——2 . __9 tan,@ —1
MP = %em12 ( 1 Cot/8> s (222)

where A1, A2, and \34 = A3 + A4 are to be evaluated by solving the 2HDM RGEs at the
scale M.
The quantities AIT® and AII” may be written as

i ts —1 A2 A N
(AHS)f _ ?Remfgl) < B ) _ 2 < (1)1 Cp A34CBSp n (HS) ’

—1 1/tg AYegss 2052
S _ 201) [ tg -1 ~p\/
(ATTP)T = Rem?S (_1 1/%) + (") (2.23)

where )\5234 and %emfgl) can be obtained from egs. (3.3), (3.4), (3.5), (3.6) and (3.7)
of [14] by choosing @ = Mg.
The quantities TT%P57 are given in the MS scheme by eq. (2.11) of [16]:

=g S g
— v
H - H + 6 T¢ 5 9

v2

TCL CI
v \-10 /"

- Tsr
nr =+ =» T, | - (2.24)



Here, (Hs)f and (Hs)f are given by
(HS)f _ HS,(a) + HS,(b) , (HS)f _ HS,(C) ’ (225)

which are specified in eqs. (B.5), (B.6), and (B.14) of [16]. In addition, (TI")’ and (IT7)’
are given by

(HP)f _ HP,(a) + HP’(b) ’ (Hp)f — HPu(c) ,

which can be obtained from egs. (B.5), (B.6) by replacing ¢; — a; and from eq. (B.14)
of [16]. Moreover, the CP-violating self-energies (HSP )f and (HSP )f may be expressed as

@sF) =@ (@sP) =o. (2.26)

The non-zero self-energy IT57(%) is given by eq. (B.11) of [16].
Finally, the inverse propagator matrix of the neutral Higgs bosons in the {¢1, ¢2,a, G°}
basis is given by

10 0 O 10 0 O

~ 01 0 O ~ 01 0 O
A_l —s1 HN , 2.27
N (S) 5 taxd + 00 —55 Clg (S) 00 —85 Cﬁ ( )

00 c5 sp 00 cg sg

and the physical masses can be obtained from the pole-mass conditions. We should reiterate
here that the parameter tan 8 is defined at s = 0. In this kinematic limit, the Goldstone
boson G decouples from the 4 x 4 propagator matrix, independently of the presence of
explicit CP violation in the theory [9], as a consequence of the Goldstone theorem.

3 Matching conditions and RG running effects

Here we detail the MS renormalization group approach that we follow for the computation
of the masses and mixings of the neutral and charged Higgs bosons in the CP-violation
case. In particular, we state explicitly our matching conditions at the relevant threshold
scales. Given these matching conditions, we compute the RG running effects to the relevant
gauge, Yukawa and quartic couplings between the different threshold scales.

To start with, we define the SUSY-breaking scale Mg by

2 2 2 2 2 2 2 2 2 2 2
M2 = max (MQB +mf, M2 +m, M3 +mi, M2 +m?, M2 + mT> . (31)

which acts as the SUSY threshold scale. For the purposes of this study, we ignore possible
hierarchies between the third-generation sfermions, by assuming they are small as compared
to the other two hierarchical scales: (i) the heavy Higgs-sector scale My = Mpy+; (ii) the
top-quark mass my.



The matching conditions for the quartic and Yukawa couplings at the threshold Mg
are as follows:

L 1 _ 1 o1
M= = -2 (0" +9%), N=-7("-9%), M=50%
JMSSM _ h M
t 1+ 0 + cot BA;
pMSSM. _ hy M
b 1+ 6 + tan BA,
MSSM hQHDM
h S L — 3.2
T 1+ tan BA;’ (32)

where Ay = Ahf/h¥SSM, dy = 6hf/h§/ISSM, and Ahy and 0hy are the supersymmetric
threshold corrections to the third generation Yukawa couplings [14, 34]. The difference
between dh; and Ahy is that 6hy is a radiative correction to the supersymmetric hl}/ISSM
coupling of up-quarks, down-quarks and leptons. The coupling Ahy, instead, is a loop-
induced coupling of the fermions to the Higgs doublet to which they do not couple in the
supersymmetric limit. Therefore, below the scale Mg the theory becomes a general 2HDM,
with up-quarks coupled to @2 and down-quarks and leptons coupled to 1, with couplings
given by hl}/[SSM(l—I—é ), respectively, but with additional loop-induced couplings Ahy to the
other Higgs doublet. The couplings h?cHDM are the combinations of these Yukawa couplings
related to the running fermion masses in the same way as in a Type-I1I 2HDM. Notice that
in the present approach, we treat the loop-induced couplings Ahy as small departures from
a Type-II 2HDM. Hence, we are working in a Type-II approximation to a general 2HDM.

