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Abstract: Continuing with our previous work on D-term triggered dynamical
supersymmetry breaking, we consider a system in which our generic N/ = 1 action is
minimally extended to include the pair of Higgs doublet superfields charged under the overall
U(1) together with p and Bu terms. The gauge group is taken to be SU(3)c x SU(2), X
U(1)y x U(1). We point out, among other things, that the Higgs mass less than the Z-boson
mass at tree level can be pushed up to be around 126 GeV by D-term contributions of the
overall U(1). This is readily realized by taking a U(1) gauge coupling to be O(1).
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The ATLAS [1] and CMS [2] collaborations have recently announced that a Higgs boson was
discovered at the Large Hadron Collider (LHC), and its mass is found to be around 126 GeV. Although
the observed data for a variety of Higgs boson decay modes are found to be consistent with the Standard
Model (SM) expectations, the new physics beyond the SM is indispensable for explanations of various
unsolved issues in the SM, such as the origin of dark matter and dark energy.

Supersymmetry (SUSY) is one of the promising candidates of new physics beyond the SM. In the
minimal SUSY standard model (MSSM), it is well known that the lightest Higgs boson mass at the
tree level is smaller than the Z-boson mass and can be enhanced up to 130 GeV through the quantum



Symmetry 2015, 7 194

corrections by top and stop [3]. The observed Higgs boson mass around 126 GeV requires a heavy
stop mass or a large A-term for stop, which leads to some amount of fine-tuning of the parameters, i.e.,
the “little hierarchy problem”. There are two typical extensions of the MSSM to overcome this issue.
One is the next-to-MSSM (NMSSM) [4], and the other is the U(1) extension of the SM gauge group [5].
In the former case, a gauge singlet chiral multiplet is introduced and coupled to the Higgs doublets
in the superpotential. F'-term contributions can enhance the Higgs mass after developing the vacuum
expectation value (VEV) of the singlet. In the latter case, D-term contributions can enhance the Higgs
mass if the Higgs doublets are charged under the extended U (1) gauge group. We adopt here the latter
approach, since it can be naturally incorporated in our recently proposed mechanism of D-term-triggered
dynamical SUSY breaking (DDSB) [6-8], where a nonvanishing D-term VEV of the overall U(1) gauge
group is obtained in Hartree—Fock analysis, as is in the Bardeen—Cooper—Shrieffer (BCS) model and the
Nambu—Jona-Lasino (NJL) theory [9,10]. Furthermore, our mechanism is a generalization of the Dirac
gaugino scenario [11-14], which has recently been given attention as a solution to the natural SUSY
breaking spectrum with a 126-GeV Higgs mass, and many pieces of work from various viewpoints have
been done till now [15-41].

In this letter, we investigate the implications of the mechanism of DDSB uncovered in [6-8], coupling
the system to the MSSM Higgs sector, which includes the p and B terms. The pair of Higgs doublet
superfields H,, H, is taken to be charged under the overall U(1):

Lhiges = /d46 [HiefgergzvszqugVoHu + nggyvrngzﬂngVoHd
- [(/ d*0pH, - Hd> — BuH, - Hy + h.c.} (1)

We have adopted notation X - Y = e,pX4YP = XAV, = -V - X, €19 = —€3; = 2! = —€'2 = 1.
V12,0 are the vector superfields of the SM gauge group and that of the overall U(1), respectively, and
the corresponding gauge couplings are denoted by gy 2 and g, respectively. Unlike the MSSM case, the
soft scalar Higgs masses my; |H,|*,m3; |Hg|* are not introduced, since they are induced by D-term
contributions in our framework.

1. Mechanism of D-Term-Triggered Dynamical Supersymmetry Breaking

Before going into the analysis on the objective of this letter, we summarize here the basic qualitative
features of the mechanism of D-term-triggered dynamical supersymmetry breaking proposed in [6—8].

