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Introducing heavy particles with strong couplings to the Higgs field can strengthen electroweak phase
transition through the entropy release mechanism from both bosons and fermions. We analyze the
possibility of electroweak baryogenesis in the minimal supersymmetric Standard Model (MSSM) with new
vectorlike superfields. The new vectorlike particles belong to the representation 5 + 5 + 10 + 10 of SU(5).
By analyzing in detail the effective potential at finite temperature, we show that a strongly first-order
electroweak phase transition in this model is ruled out by a combination of the 125 GeV Higgs requirement,
the bound for exotic quarks, the gluon fusion Higgs production rate, and the Higgs diphoton decay rate, as

well as the electroweak precision measurement.
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I. INTRODUCTION

The origin of the matter-antimatter asymmetry of our
Universe remains unclear. The three Sakharov conditions
[1] can be fulfilled in high-scale mechanisms such as
leptogenesis [2,3] and Grand Unified Theory (GUT)
baryogenesis [4—7] but are difficult to test by electroweak
(EW) scale experiments. By contrast, electroweak baryo-
genesis (EWBG) [8], relying on weak-scale physics,
provides an alternative solution which requires a strongly
first-order phase transition (SFOPT) [9]. Unfortunately, the
EW phase transition (EWPT) is too weak in the Standard
Model (SM) with large a Higgs mass [10,11], and the CP
violation is too small [12].

Extensions of the SM with new EW-scale physics can
lead to a SFOPT, in all of which new particles beyond the
SM are needed. On the other hand, the ATLAS and CMS
collaborations at the CERN Large Hadron Collider (LHC)
reported observation of a SM-like Higgs boson with a mass
of 125-126 GeV [13,14]. If we require the EWBG
mechanism to account for the matter-antimatter asymmetry,
the new fields introduced for a SFOPT can induce
significant corrections to the SM-like Higgs mass as well
as production and decay rates, which will be strongly
constrained. For example, in the minimal supersymmetric
Standard Model (MSSM), the light stop scenario [15,16]
has been severely constrained [17].

Based on what physics is responsible for generating the
barrier between the symmetric and broken phases, there are
three EWPT model classes in general [18]. In this paper,
we focus on the thermally driven case. In addition to the
effect induced by terms cubic in ¢ in the bosonic high-
temperature expansion, the phase transition can be
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strengthened by introducing heavy particles with strong
couplings to the Higgs fields, such as the SM extension
with TeV Higgsinos, winos, and binos [19,20]. That is,
after the electroweak symmetry breaking (EWSB), the new
particles get Yukawa masses and become heavier, they
approximately decouple from the thermal plasma and
transfer their entropy into the thermal bath. In this paper
we consider a different model, namely in addition to the
MSSM, adding several vectorlike (VL) superfields. This
kind of model [21,22] has been extensively studied and
found interesting, for it can relax the naturalness problem
raised by the Higgs mass, be consistent with gauge-
coupling unification and precision EW measurements,
and have a rich phenomenology. So it is interesting to
explore its possibility to realize the SFOPT in detail.

The added exotic particles belong to the representation
545+ 10+ 10 of SU(5), which consists of four new
quarks, two new charged leptons, two left-handed neutri-
nos, and the corresponding sparticles with total degree of
freedom 120. The model is the MSSM with two new
supersymmetric generations, while VL mass terms are
introduced between the two to escape the experimental
fourth-generation search bound. In search for a SFOPT, we
analyze in detail the zero-temperature potential, the one-
loop zero-temperature potential, and the finite-temperature
potential. To search for a viable parameter region, we also
impose all conventional constraints: the SM-like Higgs
mass is about 125 GeV, no new light quarks of a few
hundred GeV exist [23], the gluon fusion Higgs production
rate and the Higgs diphoton decay rate are not significantly
changed [13,14], and the Peskin-Takeuchi parameters T
and S [24] are small.

We find generally that a SFOPT combining with a
125 GeV Higgs requirement will lead to a exotic
fermion/scalar that is too light. In order to make them
heavy enough to escape the direct search bound, the VL
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masses should be about 500 GeV, but the VL Yukawa are
also pushed to large values near the perturbativity bound.
We find an almost supersymmetric VL sector with large
tan f and no scalar mixing as our best solution, which can
satisfy the 125 GeV Higgs requirement without changing
the Higgs gluon fusion rate or the Higgs diphoton decay
rate. However, it is still in tension with the direct light new
particle search and eventually ruled out by contributing a
very large Peskin-Takeuchi 7' parameter. So in all, the
possibility of EWBG induced by supersymmetric VL
generations in our setup is fairly ruled out.

The outline of the rest of the paper is as follows: We will
define the model precisely in Sec. II. In Secs. III and 1V, we
investigate the zero-temperature potential (as well as the
Higgs mass) and the finite-temperature potential separately.
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Section V contains our final results and discussions of various
constraints. A brief summary is given in the last section.

II. THE MSSM WITH VECTORLIKE
SUPERFIELDS

As mentioned above, new particles beyond the MSSM
are represented by two new generations 5 + 5 + 10 + 10 of
SU(S). Here we do not take the singlet right-hand neutrino
into account, so there will be no Yukawa couplings of the
VL neutrinos, and the neutrinos do not contribute to
EWSB. Moreover, the model almost preserves gauge-
coupling unification [25], so it is also UV motivated.