The RGEs for the 2HDM used for Mg > QQ > M are described in appendices A.2

and A.3. At the heavy Higgs threshold My = M+, the following matching conditions are

employed:
(Mgf)Q 1 2 2\2 2
)\:T - EH(Q +97)" sig,
pZHDM _ ﬁ7 pZHDM @’ pHDM &’ (3.3)
5B g s

where Mgf denotes the effective potential mass of the lightest neutral Higgs boson calcu-
lated in the limit of zero external momentum s = 0. In the above, we have ignored the
small effects due to scheme conversion from dimensional regularization to dimensional re-
duction [35]. In practice, while evaluating the evolution of the gauge, Yukawa and quartic
couplings, at My < Q@ < Mg, we have assumed an effective Type-II 2HDM, in which the
Yukawa couplings are given by h?HDM with the matching condition, eq. (3.3) given at the
scale M. As already mentioned above, this amounts to an approximate treatment of the
loop-induced Ahy effects on the computation of the Higgs boson masses and mixing angles.

At scales below the heavy Higgs scale My, the only physical degrees of freedom are

the SM ones. The RGEs for the SM used for Q < My are described in appendix A.1. We



define the SM Higgs potential as
V(@) = m2|‘1>\2 + /\|‘1>!4
2 207

with ® = (0, (v + h)/v/2)T and A = m?/v2. Note that the quartic coupling of ® is defined
with a factor (-2) difference compared to the quartic couplings of ®;2 in eq. (2.1). In
order to compare with the experimental results, it is important to define the SM boundary
conditions for the gauge, Yukawa and quartic couplings. In our work we use [36]

pole

J(My) —0.1184
0.93697 + 0.00550 | ¢ as(Mz) —0.118
GeV

0.0007 ’

Yt - 173.35) —0.00042

le
as(Mz) —0.1184 my°
— 1.1666 + 0.00314 —0.00046 —173.35
9s + 0.0007 GeV ’

g = 0.3587, ¢=006483, y,=0.0156, vy, =0.0100. (3.4)

The pole mass-squared of the lightest Higgs boson is then given by [35]:

(Mlp}c;le) _>\< pole) U2< %)016)
T m

2
3y7 (4mt mh)Bo(mh,mf,mt) gkmh {2 — — —log }

V3

+kK

K\D,_/H

<

[3g* — 4\g® + 4N?] By (m3, M7, M{))

o0| S |

[3(92 +g?) =g+ g?)+ 4)\2} Bo(m32, M%, M3)
M2 M2
/ [ . ( 1)} 4 e?) [@2 L) A<log o 1)} } |
RG RG

(3.5)
where m; = yw/v2 and m2 = A(mP) v2(mP'). We take the renormalization group
scale Qrg = mP®®, and the function By used in (3.5) is defined in [16].

Q
|
>
i
o
R

+
[N

4 Numerical results for the MSSM Higgs sector

We first illustrate the effects of the RG running in the range of scales ) > M using a
specific scenario with universal SUSY parameters fixed to be 1 TeV:

po= Mpag = My, g, pyigi, = Abr = 1TV, papprp =1, (41

where p5 = Q1 ) /M 0y PO = MU1,2/M03’ etc, and we have assumed no hierarchy
between the three generations of sfermion masses.

Figure 1 illustrates with black lines the one-loop running of the 2HDM quartic couplings
up to Q = 105 GeV in the above scenario, eq. (4.1), and compares them with the running of
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Figure 1. The black lines show the one-loop running of the 2HDM quartic couplings for @ <
108 GeV, assuming My+ = 300GeV and tan3 = 5. The other input parameters are given in
eq. (4.1). The thin red lines show the running of —(g° + ¢’?)/8, —(g*> — ¢’*)/4, and ¢?/2 in the
panels for 5\1,2, A3, and )4, respectively.

the corresponding combinations of electroweak gauge couplings (red lines). Since there is a
single SUSY-breaking scale of 1 TeV and hence a single threshold, the couplings are matched
at this scale, and the red and black lines diverge as @) decreases from Mg = 1TeV to
My = Mg+ = 300GeV. Above Mg the RG evolution of the quartic couplings (black lines)
are the same as those of the corresponding combinations of electroweak gauge couplings
(red lines), i.e., the red and black lines lie on top of each other. This provides a non-trivial
consistency check for the correctness of our results.