Our underlying theory before the Higgs sector is coupled is given below by Equation (2).
By matching the tree parts against the one-loop part in the effective potential (which is the Hartree—Fock
approximation) upon extremization with respect to the order parameter (D°), we obtain the gap equation
(Equation (21) of [6]; Equations (4.26) and (4.28) of [8]). The gap equation is a self-consistency
condition of the Hartree—Fock approximation, and finding the explicit numerical solutions to the gap
equation in [6,8] demonstrates the self-consistency of the framework. Once D-term vev is generated, the
equation of motion for the D-term tells us that the non-vanishing D-term vev implies the formation of
the Dirac condensate, the reasoning of which is parallel to NJL theory in the auxiliary field formalism.
See Equation (2.10) of [8] and the equation below to Equation (4) of [6].
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There are two fundamental scales in our original theory. One is set by the mass parameter M,
contained in the prepotential function F. The other is the mass parameter M, contained in the
superpotential . The SUSY breaking scale, namely the order parameter (D°), is found to be given by
their geometric mean; (D0> ~ Myrep My, (see Equation (3.13) of [8] for the derivation). Therefore, the
SUSY breaking scale can be arbitrarily large, depending on how large these two parameters are. All of
the adjoint multiplets of the standard model group appearing in our theory receive mass of order My, (in
this paper, we will not really consider including the MSSM matter sector belonging to the fundamental
and anti-fundamental representations of the SM group: we only include the MSSM Higgs sector.)

While the Hartree—Fock approximation exploits the one-loop effective potential in the auxiliary field
formalism, the one-loop effective potential is matched to be in the same order as the tree-level potential,
and this leads to the gap equation. The solution is transcendental in the Planck constant and, in this
sense, is non-perturbative. (It is well-known in the NJL-type models that once the auxiliary fields are
eliminated, this approximation is equivalent to the bubble summation of the fermion loops. See, for
instance, [42].) Since we ignore the two-loop and higher in the auxiliary field formalism, quantum
fluctuations are still assumed to be small on this new vacuum. The solution to the gap equation
itself (which was obtained from the D variation of tree and one-loop effective action) demonstrates
the generation of the SUSY breaking term. All of these discussions are, of course, consistent with
perturbative SUSY non-renormalization theorem, which applies to the F'-term alone.

As we have already mentioned, there are two scales in our theory. By making
m < Mye, = cutoff scale, we obtain (D°) < (cutoff scale)?. Our gap parameter A is a dimensionless
parameter obtained from (D°) and is determined to be O(1) by the gap equation. We work, therefore,
consistently in the weak field regime, where our effective description is valid. The SUSY breaking scale

is much larger than the electroweak scale, but still much smaller than the cutoff.
2. Lagrangian and Effective Potential Extended

2.1. Lagrangian

Continuing [8], we work with the general N' = 1 supersymmetric action consisting of chiral superfield
®* in the adjoint representation and the vector superfield V¢ that has been shown to break supersymmetry

dynamically by the nonvanishing D°-term:
_ 1
Lpps = /d46K((I>“,<I>“) + (gauging) + /dQGImETab(CI)“)WMWg + (/ d*OW (®) + c.c.) (2)

There are three input functions: the Kihler potential K (®% &%) with its gauging, the gauge kinetic
superfields 7,,(®“) that are the second derivatives of a holomorphic function F($*) and a superpotential
W (o).

As in [8], we make the following assumptions:

(1) Third derivatives of F(®®) at the scalar VEV’s are non-vanishing.

(2) The superpotential at the tree-level preserves N' = 1 supersymmetry.

(3) The vacuum is taken to be in the unbroken phase of the gauge group SU(3)c x SU(2); X
U(l)y x U(1).
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The last assumption has been made for a technical reason and is not essential to the mechanism of
dynamical supersymmetry breaking.