The corresponding quantum numbers of VL superfields
under SU(3), x SU(2), x U(1)y are given as

), L(1,2.-1),  E(1,1,-2),

Q(é,z,—%), U(ﬁ,l,—%), D<§,1,§>, L(1,2,1), E(1,1,2). (1)

And the superpotential is

W = Wyssm + MpQQ + MyUU + MpDD + M LL + MgEE
+ kH,QU + k,H,0D + k3H,,LE — kK\H,QU — k,H,0D — kyH ,LE. )

Note that in general, there is mixing between the new
vectorlike superfields and the MSSM superfields. The
related Yukawa couplings with the first-/second-family
MSSM fields are strongly constrained by the EW phe-
nomenology such as flavor-changing neutral current [26],
which needs to be less than 1072, The constraint on the

couplings with the third-family MSSM fields is relatively
loose and can be of order 0.1. We ignore the effect of these
terms just in the EWPT calculation for simplicity.

By assuming universality of the mass-squared terms and
the alignment of the B terms, the soft mass terms and the
trilinear soft terms of all the VL scalar partners are given by

~Loon = mp|0* + m3|OP + my|UP + my|UP + mp|D|* + my | DI

+ BpMpD D+B, M LI +ByMyEE+A, k\H,0 U +A kyH,0 D

~ Ak HQ U ~Ay ksH,Q D—~AyKyH,LE +c.c.). 3)

From Egs. (2) and (3), the new charged fermions’ field-dependent mass matrices are

4)14

My(g) = (MQ kl_z), M) = (

K% My

My k% M, Ky
; ﬁ>, ME(¢)—< , ﬂ). @
L MD k3_u ME

2

We have defined' (¢,) = v, = cpv and (¢,) = v, = s4v, and v = 246 GeV. The corresponding field-dependent sfermion
squared-mass matrix, for the new up-type squark for instance, is

'In this paper, we use sy, ¢ for sin B, cos f.
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in which the basis is (Q*, U, Q, U*), and we have defined

m? (¢) = My +m + %k’fd)ﬁ +D2 (9).

m; (¢) = My, + mj, + lk’fcﬁﬁ +D; (4).
1) = My 3K+ DY, (),
2 ) = M i+ TR+ D2, 6),

my, (¢) = ki (Ak,, % —H i%) :

3 ) = ki (4, D= 22 ).
2 (¢)=—D2 (¢) = — <‘(§ — /2) (95— 97)

D: (¢)=-Di (¢)= —g: (7 — b2)- (6)

The squared-mass matrices for the down-type squark and
charged slepton are similar. After diagonalization, we get
two new Dirac up-type quarks ¢} ,, two new Dirac down-
type quarks bj,, two new Dirac charged leptons 7 ,,

and two new left-handed neutrinos 2/ ,, as well as their

by 7 =1 ~r 2
SUPETPAIters 7 54, 1234, 71234, and 5.

In the following calculation, we neglect all the D terms
and B terms in the mass matrices.” For simplicity, we
further assume at low scale [namely, without renormaliza-
tion group equation (RGE) running]

sz:mQQ:m%,:m%—/ mp, = m3

=mi =m? = my =mi = m?,
My=My=Mp=M, =Mg=My,
Ay, = Ak, =A (7

bt N

2Strictly speaking, (s)neutrinos do not need diagonalization.

AL phase transition, the D terms are comparable with the top-
squark thermal mass in Eq. (45), which we are not ignoring, but
here we have a more important contribution from VL Yukawa
couplings anyway.
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and define the VL scalar squared-mass average and the
mass mixing parameter as

M3 = M3 +m?,
X, =A—pucotp,
X, = A — ptanp. (3)

We choose tan f# = 10 as our benchmark. Note that the
Yukawa k;,; are always combined with ¢, and the
Yukawa k’1’2’3 with ¢,; the latter is always suppressed by
tan . We actually set k' , ; to zero (see the discussion of
the gluon fusion and Higgs diphoton deacy), and then ¢,
decouples. Arising from the first mass matrix in Eq. (4), the
field-dependent squared-mass eigenvalues of 7, can be
simplified as

W2 (utha) = My + K2 [k + MR, ©)

and the four field-dependent squared-mass eigenvalues,
arising from Egs. (5) and (6), are

1 1

2 (b)) =Mi+-k>p2 ———k ¢, X

m[](¢u ¢d) S+4 1¢u 2\/§ 1¢u 1
L eg - Lk x 2+2M2k2¢2
2 2 1 \/§ 1¥u1 vii@Pus
(10)

m3 (¢ »¢d):M2+lk2¢2+—l ki, X,

pAtu S 4 1%u 2\/5 u

1 1 1 2
—5\/(§k%¢124 +7§kl¢uxl> +2M7 ki,
(1)

m}zg (¢u7¢d) = k2¢ 1¢MX1

\/_
1

1 1 2
+5\/(§k%¢5_7§k1¢uxl> +2My ki dr,

(12)
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1 1

1 1 1 2
+§\/(§k%¢5 +Ekl¢uxl> + 2MT ki .

(13)

For field-dependent masses of new down-type quarks, new
charged leptons, and their superpartners, one just needs to
substitute k; — k,, ks.