In the same context, it is important to comment that, for hierarchical scenarios with

at the highest soft SUSY-breaking scale Mg = pMg, rather than Mg. As an illustrative
example, we consider another scenario with various different values for the soft SUSY
breaking parameters:

p=500GeV, M;=100GeV, My =200GeV, Ms=2iTeV,
My, 0s,D,L,85 = 10TV, Arpr =1iTeV, o5 5 p 7 5= 10. (4.2)

~10 -
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Figure 2. The same as in figure 1, but for an hierarchical scenario with p = 10 and input parameters
given in eq. (4.2).

In this scenario, the matching conditions are imposed at the highest soft SUSY-breaking
scale M, = 10° GeV instead of Mg = 10* GeV, as illustrated in figure 2. We observe that
the running between Mg and M} changes the size of the quartic couplings by an amount
of ~ 2% for p = 10, which results in a less than 1 GeV increase in the mass prediction for
the Hi boson. Even though such changes may not appear too significant for scenarios with
mass spectrum hierarchies of p < 10, they are nevertheless accurately described within our
multi-threshold RG approach that we follow here for the computation of the Higgs-boson
masses and mixing angles.

Next, we compare some results of CPsuperH3.0 with the corresponding results of
CPsuperH2.3 in the MHMAX scenario [38, 39], where X; = v/6Mg and p = 200 GeV.
In order to isolate the effects of the running in the range My < @ < Mg, where the
effective 2HDM description is valid, we consider examples with M+ ~ mP°. Figure 3
compares calculations of the lightest Higgs mass Mp,, and figure 4 shows results for the two
heavier neutral Higgs bosons Hj 2, for Mpy+ = 180 GeV. In order to isolate the effects of
the resummation of logarithms associated with the RG effects, we modified CPsuperH2. 3,
setting mg(mP°'®) = 162.88 GeV as obtained using eq. (3.4), instead of the value obtained
from the one-loop relation between the pole and running masses: my(mP*) = mP'°/[1 +

Aorg (mP°') /(3m)] ~165.5 GeV, that was the standard value in CPsuperH2.3. The lower
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Figure 3. The lightest Higgs mass calculated in the MHMAX scenario using CPsuperH3.0 (solid
lines) and CPsuperH2.3 (dashed lines) as functions of Mg = Mgs = Mys = Mps = M3 = Mgs
for M+ = 180 GeV, p = 200 GeV and various values of tan (.

value of the running top quark mass we use is based on higher-order loop corrections to
the relation between the pole and running masses [36, 37] and, as stressed before, it is used
as the standard value for CPsuperH3.0.

From figure 3 we see that in the MHMAX scenario, the mass of the lightest Higgs boson
calculated using CPsuperH3.0 is ~ 1 GeV smaller than that obtained using CPsuperH2.3
for Mg = MQ3 = My, = Mp, = My, = Mg, = 1TeV.? This ~ 1GeV difference may be
attributed to the use of h?HPM in CPsuperH3.0 in the running to low energies. Namely,
whereas in CPsuperH2.3 the top Yukawa coupling appearing in )\gl)’@) given by egs. (3.4)
and (3.10) of ref. [14] includes the threshold corrections, we have not included these cor-
rections in CPsuperH3.0. These Yukawa thresholds are still included in the relevant com-
putation of the threshold corrections to the quartic couplings, which lead to the asym-
metry between positive and negative values of X; = A; — p*/tan 8 in the CP-conserving
limit of the theory. This small difference between the CPsuperH3.0 and CPsuperH2.3 is
rapidly compensated by RG effects and, as expected, the mass difference changes sign
when Mg ~ 2TeV, and the new calculation of Mpg, is larger than the old one by ~ 5GeV
when Mg ~ 8TeV, the difference being only weakly dependent on tan 5. We do not show
results for CPsuperH2.3 at tan 8 = 5 and 10 and Mg > 8 TeV, since this program becomes
unstable for that region of parameters.

