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1. Introduction

1.1 Surprises at the LHC

The discovery of a new resonance at 125 GeV [1], that appears to be the long-sought Higgs
boson, marks a great triumph of experimental and theoretical physics. On the other hand, the
presence of this light scalar forces us to face the naturalness problem of its mass. Arguably, the
best known mechanism to ease the naturalness problem is weak-scale supersymmetry (SUSY), but
the lack of experimental signatures is pushing SUSY into a tight corner. In addition, the observed
mass of the Higgs boson is higher than what was expected in the Minimal Supersymmetric Standard
Model (MSSM), requiring fine-tuning of parameters at the 1% level or worse [2]. This comes from
a fact that it is necessary for the observed Higgs mass to have the large radiative corrections by
large stop mass, mZ, or by large left-right mixing of stops, X;, where the Higgs mass formula is

3mi m? X?
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while these large m; and A; make the theory unnatural because the Higgs soft mass can be very
different from the weak scale by a fast Renormalization Group (RG) evolution,
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where A; is a soft breaking part of X;.

If SUSY is realized in nature, one possibility is to give up on naturalness [3]. Alternatively,
theories that retain naturalness must address two problems, (I) the missing superpartners and (II) the
Higgs mass. The collider limits on superpartners are highly model-dependent and can be relaxed
when superpartners unnecessary for naturalness are taken to be heavy [4], when less missing energy
is produced due to a compressed mass spectrum [5] or due to decays to new states [6], and when
R-parity is violated [7]. Even if superpartners have evaded detection for one of these reasons, we
must address the surprisingly heavy Higgs mass.

1.2 Beyond the MSSM

There have been many attempts to extend the MSSM to accommodate the Higgs mass. In such
extensions, new states interact with the Higgs, raising its mass by increasing the strength of the
quartic interaction of the scalar potential. If the new states are integrated out supersymmetrically,
their effects decouple and the Higgs mass is not increased. On the other hand, SUSY breaking can
lead to non-decoupling effects that increase the Higgs mass. One possibility is a non-decoupling F-
term, as in the NMSSM (MSSM plus a singlet) [8, 9] or ASUSY (allowing for a Landau pole) [10].
A second possibility is a non-decoupling D-term that results if the Higgs is charged under a new
gauge group [11]. In general, these extensions require new states at the few hundred GeV scale, so
that the new sources of SUSY breaking do not spoil naturalness.

For example, consider the NMSSM, where a singlet superfield, S, interacts with the MSSM
Higgses, H, 4, through the superpotential,

M 2
WDASHqu—I—ES +uH,Hy. (1.3)
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The F-term of S gives
V O |Fs|* = |AH,H; +MS|* . (1.4)

It generates additional Higgs quartic terms which potentially increase the Higgs mass. The potential
is

(AM)*

AV = A\ H Hy|> — 2
IH.Hal M? +m3

|H,Hy|?, (1.5)

and we can understand it diagrammatically by Fig. 1.
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Figure 1: Additional Higgs quartic terms

The Higgs mass is increased by,
292202 mg
Amy = AV sin 2B [ ——— |, 1.6
mp, 4 B <M2 + m%) ( )
where m} is the SUSY breaking soft mass m3|S|?, tan 8 = v, /v, is the ratio of the VEVs of the

up and down-type Higgses, and v = 4 /v2 + v(zi =174 GeV. Notice that this term decouples in the

supersymmetric limit, M > mg, which means mg should not be too small. On the other hand, mg

feeds into the Higgs soft masses, m%,ud at one-loop,

dm 2.2
H2, _ ATmy

du - 812

15 (1.7)

requiring fine-tuning if mg > my,. The soft mass of S, that is m_%@zézSTS, gives m%,u along with

a logarithmic divergence, and we have Eq.(1.7) as a consequence. Therefore, there is tension
between raising the Higgs mass, which requires large mg, and naturalness, which demands small
mg. Of course, in the limit of mg — 0, similar tension which is discussed in the beginning exists
with respect to m;.

Here, we point out that, contrary to the above example, a lack of light scalars can help raise
the Higgs mass without a cost to naturalness, if the singlet has a Dirac mass.

2. The Model
we consider a modification of Eq. 1.3 where S receives a Dirac mass with another singlet, S,
W = ASH,H;+MSS+ uH,H,. 2.1

We call this model the Dirac NMSSM.
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2.1 Lagrangian of Dirac NMSSM

From the spurion analysis the superpotential of Higgs sector in the Dirac NMSSM is given by
Whirae = A SH, Hy +MSS + p H,Hy + csUMS, (2.2)
and the corresponding potential is

Wbirac = ’FS“z + ’FS‘z + ’FHu|2 + ‘FH4|2
= |AH,Hy+MS|* 4 |MS + cuM|?
+(AS+ )Hy* + |(AS+ w)H,|? 2.3)

where terms involving quark and lepton are omitted. The following soft supersymmetry breaking
terms are allowed by the symmetries,

Vimae = M, [ Hul* iy, | Ha? 4 m3|S[? +m3| 3]
+AA; SH,H; +MBgSS + uBH,H; + c.c.
+15S+ 1S+ c.c. (2.4)
The last tadpole arises from a non-holomorphic term u'S. Both soft tadpoles naturally have weak-

scale sizes due to the symmetry and spurion structure. As described later, the spectrum we consider
is one shown in Fig. 2
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Figure 2: Schematic mass spectrum we consider in the Dirac NMSSM.