At the end of this section, we give the direct search limits
on new particles. As mentioned before, the exotic heavy
fermions can decay into SM particles when kinematically
allowed through the mixing Yukawa couplings [21,22].
Direct searches set limits on the exotic fermions in such
decay modes. Limits on sparticles depend on the mixing
angles of the mass eigenstates and the mass splittings
between them and the lightest neutralino. The strongest
current limits on the extra quarks, leptons, and their scalar
particles are given as [23]

my > 685 GeV,  my > 95.7 GeV, (14)

my > 685 GeV,  my >89 GeV, (15)

my > 100.8 GeV,  m» > 81.9 GeV,  (16)

my > 39.5 GeV, my > 94 GeV. (17)
However, when considering various combinations of decay
modes of new fermions without being limited to a special
mass constraint for scalars, the above bounds are relaxed.
We will see later that the masses of charged exotic fermions
are important to an acceptable SFOPT, so here in our work
we consider some optimistic mass limits for new charged
fermions. Namely, we consider m, > 415 GeV for ¢ [27],
which is achieved by scanning the exotic decay branching
ratio triangle, and m, > 360 GeV [21] for &/, and m, >
63.5 GeV [28] for 7. The mass limits for other new
particles still take the values shown above.

III. ZERO-TEMPERATURE POTENTIAL
AND HIGGS MASS

In this model, the zero-temperature effective potential at
one-loop level is given by

V(¢u7 ¢d’ T = 0) = V0(¢uv ¢) + V1(¢u7 ¢d)’ (18)

in which V|, is the tree-level potential, and V is the zero-
temperature renormalized one-loop potential.

A. Tree-level potential

The zero-temperature tree-level potential here in our
model is the same as in the MSSM, which is given as

PHYSICAL REVIEW D 89, 036005 (2014)

1 1 1
Vmssm = 5””%14531 + 5’"%2453 — mhpab, + 1/11(/’2

+ 3l + 3 hadR, 19)
in which
m}, = my + p, (20)
m3, = mp + i, (21)
mi, = by, (22)
M=h=—l= é (7" +d?). (23)

B. The renormalization-group improved Higgs
potential and the SM-like Higgs mass

The third-generation MSSM particles and the new VL
particles will induce significant corrections to the Higgs
potential. Here we are interested in the complete one-loop
improved Higgs potential, because it determines the SM-
like Higgs mass. We follow Ref. [29] to write it as

[

1
Vmssm = 3 (m}) + Ami))pg + 5 (m3, + Am3,) ¢
1
— (mi, + Amiy) e, + 1 (A + ALy

1 1
1 (A + Al + 2 (23 + Ak )i
+ Aoy + Adr gy, (24)
where Alggp3p, and Adypyp3 are the one-loop-potential
induced terms which do not exist in the tree-level potential.
The expressions for the corrections are listed in the
Appendix.

With the renormalization-group (RG) improved Higgs
potential, the SM-like Higgs mass can be written as

mj, = mzcos*2f + 2A% v*sin*f + 2A4 v cosp
+ 4A4;0%sin?fcos?f + 8Adgv? sin fcos’
+ 8AA,v%sin’p cos f. (25)

In order to get a simple analytical expression, we set the
parameters as mentioned before and further set

kl - k2 = k3 - k (26)

Then the SM-like Higgs mass can be simplified as
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We can see that new heavy particles give extra contribu-
tions, permitting a relatively lighter stop mass, which can
loosen the tension of the naturalness problem.

C. Zero-temperature one-loop-level potential

In the above analysis, we actually run the RGE top down
from the supersymmetry-breaking scale in order to fix the
low-energy Higgs mass to be the observed value. However,
as we go to higher scales where the EW phase transition
takes place, the RGE running is backwards from that of the
low-energy potential Eq. (24). We describe this process in
the way of (zero-temperature) one-loop potential, which is
equivalent to the RGE.* The zero-temperature one-loop
potential is given by

1 2
Vi(bu-da) :Wznim?<¢w¢d) { logw_ci] ,

(28)

where m;(¢,, ¢4) are the field-dependent masses and Q is
the renormalization scale.” Here i stands for the particles
which can contribute to the effective potential, n; is the
particle degree of freedom, and ¢;’s are constants which are
5/6 for gauge bosons and 3/2 for fermions and scalars. In
our work, we include the large one-loop corrections
induced by the top, stop, and all the vectorlike particles,
as well as the EW gauge bosons. The corresponding
degrees of freedom are n, = ng, =Ny, = 3an =—12,
ng,=ny = =6, nWL =2, ny, =4,
ny =1,nz = 2 wilere the subscnpts LandT 51gn1fy the
longitudinal and transverse modes, respectively.

As stressed above, the one-loop potential should be
renormalized in a way which preserves the low-energy
Higgs VEV and the Higgs mass. In the one-loop-potential
language it is easy to implement, namely by requiring

*We choose to present the one-loop issue in this awkward way
because this is the way we do the numerical work: the Coleman-
Weinberg-form one-loop potential is always implemented by a
built-in function in the code CosmoTransition [30], so the low-
scale parameters consistent with Higgs mass and VEV need to be
run down from the supersymmetry breaking scale at first.