3Here we ignore the small difference of Mg from that defined in eq. (3.1), but this difference is taken
into account in all the numerical results presented in this work.
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Figure 4. The two heavier neutral Higgs masses My, , calculated in the MHMAX scenario using
CPsuperH3.0 (solid lines) and CPsuperH2.3 (dashed lines), for the same parameter choices as in
figure 3.

Figure 4 shows corresponding comparisons of the masses of the two heavier neutral
Higgs bosons Mp;, , for the same parameter values. We see that the differences are very
small for tan 8 = 5 and 10, but increase for larger tan § and larger Mg, reaching ~ 4 GeV
for tan 8 = 50 and Mg = 10TeV.

Figure 5 shows another comparison of calculations of My, made using CPsuperH3.0
(solid lines) and CPsuperH2.3 (dashed lines), this time as a function of X;/Mg for Mg =
1TeV (black lines), 2TeV (red lines) and 4 TeV (blue lines). These calculations were made
assuming My+ = 180GeV, u = My = 2M; = 200 GeV and tan 5 = 20. We see that the
differences in My, are again small, i.e., < 1GeV, for most values of X;/Mg, though rising
to ~ 2GeV for X;/Mg ~ —2. The results of CPsuperH3.0 are in agreement with those
obtained in ref. [33]. Figure 6 compares calculations of My, made within CPsuperH3.0
using the two-loop 2HDM RGEs (solid lines) and the one-loop 2HDM RGEs (dashed lines),
again as a function of X;/Mg for Mg = 1TeV (black lines), 2TeV (red lines) and 4 TeV
(blue lines). We see that the full two-loop results are generally smaller than those in the
one-loop approximation by < 1 GeV, providing an encouraging estimate of their reliability.

Figure 7 shows some results from CPsuperH3.0 for some larger values of Mg and
My = Mpy+ where CPsuperH2.3 would have been inapplicable. The left panel shows
My, for My = Mg < 100 TeV for two cases, tan 3 = 4 and X;/Mg = /6 (black line)
and tan 8 = 20 and X;/Mg = 0 (red line) both for the case up = My = 2M; = 200 GeV
considered in figure 5. There is no 2HDM running effects in these plots, only the effects
of SM running up to the common new physics threshold. Even allowing for an uncertainty
of about 3 GeV in these calculations, values of Mg = Mg+ > 15TeV lead to values of the
lightest Higgs mass Mp, that are incompatible with the measured values at the LHC, so
the extension of the Mg axis to 100 TeV is largely for illustrative purposes.
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Figure 5. The lightest Higgs mass calculated as a function of X;/Mg using CPsuperH3.0 (solid
lines) and CPsuperH2.3 (dashed lines) for My+ = 180GeV, p = My = 2M; = 200GeV and
tan 8 = 20 for Mg = 1TeV (black lines), 2 TeV (red lines) and 4 TeV (blue lines).

The right panel of figure 7 shows some other results for larger values of My+ over the
full range [m;, Mg| for Mg = 1,2 and 4 TeV (black, red and blue lines, respectively) in the
same two cases Xy /Mg = V6, tan f = 4 and X /Mg = 0, tan 8 = 20, considered previously,
again with y = My = 2M; = 200 GeV. For these values of tan 5, the measured values of
the Higgs mass is consistent with Mg = 4 TeV in the X;/Mg = /6, tan 8 = 4 case.*

5 CP-violating heavy Higgs scenarios

We now consider various CPX4/LHC benchmark scenarios for showcasing the effect of CP
violation in the MSSM heavy Higgs sector and their possible signatures. We assume a
common CP-violating phase ® 4 = arg(A;) = arg(Ap) = arg(A4;), set

[Atpr| = p = 2Mg, (5.1)

with Ms = 2M; = 200 GeV and M3 = 2 TeV, and vary tan 8, Mg+, and Mg. We do
not include gaugino phases in this analysis, as they enter the Higgs sector only through
the threshold corrections to the MSSM top-, bottom-, and tau-Yukawa couplings. Instead,

we include the CP-conserving leading-log enhanced contributions due to gauginos to the
self-energies 5. In our CP 4LHC scenarios, since we fix My = 2M; = 200 GeV

4The results in the left and right panes of figure 7 should be compared to the ones in the lower-left
frames of figures 1 and 2, and of figure 6 in ref. [35]
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Figure 6. The lightest Higgs mass calculated as a function of X;/Mg including (solid lines)
and without including (dashed lines) the two-loop 2HDM contributions to the RGEs for My« =
180 GeV, = My = 2M; = 200 GeV and tan 8 = 20 for Mg = 1TeV (black lines), 2 TeV (red lines)
and 4 TeV (blue lines).

and M3 = 2TeV, and do not increase them as Mg increases, the gaugino phase effects are
relatively insignificant.