3. Raising the Higgs Mass without Fine-tuning

3.1 Non-Decoupling Effects

We would like to understand whether the new quartic term, |AH,H,;|?, can naturally raise the
Higgs mass. When we integrate out the S and S chiral multiplets, normally we expect that the
quartic potential decouples in the limit of heavy singlets. However, we find the S and S exchanges
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Figure 3: Non-decoupling effects in Dirac NMSSM
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Figure 4: Other Higgs quartic terms in Dirac NMSSM

do not cancel the quartic term,

2
Vg = |AHHy* | 1— M (3.1)

A2 2
— — = |AyH Hy + 0 (|H >+ | H)|
2 | Ay l1d u u
M?+mg
where we keep leading (M? + mg 5)*1 terms and neglect the tadpole terms for simplicity. The new
contribution to the Higgs quartic does not decouple when m% is large. The SM-like Higgs mass
becomes,

2
2 2 i 222 s
my, = my, yssm (my) + A7y sin” 23 (Mz—l—m_%
lzv2 2
———— Ay sin2f —2u*|", 3.2
7 251026 =20 (3.2)
in the limit where the VEVs and mass-eigenstates are aligned, H,, — v, + hsinf8 and H; — vg +
hcos . The second term, coming from diagrams of Fig. 3, shows so-called non-decoupling effect
which is maximized by large mg. The second line of Eq.(3.2) can be understood by diagrams of
Fig. 4, and it always reduces the size of quartic coupling.
By the way, in a limit of M < mg, the non-decoupling effect is easily derived by integrating
out of S and §,

/d“e (1-mz0*)S'S+ 5SS+ (/dZG ASH,,Hd+M§S+h.c.> (3.3)
A2(1—m26%)
— / d*e TS(HMHd)*(Hqu) . (3.4)
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3.2 Renormalization Group Equations

The Higgs sector is natural when there are no large radiative corrections to m%,ud. The renor-

malization group (RG) of the up-type Higgs contains the terms,

d 2 1 2 2 2 2 2
@mHu = W{:;yt (mQ3+m;R+mHll+|A,\ )
+A% (m§+my;, +mpy +|Az]?)
~3g3M3 — gim} . (3.5)
,uim%, = L{/12 (mg—i—m%, —l—m%, —|—|A;L|2)
du Ha 72 r a

~3g3M3 — giMi} (3.6)

While heavy stops or mg lead to fine-tuning, we find that m?g does not appear. In fact, the RGs for
m%,ud are independent of m% to all orders in mass-independent schemes, for example MS and DR

schemes, This is clarified by dimensional analysis.

m%
M

First of all, because S couples to the MSSM+S sector only through the dimensionful coupling
M, their interplay vanishes in M — 0, and then terms involving mg- must proportional to M. Next,
for the Us conservation, a combination of lowest mass dimension is |M lzmg which has too high
mass dimension to enter RG equations of the Higgs parameters, m%{u, m%,d and uB, whose mass

dimension is two. Hence, the large mg does not upset naturalness through RGs.

3.3 Threshold corrections

We consider threshold corrections in the effective theory where the scalar component of S is
integrated for mg > M, u,mg,my, ,,A .., and see if important corrections appear for ml%lu,d' One
can see that the double insertion of M is needed for S to involve m%,u’d as shown in a supergraph
of Fig. 5 and consequently there is no quadratic sensitivity to mg. The soft mass mg changes only
finite piece of log-divergence. Hence there is only logarithmic sensitivity to mg from the one-loop
finite threshold correction,

(AM)? M2+m§

2 s 2 _
dmy = 6my, = an)? log Ve

3.7

which still allows for very heavy m% without fine-tuning.

One may wonder if there are dangerous finite threshold corrections to m%,u at higher order,

after integrating out S. In fact, there is no quadratic sensitivity to m% to all orders. This follows

because any dependence on m% must be proportional to |M|? (since S decouples when M — 0 and by

conservation of U(1)s), but |M \zmé has too high mass dimension. The mass dimension cannot be
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Figure 5: Supergraph of m,ziu correction

reduced from other mass parameters appearing in the denominator because threshold corrections
are always analytic functions of IR mass parameters [12]. This fact is from the matching of IR
singularities. The full theory and the effective theory where the high energy dynamics down to a
certain energy scale, e.g., mg, is integrated out must have same IR structure, that is, IR singularities
are same in the both theories. If there is threshold corrections which is not analytic for IR mass
parameters, such as,

M2

2 M
MR

Sm? (3.8)

they will be new IR singularities when m?%, — 0, which contradicts the IR matching.