A variation of Q induces variation of the ¢ and ¢* terms; in
Egs. (29)—(31)), we see that the combination of them together
with counterterms are determined by the renormalization con-
dition, so the value of Q is immaterial.
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o o0 0 & 0?
(aTsu Oy’ 02 0BT 8@6@)
X (Vi(dusda) + Vit (@us Pa))lpy=vypy=0, =0 (29)

Here we introduce the finite “counterterms” V{" to protect
the one-loop potential from shifting the Higgs VEV and
CP-even Higgs mass matrix. We have five equations, so we
can determine up to five coefficients of the counterterm
polynomial; here we choose them to be

1 1 1 1

V?'t' — 557”%14’31 + E 5m%2¢5 -+ 15/116}'73 + 15/12¢3
1

+50hbdi G0

And the corresponding total zero-temperature one-loop
potential is

Vrle(qﬁwa)d)i = Vl (¢uv¢d)i + V?L(¢u’¢d)i

mi(pus¢a)
ba)log "0
64 (¢u ¢d) og——>— Q2
al i+ al i py 3+ﬂ?¢3+2ﬁ?d¢3¢5].
(3D
The solution of Eq. (29) is unique, namely
" 3wiw?/+1 u,2+l AT
al = | —=——+ - o —w,0? | log —
' 2w, 2T TN o
3a)a) 3 ., 1 o »
4v— Ew;’2+§wiwi — pido?, (32)
3ww? 1, 1 ’ w;, 3ww?
d — (220700 4 Zpd?2 4 o ) log — — 2L
a; < 2 o, +2a), +2w,a)l) og 0’ 4 v,
+§w.’2+lw.w4’— ud )2 (33)
2 1 2 [Aad] 1 us
u 1 1a)lwlul 1 u'2 u i
o= (5 g gt ) e
lowf 3 ., 1 /
—L e — —wof |, 34
8 v, 8 8“”“’1] G
1 1l w0 ., 1 , w;
d [t had Zyd2 d 1 _t
= |G ot o e &
loww? 3 7 1 y
! ; — ;0 35
8 v, 87 g 33)
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wu w + w; wud Py 30)” w + w; w”d/
ﬁ?d = ——— | log —’2 + ,
41}M’Ud Q 21}u Vg

(36)

where we define w; = m2(v,, vy), w?(d)l _

0m?(¢lu¢d> M(d)" E) m <¢u (/)d) d o

g Nwra) P T T (0n0a) and /! =
2,2

% (0y0q)" These are the generalization of

expressions in Ref. [19] to the two-Higgs-doublet model.

IV. FINITE-TEMPERATURE POTENTIAL

The temperature-dependent potential at the one-loop
level is given by

AV(hy,#a: T) = AV (hu, b T) + AV gaisy (s a. T),

(37)

where AV, is the finite-temperature one-loop potential
[11], and AV, is the finite-temperature effect coming
from the resummation of the leading infrared-dominated
higher-loop contributions [10]. The specific formulas are

S il [mi(lﬁ;, ¢d):|

i=bosons

4
Vl (¢u’ ¢d’ T) = %{

i=fermions

AVdaisy (¢m ¢d’ )

h Y

z bosons

1 (Pu o T) —m (hun )], (39)

with definitions and high-temperature expansions

2 m2
JB[T]:/ dxleogll—e e
T 0

71.4 ﬂ2m2 T m2 % 4
__mmm m(m 4
BT 6<T2> +O< ) “0)

© /2 %
Jr {m] :/ dx x*log|1 + e +T]
T 0

It mm? m*
@ 41
~360 2472 <T4> “h
in  which the thermal mass (P, Py, T) =

m*(¢y, dpq) + I;(T), and T1;(T) is the leading T dependent

PHYSICAL REVIEW D 89, 036005 (2014)

self-energy. To leading order, only bosons receive thermal
mass corrections. Only the longitudinal components of W
and Z receive the daisy corrections.

The thermal masses of the MSSM particles are
well known. For the EW gauge bosons, the field- and
temperature-dependent masses are

iy (b b T) = 5 6 (5 + ¢0) + Ty, (42)

M%y(¢uv¢d’T)
B <§gz(¢§+¢5)+nws
—399 (7 +¢2)
in which the thermal masses ITy: = ITys =2 ¢*T? and
I =3¢?T? for the longitudinal modes, and for the
transverse modes all the thermal masses are zero. The

field and-temperature-dependent mass of the MSSM third-
generation stops are given by

M;Z (d’u? ¢d7 T)

—399 (97 + ) ) @)
592 (d5+dn) +11g

M + 3y + 11, b X w
LvbXy  MI+IeL 4T, )
where

1
SET A SST E IT4)

T2
92 4

I;, = %gYT2 + gg’sz + ;y?TZ (46)
All the thermal masses are derived from Ref. [31]. On the
other hand, all the new VL particles’ thermal masses are
neglected in our work, for both simplicity and nonexistence
in literature. If included, naively, it will further rise by an
order of g2T? or k>T? contribution to the M? terms, which
is probably large and makes a SFOPT even more difficult
according to the following discussion.

We calculate the thermal functions Jp,p in Eq. (40)
numerically instead of using a high-temperature expansion,
which is crucial for our purpose. The change in Jg/p
includes the information of continuous variation of entropy
density induced by the new VL particles; see Fig. 2 in the
next section.