We first present in figure 8 results for My, as a function of ® 4 for the representative
choices Mg+ = 500GeV, Mg = 1,2,5,10TeV and tan 5 = 5,10,30,50. The changes in
Mp, as ®4 varies are small in general, namely < 3 GeV for tan 8 = 5 and less for larger
tan 8. Nevertheless, these variations are potentially significant, as there are parameter
choices that would be excluded (in the sense of yielding values of My, more than 3 GeV
different from the measured value) for ®4 = 0 that would be allowed for ®4 # 0, e.g.,
Mg = 5TeV and tan 8 = 5. Conversely, there are cases where ® 4 = 0 would be allowed,
but ® 4 # 0 would be disallowed, e.g., Mg = 10TeV and tan 8 = 10. The change in the
lightest Higgs mass My, at lower values of tan 5 can be understood from the change in
the modulus of X; = A; — p*/tan 3, which governs the one-loop threshold corrections to
the low-energy Higgs quartic coupling. It reaches a maximum when |X;|/Mg ~ 2.4, and
becomes less significant as tan 8 increases. In addition to this change, there are two-loop
effects governed by the relative phase of A; and Ms, which in the CP-conserving case tend
to decrease (increase) My, for negative (positive) values of A; My, which explains why, for
large values of tan 3, for which the variation of | X;| is small, the maximum value of My,
occurs for ®(A4;) = 0.
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Figure 9. Values of My, (solid lines) and My, (dashed lines) in CP-violating scenarios for My+ =
500GeV and Mg = 1TeV (upper left), Mg = 2TeV (upper right), Mg = 5TeV (lower left),
Mg = 10TeV (lower right). The black, red, green and blue lines are for tan § = 5,10, 30 and 50,
respectively.

Figure 9 displays the corresponding values of My, (solid lines) and Mp, (dashed
lines) for Mg+ = 500 GeV and the same values of Mg and tan 8 as in figure 8. We see
that in general the mass difference My, — My, is minimized in the CP-conserving cases
®, = 0,180°, where it is < 1GeV, and maximized when &, = +90°, where it may
be ~ 3GeV. Thus, a measurement of the Hs — Ho mass difference could be an indirect
diagnostic tool indicative of CP violation, even if the latter is not directly observable.

We now consider predictions for two direct measures of CP violation in the Higgs mass
eigenstates H; (with ¢ =1,2,3):

204,i0ai
05, + 05 0%, +0%°

which characterize the mixtures between the CP-odd state a and the CP-even states ¢1 2.

204,iO;

($ra - Hy) (poa : Hy) (5.2)

For instance, such CP-violating expressions occur when studying CP violation in Higgs-
boson decays to fermions [23, 40]. For a recent analysis of CP violation in the decays
His3 — 7177, see [41]. Figure 10 displays values of (¢1a : Hy) for the lightest neutral
mass eigenstate Hip, for the same scenarios Mpy+ = 500GeV, Mg = 1,2,5,10TeV and
tan 8 = 5,10,30 and 50 discussed previously. We see that the values increase for smaller
values of Mg and larger values of tan 3, and that values as large as +0.22 are possible for
tan 8 = 50 and Mg = 1TeV. Even larger values would be possible for smaller values of
Mp+ and Mg.
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Figure 10. The CP mixing quantity (2)(2)¢110"'1 for the lightest mass eigenstate H; in scenarios with
@

11+O¢211
Mpy+ = 500GeV and Mg = 1TeV (upper left), Mg = 2TeV (upper right), Mg = 5TeV (lower
left), Mg = 10 TeV (lower right). The black, red, green and blue lines are for tan 8 = 5,10, 30 and
50, respectively.