Some comments are in order for phenomenological applications of the theory based on this action.
First of all, the term we have proposed 79,JV°W* in our starting action Equation (2) is very similar to the
super-soft operator AW'W?*, which appears in the more phenomenological operator analysis. (see, for
instance, [14]). The presence of the operator of this type alone has been known to be phenomenologically
dangerous, as it leads to a massless particle in the imaginary part of the complex adjoint scalars.
The point we make here is, however, that our starting action Equation (2) consists not only of such a
part, which contains this operator, but also of the superpotential part, which cannot be obtained just by an
operator analysis. The superpotential contains the scale M, different both from the cutoff scale M,
and from the electroweak scale contained in the Higgs sector, and the resulting potential has a positive
curvature everywhere near the extremum. The ordinary U(1) invariance of the complex scalar field is
kept intact, and unbroken A/ = 1 supersymmetry of this term ensures that the tree spectrum obtained here
is a massive NV = 1 supermultiplet consisting of two real spinless particles and two polarization states of
spin 1/2 particles. See, for instance, [43] for illustrative explicit computation of the mass spectrum in the
model of [44]. Therefore, all of the adjoint scalars in the standard model group receive masses of order
M., and the D-term supersymmetry breaking mechanism gives a boson-fermion splitting. There is no
such light scalar in our theory to begin with, in contrast with the operator analysis of [14].

It is also known that the operator of the type 797, W'W? causes negative mass squared to the
imaginary part of the adjoint scalars. It is clear that our action does not contain such a dangerous
operator, and our theory is free from such difficulty.

To simplify the analysis in what follows, while keeping the essence, we adopt the simplest prepotential

and superpotential exploited in [8] of a 5 X 5 complex matrix scalar superfield @:

2 d
F=-""tro®+ tre®, W=""tre + ——tre> 3)

1
2N 3IMN N 3IN

where c is a pure imaginary number (as discussed in [8]), and m, M are mass parameters. Here, N = 5
and M (real number) sets the scale in the prepotential, which is the cutoff scale.
We embed the generators of the gauge group into the bases, which expand ¢:

Tg 0 3 —113 0 ]_5 5 (O'a>
= /oy 3 S, Ty=Y T = 4
v ( 0 T ) 5 ( 0 11, ) Viot ; 2 ®

We have represented the overall U(1) and U(1)y generators to be proportional to the unit matrix and
the traceless diagonal generator, respectively. We analyze the case in which only S receives its VEV,
namely the unbroken U(5) vacuum of the superpotential. We will make a comment for those cases in
which these do not hold, which lead to the kinetic mixing. We drop octet 7§, as it is irrelevant to the

analysis below.
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After a simple calculation, we obtain the non-vanishing prepotential derivatives:
c 3 3 c 35
Foa = —= \/7 Y+5)|, F
10 315v/I0M ( ) =10 35yI0M’
c 3 1 3
F = 15 \/7 Y+5 Fao = Ta’
T 10 T ssvion ( ) " 315v/10M

3 3 3
Faor = —\/jT“, Foy = ———Y 5
Y 315/10M V 2 T 315\ 10M )

their VEVs:

Fu) = (Frv) = (Fn) = 5+ z—r=nn(S)

(Fao) = (Fav) = (Foy) = O (6)

and the derivatives of the superpotential:

3d 3
aaW - \/7Y + S
3'5\/_ ( >

2

d
oW = m n 3 (ZT“T“+Y2+52>,

V10 3!10V/10
. 3d (3 o ) \/§
oW = 3'5\/_< ZTT +4Y 25Y> (7

We choose ¢ = 104, but (S) is complex, not necessarily real.

In this letter, we add Equation (1) to Equation (2) and consider a part of Lppsp + Liiggs relevant to
126 GeV Higgs:

1
E == EHiggs—l—/dQGImé}'ab(CI)“)Wa“WZ

1

= EHiggs + Z |i/ d29(wawa + WYWY + WOWO) -+ h.c.

1
+5 l / d*0(Fuay Y W W + Faao SW W + Fyyy Y WYWY + Fry o SWY WY
+F000SWWO + Foga T W WO + Foy o T W WY + Foyy Y WWY) + hec.] (8)

The third prepotential derivatives, which are now real numbers, can be read off from Equation (6).