V. RESULTS AND DISCUSSION

We use the public code CosmoTransition [30] for a
numerical evaluation of the phase transition and perform
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several scans of the parameter space. As mentioned before,
we choose tan f = 10; we also choose a CP-odd Higgs
mass my, = 2000 GeV for a typical decoupling Higgs
sector. For the MSSM top/stop sector, we want a small
contribution to the SM-like Higgs mass (so that a large
contribution from the VL sector and a large VL Yukawa
coupling are possible), so we choose M; =700 GeV,
M,, =500 GeV, and A; = 500 GeV for the soft breaking
parameters and 4 = 500 GeV. However, our results are not
sensitive to the values of the MSSM parameters, because
with X = 0 we can (as we actually do) choose arbitrarily

. . M
degenerated fermions and sfermions, VR 1, to reduce
\4

their contribution to the Higgs mass through the factor
2 2 2 2
e (1) -4 (5-25) (1-20) -1 (25
M5, 6 My My 3\M5,

(47)

As for the VL parameters, for simplicity in all our scans
we set the parameters as mentioned in Egs. (7), (8), and
(26), and all the new down-type Yukawa couplings k" and
the down-type mass mixing parameter X, are taken to be
zero. In scan we have checked that the up-type mass mixing
parameter X prefers zero in order to have a larger phase-
transition strength, so we also fix X; =0, which also
reduces other contributions to add to the factor in Eq. (47)
to enable a large Yukawa.

A. SFOPT

In Fig. 1, we show two scans of phase-transition strength
with the Yukawa coupling k and the VL mass My,. We also
show the constraint of Higgs mass mo ~ 124-127 GeV
and the lightest new fermion mass contours. In the left
panel, we fix Mg/M, = 1.5. We can see that for such a
range of Higgs mass, the SFOPT can only be achieved for
k =1.6 and VL mass My < 100 GeV. In the right panel,
we fix Mg/My, = 1.1, for which the combination of
SFOPT with about 125 GeV Higgs can only be generated
for k =2.6 and VL mass My < 230 GeV.

First, we can see, as far as the SFOPT is concerned, that
the larger the VL mass My is, the larger the Yukawa
coupling k needs to be. Because a Boltzmann suppression
effect of a few hundred GeV My may decouple the new
particle in the symmetric phase, significant entropy release
effects for a SFOPT can only be guaranteed by a large
Yuwaka mass and a large m(¢)/T shift.

Comparing this to the entropy release effect in
Ref. [19], we can see that for a SFOPT our required degree
of freedom is much lalrger.6 This is quantitatively the
most significant point of our analysis. To see clearly,
with Egs. (16)-(20) we can write the new fermion mass

%We note a convention difference, and our k = 4 corresponds
to h = 2 in Ref. [19].
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squares as M7, = My + [T § /K g + BMUE g,
or equivalently

/ 1 1
M, = \|M3+-Kp2:F——ko,.
fi2 V+8 ¢u:|:2\/§ Py

The new sfermion mass has a similar behavior. We can
understand it in the following interesting picture: After
EWSB, the fermion masses jump from My, to

\/M% +31k*¢2, and on this basis become split. The

mass-splitting terms ﬁkg{)u make half of the VL fermions

(48)

lighter than those in the symmetric phase, overcoming the
\/ M3 + L k>¢2, while the other half

are heavier. In Fig. 2, we show the fully calculated finite-
temperature potential contribution J/F instead of only the
high-temperature expansions. We can refer to the Jp, Jp
curves to see the potential change.

A shift of My/T — /M3 + {kK*¢%/T is exactly the

entropy release effect in Ref. [19], with an effect of the
representative point rise on the Jr curve, or the thermal
potential rise. Here the further new splitting of ﬁ k¢, for

common shift My, —

the heavy particle will raise the m(¢,T)/T more and
release more entropy, while unfortunately, the —%ﬁk(j)u
for the light particle will have an opposite effect. A little bit
more quantitative analysis indicates that because the slope
of the Jp/Jp curve is less at higher m/T (for example, 4)
than at lower m/T (say, 1), the backward splitting

- ﬁ k¢, to lower masses always induces a larger thermal

potential drop AJg/AJp than the forward splitting
+ﬁ5k¢w and the net effect is a drop, unable to trigger

the SFOPT [20]. This opposite effect will significantly

compensate the My /T — /M3 + %kzqﬁﬁ /T effect, mak-

ing the contribution to phase transition strength in our
scenario much smaller than that with merely the same
degree of freedom, the same soft mass and the same
Yukawa, but without splitting. We will give a more general
analysis in our next paper.

B. Higgs mass and light exotic particle constraints

Apparently, with SFOPT requirements, the first two
scans always give too light a new fermion, so they are
ruled out. As we have already discussed, the direction we
can go is to increase My and k. In Ref. [21], an infrared
quasi—fix point is pointed out, as k = 1.0 and & = 1.2. Here
we ignore this bound, but the bottom line is the perturba-
tivity bound k£ < 4. We choose to saturate the bound, and
then we 7get an almost unbroken supersymmetric VL sector
(Fig. 3).

"With our MSSM parameter choices, we get %—; = 1.019.
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FIG. 1 (color online).

EWBG, Higgs mass and the lightest new fermion mass contours in the MSSM extension with vectorlike

superfields. Red/solid curves are the EWPT strength ¢./T ., and blue/dotted curves are the lightest new fermion mass. The pink/gray
band is the SM-like Higgs mass region 124127 GeV. In the left panel, we fix Mg/M = 1.5; in the right panel, we fix Mg/M, = 1.1.