Figure 11 shows values of the other mixing coefficient (¢2a : Hi) for H; in the same
set of CP-violating scenarios. This coefficient takes values < 0.007 for Mpy+ = 500 GeV,
Mg = 1TeV and tan 8 = 5, decreasing for larger Mg+, Mg and tan S.

Similar results for the second mass eigenstate Hs are shown in figures 12 and 13,
and for the third mass eigenstate Hs in figures 14 and 15. We see here that the mixing
quantities (5.2) can be much larger for the heavy mass eigenstates Hs 3 than for the lightest
mass eigenstate Hi, attaining unity for many of the values of Mg and tan 8 studied. This
suggests, a priori, that the prospects for observing CP violation would be enhanced for the
heavier Higgs mass eigenstates Hy and Hs.

These results illustrate the possible non-decoupling of CP-violating effects in the heav-
ier neutral Higgs bosons Hy 3 for large values of M+ and Mg, whereas the corresponding
quantities for the lightest neutral Higgs mass eigenstate are expected to decouple. This
is seen explicitly in figures 16, where we display the absolute values of (¢1a : H;) (left)
and (¢oa : H;) (right) for Mg = 10TeV and ®4 = 10° as functions of M+ for the same
values of tan 8 considered previously. The corresponding results for ® 4 = 60° are shown
in figure 17. In the case of Hi, we see that the mixing quantities — 0 at large My,
as expected, whereas in general the corresponding coefficients for the heavy neutral Higgs
mass eigenstates Ha 3 do not vanish, and retain large values even for very large Mp=+.
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Thus, large CP-violating effects in the couplings of these states are a robust signature of
the CP-violating scenarios discussed in this paper.

6 Conclusions

We present new MSSM scenarios with explicit CP violation that contain heavy Higgs
bosons in the few to several hundred GeV range and are consistent with constraints from
Run I of the LHC. The scenarios suggested here are similar in spirit to the CPX scenarios
previously proposed , and have phenomenological implications that can be tested during
Run II of the LHC. In light of this, we call them CPX4LHC benchmark scenarios.

In this work we explicitly demonstrate that, although CP violation and other new-
physics effects decouple from the lightest Higgs boson sector for sufficiently large charged
Higgs boson masses and soft SUSY-breaking scales Mg, they can still be significant in
the MSSM heavy Higgs boson sector. Large masses of the supersymmetric particles also
help to maintain agreement with limits on EDMs and other low-energy observables. We
consider scenarios in which the charged Higgs bosons H* and the two heavier neutral Higgs
bosons H 3 could be much lighter than all third generation supersymmetric scalar fermions,
which are assumed to have masses Mg = 2 TeV. In light of this possibility, we have revisited
previous calculations by considering improved matching and renormalization group (RG)
effects, specifically including two-loop RG effects in the two-Higgs-doublet model (2HDM)
that is effective between the heavy Higgs scale Mg+ and the SUSY scale Mg.
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We compare our new results with those obtained with the previous code version
CPsuperH2.3. We also discuss the specific CPX/LHC benchmark scenarios relevant for
the analysis of Higgs physics at the LHC, with particular emphasis on the masses of the
heavier neutral Higgs bosons H» 3 and on the CP-violating effects they may manifest. These
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offer interesting prospects for future runs of the LHC and future colliders.

All the improvements discussed in this study are being incorporated in a new version
of the public code CPsuperH, called CPsuperH3.0. The numerical results presented here
have been obtained by means of a preliminary S-version of this code. The detailed features

of CPsuperH3.0 will be fully described in an upcoming release note.?

5The current S-version is available upon request to J. S. Lee.
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A Renormalization group equations and threshold corrections

In the appendices that follow, we present the relevant Renormalization Group Equations
(RGEs) that are applicable above the three typical thresholds: (i) the top-quark mass mg,
(ii) the heavy Higgs mass My = My+, and (iii) the soft SUSY-breaking scale Mg.
It is convenient to write the RGEs in the form
X =R,
n=1

where ¢ stands for any kinematic parameter, such as quartic, gauge and Yukawa couplings,
anomalous dimensions, and tan 5. In addition, we use the abbreviations: ¢ = In(@ and
k=1/(4m)2.

A.1 SM RGEs

For scales of @, for which My, ~ m: < Q < My, one needs to consider the RGEs of
the SM. To properly take into consideration intermediate particle threshold effects, we
introduce the short-hand notation for the step function

1 for QZM)(,
Ox =
0 for Q < Mx.