In our analysis, we take that the value of D VEV is determined essentially by our Hartree-Fock
approximation in [8]. This source of supersymmetry breaking is then fed to the Higgs sector, and its
effects are given by a tree-level analysis. We will argue the validity of this procedure below.

Let us make the comment that the Bu term in Equation (1) is generated once we include an operator
(WO / Mprep)QH «H 4 in the superpotential as an interaction term of our starting action. Here, M, is the
scale that we have introduced in the prepotential function F and is regarded as a cutoff scale. It is easy
to see that the (D/M,,.,)* H, H, term is generated after d*0 Grassmann integrations. Picking up the vev
of D, we conclude that m?H,, H,y with m ~ (D°)/M,,.,, is generated in the potential.
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2.2. Higgs Potential and Variations

Let us extract the part relevant to the Higgs potential in Equation (8).

_ 2 _g_Y Yy 0 2 i aU_a
Loot = |Fu,l +< 2D ngD>|Hu| ggHuza:D 2Hu

gy 00
HFn, [+ (LD~ qagD") | Haf? - wHy Y D" o

— (uH, - Fy, + uFy, - Hy+ BuH, - Hy+ h.c.) (ZD“D“ (D°>)

+% > Im(Fapce?)DADP + T P(D) 9)
A,B,C=a,Y,0
where ¢ = (T%,Y, S). The one-loop part of the effective potential in [6,8] is denoted by I'171°°P( DO),
Fermionic backgrounds are not needed in the potential analysis of Higgs and are not included in
Equation (9).
Let us vary £, with respect to the auxiliary fields, replacing @ by their VEV (@) = (0,0, (S)).

5D%: 0= (1+ImF"(S))D* — ggHg%Hu - gQHj%Hd (10)
5DY : 0= (1+ImF"(S))DY — 97’/|11ru|2+%’|Hd|2 11)

arlfloop(DO)
oDO

Note that F,,0 = Fyyo = Fooo = F" and that Equation (12) with ¢, = g4 = 0 is in fact the gap

equation of [6,8]. Eliminating the auxiliary fields (approximately), we obtain the Higgs potential:

§D°: 0= (14 ImF"(S))D° — qug|Hyu|> — qag|Ha|* + (12)

2 2 9

g? T T gY ) o 2

Vi gg 2(1 +Imf///<s>) ( w9 ut d o 9 d) + 8(1 +Imf///<5’>) (| | | d| )
arlfloop(D0>

2
1
u Hu 2 H 2
+2(1+Im}"/”<5>) (q gIHI™ + qag|Hdl D" DO:DO*)
(| Hu|? + |Hgl?) + (BuH, - Hy +h.c.) (13)

Here, we have denoted by D% the solution to Equation (12), the improved gap equation. The deviation
8D of the value from D% in [8] is, in fact, small by the ratio of the electroweak scale and SUSY
breaking scale. Therefore, we approximate the solution to the improved gap equation by the value of
D% in [8], denoted as (D). Taking into account the fact that ImF"'(S) ~ (S)/M < 1, we neglect the
term ImJF"”(S) at the leading order. The resulting Higgs potential at the leading order is given by:

2

2 2
VHiggs ~ % (HZL 7 H —FH(]; 7 Hd) + % (‘Hu|2 _ |Hd|2)2

1 2

95 + g% 012 0212 , 1 012 019 o 2
= 2 (P = P + 5 (augl P + aag HJPP — (D°))
+!u\2 (|HO[? + |HY?) — (BuHOHY + h.c.)
95 + g3 v? 1 )
= Ty vt 5 (W = Busap] + ¢ ((auss + aacg)gv” = 2(D°)) (14)
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where we have restricted the potential to the CP-even neutral sector of Higgs doublets H, = (H; , H°)T,
H, = (HY, H; )" in the second line, since we are interested in the Higgs mass. In the last line, the neutral

components of Higgs fields are defined as:

1
HS — [Sﬁ(?)—i‘h) +C[3H+Z(C[3A— SﬁG())] (15)
V2
1
Hy = —= [cg(v+h) — sgH + i(sgA + cgG°)] (16)
V2
and we use the shorthand notations:
sp=sinf, cg=cosP, tp=tanf, s =sin2pB, cop = cos2f (17)

G? is the would-be Nambu—Goldstone boson eaten as the longitudinal component of the Z-boson. The
VEV of Higgs field is v ~ 246 GeV and g"+92 v? = M?% in this convention.