The best lightest fermion mass we get is about 240 GeV,
which is still generally ruled out by heavy ¢ and b’ quark
searches, even by optimistic bounds, as mentioned in
Sec. II. We will not discuss the possibility of aligned
Yukawa matrix in generation basis, which makes the decay
mode nonstandard. On the other hand, there is a possibility
to relax the degeneracy between the quarks and the leptons,
to make the quark sector My, and M g larger to accommodate

JB
JF -
High T Expansion of JB ------
. . . I-IlighTExplansi?nofl-JF
201 2 3 4 5 6 7 8 9 10
m/T

FIG. 2 (color online). The complete thermal one-loop potential
contribution Jp (red/light gray curve) and —Jp (blue/dark gray
curve) as defined in Eq. (40) and the comparison with their high-
temperature expansions (brown/long dashed and cyan/short
dashed, respectively).

heavier new quarks. However, at first, it is naively against
our model assumption of 5 + 5 + 10 + 10 of SU(5) GUT,
which predicts My = My = Mg and Mp = M, at the
GUT scale. Further, we numerically find that due to large
zero-temperature corrections, for separate quark and lepton
(or generally two-set) corrections, the potential usually does
not even run away from symmetric phase even at zero
temperature. So we will not go into detail on that possibility.

FIG. Same as

3 (color online).

in Fig. 1, but for
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TABLEI. Input parameters which can realize both the SFOPT and 124-127 GeV Higgs, and the corresponding new particle masses.
70 105 1.6 17 293 80 80 304 304 2.1 126.5
100 150 1.6 32 309 116 116 329 329 1.46 126.9
230 253 24 102 517 116 116 528 528 0.93 125.7
475 484 4.0 241 934 259 259 939 939 0.94 126.0

C. Gluon fusion and Higgs diphoton decay constraints

We use the low-energy theorem [32] for an estimation.
The contributions to the loop amplitude are all proportional
to a] det M, where M is any of the mass matrices in
Egs. (4) or (5). As can be seen clearly in the fermion mass
matrix, setting all k”’s to be zero eventually makes all the
determinants independent of the Higgs VEV. The two
masses of Eq. (9) are actually from the matrix MM or
MM, and det( MMT) = m? mt, = M3, is independent of

¢y, Py With X| = X, =0, the scalar sector has a similar
behavior, but there is a residual contribution proportional to
supersymmetry-breaking soft parameter m* =M% — M3,

namely det MD bE= = (M%+3m*kK*¢2)?. Since we are

interested in an almost supersymmetric VL sector and
m? — 0, the corrections to gluon fusion and Higgs dipho-
ton decay amplitudes also vanish in this limit. So the gluon
fusion Higgs production rate and Higgs diphoton decay rate
are not affected. This discussion also justifies our parameter
choices: ¥ =0, X, =0, and X, = 0.

D. Peskin-Takeuchi 7" and S parameters

We perform a numerical calculation. The fermionic
contribution agrees with the formulas in Ref. [21]:

N, 13 1
AT =— ‘¢ k4 4 k/4 - k3k/ 3
480752, M2, M, (4 (Ko + Kt0) + 5 (PK vy
9
+K3kvdv,) + Ek%’%ﬁvf,) ; (49)
AS = N 2(K*v2 + K20%) + kk'v,v 3—|—10Y
307M7 “A\2 )
(50)
with Yy = —1 3 for our model, while the scalar part gives

nearly the same contribution for nearly unbroken super-
symmetry. In particular, for the last point in Table I, we get

T =32.5 and S = 0.2, which apparently makes it excluded.
Such a large-T parameter contribution occurs because it is
proportional to k*, and only suppressed by M?%. On the
other hand, the form of the superpotential in Eq. (2)
determines that the custodial symmetry is violated in the
maximal way—namely, a light left-hand up-quark compo-
nent always finds a heavy left-hand down-quark
component.

VI. SUMMARY

We have discussed EWBG in the MSSM extension with
vectorlike superfields belonging to the representation 5 +
5410+ 10 of SU(5) in detail. We find that the SFOPT
has been ruled out by a combination of the 125 GeV Higgs
requirement, the direct search for the exotic fermions, the
gluon fusion rate, and the Higgs diphoton decay rate, as
well as the EW precision measurement. However, the
general contribution from a (nearly) supersymmetric sector
to SFOPT with minimal effect to Higgs phenomenology is
still interesting.
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ONE-LOOP CORRECTIONS TO THE QUARTIC
COUPLING COEFFICIENTS

Under the parameter assumptions mentioned above, the
one-loop corrections to quadratic and quartic coupling
coefficients in the zero-temperature potential are given by

o, (A1)

(A2)
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(A3)
P AT e
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2
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(A6)
2
1 —%) —%(25(% +5(15(2)>] }.146 —+ (A7)

[1] M. E. Shaposhnikov, Nucl. Phys. B287, 757 (1987).

[2] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[3] W. Buchmuller, P. Di Bari, and M. Plumacher, Nucl. Phys.
B665, 445 (2003).

[4] M. Yoshimura, Phys. Rev. Lett. 41, 281 (1978); 42, 746(E)
(1979).

[5] S. Dimopoulos and L. Susskind, Phys. Rev. D 18, 4500
(1978).

[6] S. Weinberg, Phys. Rev. Lett. 42, 850 (1979).

[71 W. Buchmuller and M. Plumacher, Int. J. Mod. Phys. A 15,
5047 (2000).