Upon neglecting the Yukawa couplings of the first two generations of quarks and lep-
tons, the one-loop SM RGEs that we use [35, 42] read:

1
B = 1207 + X (397 + 397 + v2) — 4 (3u7 + 3uj +u)

1 9 2 1
—9\ <gz+g/2> +<g4+g/2g2+gl4>

3 4 3 3
+ (6Ag* — 5g* + 8g's3c3) O 704
—2¢°¢%0 50505 + (20g” — ¢*) 0503, (A1)
BE) = —78\3 — 722%2 + 80Ag2y? — 3Ay! — 6492y + 6040, (A.2)

A3 A
B — 5 <6011.352 + 873y§> + M\?y? (1768.26y7 + 160.77¢7)

+2Xy7 (—223.382y; — 662.86692y7 + 356.968g)

+4y} (—243.149y; + 250.494¢2y7 — 50.201g3) (A.3)
2
B = —g? [11 - 3Nf} : (A.4)
38 3 11
B = g [(102 - 3Nf) 95 = N1g* = g5 Neg™ + 297 + 2y§] : (A.5)
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2 22 17
B = <9Nf9§ - 624?) q9°,
22 2 1
(1) — | == N - 3
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W9 (2L _ (3524302 402
YW=+ (3¢ + 3y, +v7)

A.2 One-loop 2HDM RGEs

(A7)

(A.11)

(A.12)

For RG scales Q between My and Mg, the effective theory becomes a general 2HDM,
whilst for Q > Mg the theory becomes fully supersymmetric and the quartic couplings

A5,6,7 do not run. Here, we give the RGEs of the general 2HDM at the one-loop level, and

relegate to appendix A.3 the

presentation of the two-loop results.

As before, we neglect the Yukawa couplings of the first two generations of quarks and

leptons, and note that in addition to the change of normalizations given in (2.5), we use
t = In(Q) instead of In(Q?) as used in ref. [31]. Thus, adapting the results of [31], the
one-loop 2HDM RGEs may be listed as follows:
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where
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2
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NC = 3, YQ = 1/3, YU = —4/3, YD = 2/3, YL = —1, YE = 2, and

3
- {mg + 2+ (g +A0)” + 408+ 1228 + 2 (200 + (7 + 97)’] } o

1 2 1 2
—NC{ — 2h{©,07 + <4g’2YD> Op, + (h% + 4g'2YU> Op,

1
+ [hi‘ +3hi (0"Yo—g*) + 5 (d" + 9’4Y5)] @@3}

2 2 2
1 1 1
~N¢ > :{ (49’2YD> 05 + <4g'2YU> O, +3 (9" + g"Y3) @@Z}

5 1 2 1
_ Z{ <4g'2YE> @Ei + < (94 + g/4YL2) GL}

=1

5 1
+§g4@g@w + glzgz@ﬁ@’w®§ + 59/4@ﬁ@§ — 4/\2’}/51) , (A.14)

= —2{2@1 + X2)(BA3 + A1) 4+ 223 + AT + 402 + 202 + 20% 4 8X6)\7

+2 2"+ (6~ )] }@Z

1 1

—2]\70{ — 2h2h}0,0, + ngYD (hz — 49’2YD> 95,
_1 /2Y h2 + 1 /2Y @~ + h2h2@~ @~

49 U t 49 U Us t"" VT, Dy

1 1 1
+ [hfh,% - th (6°Yo +¢%) + Zh% (6%Yg — %) + 3 (g* - g'4Y5)] @@3}
- 1 2 ? 1 2 ? 1 4 4y,2
’ ’ , ~

1 1 1 1
—2{49’2YE (’ﬁ - 49/2YE> O, + [4’13 (9"Ye = ¢%) + g (" - 9/4YL2)} 953}

2 2
1 1
_22 :{ . <4912YE> @Ez + g (g4 _ g/4YE) (._)zl}

i=1
+59'0505 — 20%9° 050505 + 60505 — 22 (1 +4) | (A.15)