3. Estimate of the Higgs Mass

We are now ready to calculate the Higgs mass. As in the MSSM, the minimization of the scalar

potential OVigiges/ o? = OViiges/OP = 0 allows us to express p and By in terms of other parameters.

M2 1
W5 = g ((@uss + auc)ge” = 2D%) (guss — auch) 9 (18)
2Bu Qu + Qa
M} = o 2% + =g ((qush + qac)qv® = 2(D"))
qu — 4d
= —M:+ 2cap 9 ((qus + qacq)gv® — 2(D%)) (19)

It is straightforward to obtain the mass matrix for CP-even Higgs from the second derivative of
the potential,

2 2
IVEREN (20)
Myg MyH
where each component is given by:
2
Min = Mzcss + g°0° (qush + qacy) 1)
G —qa)
miy = M+ Myss+ 9" sy ( — d) (22)
2 2 2,2 2 2\ [ Qu — 4d
My = —Mjzsapcop + g*0 s2p (qush + qacy) 5 (23)

The eigenvalues of this mass matrix are found as:

1

3 |t s ot = i+ ot 249

and the lightest CP-even Higgs mass is:

1
mzHiggs -9 {mizzh + m%{H - \/(m%h - m%{H)Q + 4m%H} (25)
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In order for the p-term to be allowed in the superpotential, we must have a condition e, + e; = 0, which
is also required from an anomaly cancellation condition for the overall U(1). Then, the Higgs mass can

be expressed as:

1
Milgs = 3 [M§ + M3+ qug™v” — \/ (M3 — MZeag — cagqZg?0®)” + 53 (M3 + g2g%0?)°

2

~ ~ 2 ~
M2+ M2 - \/ (Mg + Mj> - 4M§M§C§B] (26)

where J\;[% = M2 + ¢2¢g*v?. Itis interesting to see the correspondence between our expression of Higgs
mass Equation (26) and that in the MSSM,

1
wmmmv=JW+m—WW+wﬂ%wm% @7

As in the case of MSSM, the upper bound of Higgs mass can be obtained by taking a decoupling limit
M?% — oo,

Miiges — M5C3g (28)

M can be large enough by taking O(1) charge and coupling ¢,g:

My ~ \/ (90 GeV)2 + (246 GeV)? ~ 262 GeV (29)

Let us go back to the minimization conditions of Higgs potential with ¢, + g4 = 0,

M? Gu

W =2 = 9 (g.g0” — 2(DY) (30)

2 202(5
Mi = 2p2 = —M% — % (quc%gv2 — 2(D0>) 31
2
which leads to:
M+ M3 = =T (cypq,90° +2(D°)) (32)
28

In order to satisfy this condition, the dominant part in the right-hand side of Equation (32) ¢,g(D°)/csp
is required to be negative.
Using these conditions, we can eliminate M3 in Higgs mass Equation (26).

1 24, 24, 2 ~ ~
mi = = | =T poy (21T D0y ) 1 8eapqugME(DO) + Ac2, M
gg Cop Cap B

12

2 2 C2BM% 2
Mzczﬁ <]_ + WSQB> (33)

where the approximation (D°) > M3 is applied in the second line.
A plot for the 126-GeV Higgs mass as a function of tan (3 and ¢, g is shown below (Figure 1). Here, we
have taken ¢,g > 0 and cos 2B < 0 to satisfy the condition ¢,g(D°)/cop < 0. We can immediately see
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that the 126-GeV Higgs mass is realized by O(1) charge and coupling ¢, g, namely without fine-tuning
of parameters. Furthermore, we found that the result is insensitive to the values of D-term VEV with the

assumption (D?) > ]\Zlg This fact is naturally expected from the non-decoupling nature of Higgs mass.