[8] A.G. Cohen, D. B. Kaplan, and A. E. Nelson, Annu. Rev.
Nucl. Part. Sci. 43, 27 (1993); M. Quiros, Helv. Phys. Acta
67, 451 (1994); V. A. Rubakov and M. E. Shaposhnikov,
Usp. Fiz. Nauk 166, 493 (1996) [ Sov. Phys. Usp. 39, 461
(1996)]; M. S. Carena and C. E. M. Wagner, arXiv:hep-ph/
9704347, A. Riotto and M. Trodden, Annu. Rev. Nucl. Part.
Sci. 49, 35 (1999); M. Quiros and M. Seco, Nucl. Phys. B
Proc. Suppl. 81, 63 (2000).

[9] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov,
Phys. Lett. 155B, 36 (1985).

[10] M. E. Carrington, Phys. Rev. D 45, 2933 (1992); P.B.
Arnold and O. Espinosa, Phys. Rev. D 47, 3546 (1993); 50,
6662(E) (1994).

[11] S. Y. Khlebnikov and M. E. Shaposhnikov, Nucl. Phys.
B308, 885 (1988); F.R. Klinkhamer and N.S. Manton,
Phys. Rev. D 30, 2212 (1984); M. Dine, P. Huet, and R. L.

Singleton, Jr., Nucl. Phys. B375, 625 (1992); M. Dine, R. G.
Leigh, P. Huet, A. D. Linde, and D. A. Linde, Phys. Lett. B
283, 319 (1992); P.B. Arnold, Phys. Rev. D 46, 2628
(1992); J.E. Bagnasco and M. Dine, Phys. Lett. B 303,
308 (1993); K. Kajantie, K. Rummukainen, and M. E.
Shaposhnikov, Nucl. Phys. B407, 356 (1993); K. Kajantie,
M. Laine, K. Rummukainen, and M. E. Shaposhnikov,
Nucl. Phys. B466, 189 (1996); G.R. Farrar and M. E.
Shaposhnikov, Phys. Rev. Lett. 70, 2833 (1993); 71, 210(E)
(1993).

[12] M. B. Gavela, P. Hernandez, J. Orloff, and O. Pene, Mod.
Phys. Lett. A 09, 795 (1994); M. B. Gavela, P. Hernandez, J.
Orloff, O. Pene, and C. Quimbay, Nucl. Phys. B430, 382
(1994); P. Huet and E. Sather, Phys. Rev. D 51, 379 (1995).

[13] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1
(2012).

[14] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
716, 30 (2012).

[15] M. S. Carena, M. Quiros, and C. E. M. Wagner, Phys. Lett.
B 380, 81 (1996).

[16] D. Delepine, J. M. Gerard, R. Gonzalez Felipe, and J.
Weyers, Phys. Lett. B 386, 183 (1996).

[17] D. Curtin, P. Jaiswal, and P. Meade, J. High Energy Phys. 08
(2012) 005; T. Cohen, D. E. Morrissey, and A. Pierce, Phys.
Rev. D 86, 013009 (2012); M. Carena, G. Nardini, M.
Quiros, and C.E.M. Wagner, J. High Energy Phys. 02
(2013) 001.

036005-10


http://dx.doi.org/10.1016/0550-3213(87)90127-1
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://dx.doi.org/10.1016/S0550-3213(03)00449-8
http://dx.doi.org/10.1016/S0550-3213(03)00449-8
http://dx.doi.org/10.1103/PhysRevLett.41.281
http://dx.doi.org/10.1103/PhysRevLett.42.746
http://dx.doi.org/10.1103/PhysRevLett.42.746
http://dx.doi.org/10.1103/PhysRevD.18.4500
http://dx.doi.org/10.1103/PhysRevD.18.4500
http://dx.doi.org/10.1103/PhysRevLett.42.850
http://dx.doi.org/10.1016/S0217-751X(00)00293-5
http://dx.doi.org/10.1016/S0217-751X(00)00293-5
http://dx.doi.org/10.1146/annurev.ns.43.120193.000331
http://dx.doi.org/10.1146/annurev.ns.43.120193.000331
http://dx.doi.org/10.3367/UFNr.0166.199605d.0493
http://arXiv.org/abs/hep-ph/9704347
http://arXiv.org/abs/hep-ph/9704347
http://dx.doi.org/10.1146/annurev.nucl.49.1.35
http://dx.doi.org/10.1146/annurev.nucl.49.1.35
http://dx.doi.org/10.1016/S0920-5632(99)00860-9
http://dx.doi.org/10.1016/S0920-5632(99)00860-9
http://dx.doi.org/10.1016/0370-2693(85)91028-7
http://dx.doi.org/10.1103/PhysRevD.45.2933
http://dx.doi.org/10.1103/PhysRevD.47.3546
http://dx.doi.org/10.1103/PhysRevD.50.6662.2
http://dx.doi.org/10.1103/PhysRevD.50.6662.2
http://dx.doi.org/10.1016/0550-3213(88)90133-2
http://dx.doi.org/10.1016/0550-3213(88)90133-2
http://dx.doi.org/10.1103/PhysRevD.30.2212
http://dx.doi.org/10.1016/0550-3213(92)90113-P
http://dx.doi.org/10.1016/0370-2693(92)90026-Z
http://dx.doi.org/10.1016/0370-2693(92)90026-Z
http://dx.doi.org/10.1103/PhysRevD.46.2628
http://dx.doi.org/10.1103/PhysRevD.46.2628
http://dx.doi.org/10.1016/0370-2693(93)91437-R
http://dx.doi.org/10.1016/0370-2693(93)91437-R
http://dx.doi.org/10.1016/0550-3213(93)90062-T
http://dx.doi.org/10.1016/0550-3213(96)00052-1
http://dx.doi.org/10.1103/PhysRevLett.70.2833
http://dx.doi.org/10.1103/PhysRevLett.71.210.2
http://dx.doi.org/10.1103/PhysRevLett.71.210.2
http://dx.doi.org/10.1142/S0217732394000629
http://dx.doi.org/10.1142/S0217732394000629
http://dx.doi.org/10.1016/0550-3213(94)00410-2
http://dx.doi.org/10.1016/0550-3213(94)00410-2
http://dx.doi.org/10.1103/PhysRevD.51.379
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/0370-2693(96)00475-3
http://dx.doi.org/10.1016/0370-2693(96)00475-3
http://dx.doi.org/10.1016/0370-2693(96)00921-5
http://dx.doi.org/10.1007/JHEP08(2012)005
http://dx.doi.org/10.1007/JHEP08(2012)005
http://dx.doi.org/10.1103/PhysRevD.86.013009
http://dx.doi.org/10.1103/PhysRevD.86.013009
http://dx.doi.org/10.1007/JHEP02(2013)001
http://dx.doi.org/10.1007/JHEP02(2013)001