— 96 —



3
gg - 9 [)\4 (2A1 + 2X9 + 4X3 + 2M\g) + 16A2 + 5A2 4+ 5A2 + 2X6 A7 + 2929’2] Oz

1 1
_2N0{2h$h§@t@z — hihiO5 05, — | hi — 59 > <hb _ g2> @QS}

2 2 2
1 1 1
+2N¢ E <2g2> Géz — g2 (hz — 292> ®Z3 + E 594@iz‘
=1 =1

—4g4@fu7@ﬁ + 49,292@W@§@ﬁ — 2\ (’Y%l) + ’Yé”) ) (A.16)
5§15) = — [2X5(2X1 + 222 + 4X3 + 6X1) + 5 (A§ + AF) + 2X6)A7] Oz — 25 (%D + 751)) )
(A.17)
596) = —2[A6 (12A1 + 3A3 + 4Xs + 10X5) + A7 (3A3 + 2X4 + 2)5)] Oz — X (3%1) + 751)) ;
(A.18)
5§17> = —2[A7 (12X2 + 3A3 + 4Xs + 10X5) 4+ A6 (3A3 + 2X4 4+ 2X5)] Oz — A7 (%” + 3751)) ,
(A.19)
1
= 5 [(99° +39° — 4 (Nehi + h2)) Oz — 64°03:0 5 — 297030;7] | (A.20)
1
A = 1 [(99% +3g” — ANCh}©,) 07 — 69°07,0 5 — 200507] . (A.21)
W _ (9,2 2_292 17 1
BPre = <2ht F ol =895 =97 = 507 (A.22)
W _ (92 1o 10 oo 95 5 p
B, = <2hb+ shi +he =895 — 19" — 159 )h (A.23)
Bl = (;hi +3h2 — 9 7 f’g@) he, (A.24)
3
m_ )1 2 2
Bg/ — {4]\[02 [QYQ (2@t + 0= ) + Yy <2@t + @a) +Yp (2@t + @51_)}
=1
1 os ) 1 g°
3 [2YL (2@t + 9L> Y2 (2®t + @EN + 3 NuO + N5 ¢ 7 (A25)

@
I
—

WithNH:2andNﬁ:2

3 3
1 1 g
1) ~
B = {2]\702;(2@—%@@1_) = 2(2@#@ )+ Nu©i+N0 ;+4N; 05 22@t}3
: ) (A.26)
with NW =1
5 1 1 g3
= {QNf—i—Z (@éz +§®a_ +2@5i> +6N~@~ —33}38 (A.27)
i=1

—97 —



with Ny = 0; + 0, + O, + 05 + 04+ O, and Nz = 1,

Brans = ('Vél) - vfl)) tan

= (—Nchi©,07 + Nchi©z + h10yz) tan 3, (A.28)

1 1
B = =2 [61A + H3(2Xs + M) + 6mipAe] — 20107, (A.29)
,8(12) = -2 [6/1,%)\2 + /1,%(2)\3 + M) + 6m%2/\7] — 2751)/;% , (A.30)

B = 2[~ (s + 20+ 6Xs)md, — 3heud — 3had] — (1Y 44" mby. (A1)

A.3 Two-loop 2HDM RGEs

In this appendix, we present the RGEs of the general 2HDM at the two-loop order, as
derived in [32, 33]. For definiteness, we follow the conventions of [33], where g3 — gs,
g2 — g, g% — (5/3)g’2; )\17275 — — 2)\17275, )\374,677 — _)\3,4,6,7- The two-loop beta functions
for the quartic couplings are given by
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In addition, the two-loop beta functions for the gauge and the supersymmetric Yukawa

couplings may be listed as follows:
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Finally, the two-loop anomalous dimensions for the Higgs doublets are given by
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A.4 Threshold corrections to )\; at Mg

At the soft SUSY-breaking scale Q = Mg, we need to consider the threshold corrections
to quartic couplings due to third-generation sfermions. These are derived in [33], which we
extend here to include CP-violating phases.

The quartic couplings A; with ¢ =1 — 7 at the RG scale Q = Mg are given by

N(Ms) =MD+ 37 kAl (A.47)
n=1,2

where

1 1 1
N =2 =2 (P +9%) . A =1 (P97 A =54

A = A=\ o, (A.48)

and the one- and two-loop threshold corrections are®
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5Here all the mass parameters are dimensionsless and normalized to the SUSY scale Mg: 1 = p/Ms,
Avpr = Atp,r/Ms, and Mz = M3 /Ms.
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where hyp , = h%STSM at the RG scale ) = Mg.

The two-loop corrections of O(|h¢|*g?) are given by
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