107\ T T T T T T T T T T T T T T T T a

qug

| I I I I | I I I I | I I I I | I I I I |
1 2 3 4 5

tanf

Figure 1. A plot for the 126-GeV Higgs mass as a function of tanf3 and ¢,g. The result is
insensitive to the values of the D-term VEV with the assumption (D) >> M 2.

4. Summary

In this letter, we have examined Higgs mass in the theory of D-term-triggered dynamical SUSY
breaking minimally extended to couple the Higgs sector of the MSSM. Since the Higgs doublets are
charged under the overall U (1) in our framework, the soft scalar Higgs masses are induced by the overall
U(1) D-term contributions after SUSY breaking, unlike the MSSM case. These D-term contributions
can enhance the Higgs mass, which is less than Z-boson mass at the tree-level in the MSSM. We have
shown that the 126-GeV Higgs mass is naturally realized by taking an overall U(1) gauge coupling to
be O(1).

We give a comment on anomaly cancellation of the overall U (1) gauge symmetry, which arises when
the MSSM matter sector is added to our current construction. If we consider that the SM matter and
Higgs are charged under the overall U(1) and the superpotential allows the SM Yukawa coupling and
p-term, then the overall U(1) will be found to be anomalous. To resolve this problem, we need to

introduce some additional fields charged under the overall U(1). Actually, we can easily confirm that
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all of the anomalies for U (1)(SU(3)¢)?, U(1)(SU(2)1)?, U(1)(U(1)y)?, U(1), (U(1))? are completely
canceled by introducing two SM singlets with appropriate U (1) charges, for instance. Yukawa coupling

and the p-term are allowed in the superpotential under the conditions:

GQut+eqg+ez =0 (34)
ga+eq+eg=0 (35)
ga+e+e;=0 (36)
¢u+qs=0 (37)

where e, is a U(1) charge of the SU(2)., doublet quark, lepton superfields @, L, e; ; are those of the
SU(2)y, singlet quark superfields U, D and e, 4 are those of Higgs doublet superfields H,, 4. The anomaly
cancellation conditions are given as:

2

UL)(SUB)e)*:  2e,+ea+eg=0 (38)
UM)(SU(2)L)?:  3e,+e=0— ¢ =—3e, (39)
1 4 1 1
U (U(1)y)?*: 36€q + 9€u + §eg+ 1€ +e:=0 (40)
U(L):  3[6e,+3(eq+eq) + 261+ o] +2(qu + qa) + Y _ ¢ =0 (41)
U)*: 3[66]+3(ed+ed) +2¢f +e] +2d +a)+ > F =0 (42)
where we have introduced additional singlet fields under the Standard Model gauge group and their U (1)
. . . . . 67\2 2
charge ¢;. For instance, if we introduce two singlets with U (1) charges ¢, » satisfying ¢1¢2 = (ﬁ) qis

we find that all of the anomalies are in fact canceled.

Some comments on an overall U(1) gauge group are given. In order to realize the 126-GeV Higgs
boson mass, the value of the U(1) gauge coupling is required to be order one. Such a large coupling
causes a Landau pole of order 1000 TeV, if U (1) charged fields are the MSSM Higgs doublet superfields
H, .4, and two singlet superfields to cancel anomalies U(1), U(1)3. Identifying the landau pole with the
Mprep, we find (D°) ~ (100 TeV)?. The U(1) gauge symmetry is broken at the weak scale by the VEV
of Higgs fields, and the U(1) gauge boson acquires a mass as gv. This implies an O(1) mass mixing
with the Z boson and is not phenomenologically viable as it stands. Therefore, we need an extension of

our model to avoid this issue.
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