ELECTROWEAK BARYOGENESIS IN THE MSSM WITH ...

[18] D.J. H. Chung, A.J. Long, and L.-T. Wang, Phys. Rev. D
87, 023509 (2013).

[19] M.S. Carena, A. Megevand, M. Quiros, and C.E.M.
Wagner, Nucl. Phys. B716, 319 (2005).

[20] R. Huo, arXiv:1305.1973.

[21] S.P. Martin, Phys. Rev. D 81, 035004 (2010); S. P. Martin
and J. D. Wells, Phys. Rev. D 86, 035017 (2012).

[22] C. Liu, Phys. Rev. D 80, 035004 (2009); X. Chang, C. Liu,
and Y.-L. Tang, Phys. Rev. D 87, 075012 (2013).

[23] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,
010001 (2012).

[24] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992);
G. Cynolter and E. Lendvai, Eur. Phys. J. C 58, 463 (2008).

[25] K. S. Babu, 1. Gogoladze, M. U. Rehman, and Q. Shafi,
Phys. Rev. D 78, 055017 (2008).

[26] P.H. Frampton, P. Q. Hung, and M. Sher, Phys. Rep. 330,
263 (2000); S. Nandi and A. Soni, Phys. Rev. D 83, 114510

PHYSICAL REVIEW D 89, 036005 (2014)

(2011); G. D. Kribs, T. Plehn, M. Spannowsky, and T. M. P.
Tait, Phys. Rev. D 76, 075016 (2007).

[27] K. Rao and D. Whiteson, Phys. Rev. D 86, 015008
(2012).

[28] D. Buskulic et al. (ALEPH Collaboration), Phys. Lett. B
384, 439 (1996).

[29] H.E. Haber and R. Hempfling, Phys. Rev. D 48, 4280
(1993).

[30] C.L. Wainwright, Comput. Phys. Commun. 183, 2006
(2012).

[31] D. Comelli and J.R. Espinosa, Phys. Rev. D 55, 6253
(1997).

[32] J.F. Gunion, H.E. Haber, G.L. Kane, and S. Dawson,
Front. Phys. 80, 1 (2000); M. A. Shifman, A. I. Vainshtein,
M. B. Voloshin, and V.I. Zakharov, Yad. Fiz. 30, 1368
(1979) [M. A. Shifman, A.I. Vainshtein, M. B. Voloshin,
and V.1. Zakharov, Sov. J. Nucl. Phys. 30, 711 (1979)].

036005-11


http://dx.doi.org/10.1103/PhysRevD.87.023509
http://dx.doi.org/10.1103/PhysRevD.87.023509
http://dx.doi.org/10.1016/j.nuclphysb.2005.03.025
http://arXiv.org/abs/1305.1973
http://dx.doi.org/10.1103/PhysRevD.81.035004
http://dx.doi.org/10.1103/PhysRevD.86.035017
http://dx.doi.org/10.1103/PhysRevD.80.035004
http://dx.doi.org/10.1103/PhysRevD.87.075012
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.46.381
http://dx.doi.org/10.1140/epjc/s10052-008-0771-7
http://dx.doi.org/10.1103/PhysRevD.78.055017
http://dx.doi.org/10.1016/S0370-1573(99)00095-2
http://dx.doi.org/10.1016/S0370-1573(99)00095-2
http://dx.doi.org/10.1103/PhysRevD.83.114510
http://dx.doi.org/10.1103/PhysRevD.83.114510
http://dx.doi.org/10.1103/PhysRevD.76.075016
http://dx.doi.org/10.1103/PhysRevD.86.015008
http://dx.doi.org/10.1103/PhysRevD.86.015008
http://dx.doi.org/10.1016/0370-2693(96)00928-8
http://dx.doi.org/10.1016/0370-2693(96)00928-8
http://dx.doi.org/10.1103/PhysRevD.48.4280
http://dx.doi.org/10.1103/PhysRevD.48.4280
http://dx.doi.org/10.1016/j.cpc.2012.04.004
http://dx.doi.org/10.1016/j.cpc.2012.04.004
http://dx.doi.org/10.1103/PhysRevD.55.6253
http://dx.doi.org/10.1103/PhysRevD.55.6253