3.4 Semi-soft SUSY breaking
It may seem contradictory that naturalness is maintained in the limit of very heavy mg, since
removing the S scalar from the spectrum constitutes a hard breaking of SUSY. In the effective
theory with mg — oo, there exist the S fermion with a Dirac mass and several terms originating
from F3,
L D ifs6H oy ys — My — M?|S+csul” (3.9)
as well as terms derived by superfield,
H D HiH,+HH;+S'S,
W > ASH,H;+ pH,H; . (3.10)

This theory can be written in superfields and soft breakings if we reintroduce the scalar, ¢g,
and F-term, Fy, to form a chiral supermultiplet of

S = ¢5 + 0w+ 6°F (3.11)
Eq.(3.9) is rewritten,
Hyg =SS —026% (M?*|S+csul?)
Wop = —6% (M 2°S 245') (3.12)

where ¢5 and Fy are completely decoupled from the other states. Therefore, the low energy ef-
fective theory even in absence of scalar of S is equivalent to a theory with only softly broken
supersymmetry. We call this mechanism semi-soft supersymmetry breaking. It is crucial that S
couples to the other fields only through dimensionful couplings.
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4. Higgs Mass

The most natural region of parameter space, summarized in Fig. 2, has mg and M at the hun-
dreds of GeV scale, to avoid large corrections to my,, and large mgs 2 10 TeV, to maximize the

second term of Eq. (3.2). The tree-level contribution to the Higgs mass can be large enough such
that m; takes a natural value at the hundreds of GeV scale.

4.1 CP-Even Neutral Scalars

For simplicity we assume there are no CP violations in the following studies. The minimization
conditions for the Higgs and Singlet scalars lead

2
.Uezﬁc%-m%,d—beﬁ-tanﬁ+%cos2ﬁ+kzv2sin2ﬁ =0, 4.1)
2
N?ﬁ + mlzf-lu —begcotf — % cos2f + A2v? cos? B =0, 4.2)

A 2
M2+m§+v—v(u+/lvs)
S

1 A2Av?
+— (MBSVS — Y sin2ﬁ +C§M2,U +l‘s> =0, 4.3)
Vs
1 AMV?
M? 45+ — (MBSVS — 22 sin2p —l—ts-) =0. 4.4)
N

where vs = (S) and vg = (S), and it is convenient to use

bef = UB+ A(Apvs +Mvg), 4.5)
Hefp = U+ Avs, (4.6)
n_1124 = beﬁ”/(sﬁcﬁ)- 4.7)

The mass matrix of CP-even neutral scalars at tree level is given by ./, f210 l.,.(: M, 1_210 jl.) in the base
of Re(H9,HY,S,5)" //2 where

2
%HO —

2
g

2 2
///HO,zl ///Ho,zz

)Lv(2ueﬁccﬁ —Alsﬁ)lv(2ueﬁ-cﬁ _Alsﬁ) M2+m§+7l,2v2

—AvMsg —AvMcg MBg M? +m§
4.8)
and where
///130,11 = ”_1%5123 +m%C/237
‘//4210,22 = ’hfzxcfs +m%s%37
///1310721 = —(m +m%— Zszz)sBcﬁ. (4.9)
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Here sg(cp) denotes sin 3 (cos ), and the vacuum conditions of Egs.(4.1)(4.2) are used for .27, |,
and //1130.22.
when mgs — oo.

Note that non-decoupling effect can be seen in .Z f21 which completely remains

0,21’

5. Radiative Corrections

We take into account radiative corrections to the mass matrix, and an estimation of the stop
mass is particularly important. The one-loop level calculation of y; is easy to perform, which raises
the SM-like Higgs mass, but it is well-known that the two-loop contributions tend to reduce the
Higgs mass. Since only one-loop calculation leads optimistic result about naturalness, we adopt
RG-improved one-loop calculation which is consistent enough with two-loop calculation of the
MSSM. The similar result is given by Ref.[13].

5.1 One loop corrections

The corrections are included by two parts. One is at &'(y#) calculated by effective potential,
and the other is at 0'(y?>g’?,y?g3) involving wave function renormalization of ¢'(y?). The effective
potential at one-loop is given by

AV (H, Q) = (5.1)

m; (H) 3 m: (H) 3
_ 2) +m§;(H) <log o 2>
—om(H) <10g msz(f )_ 2) } , (5.2)

where the mass parameters are H, 4 fields dependent,

]
B ‘ et
(3]
—
3
S
=
N
o
R

my (H) = |y Ha|* | (5.3)
m; (H) = m? +|yH,|* — [y uHj| , (5.4)
mz (H) = mi + [yHy | + [y, HY| . (5.5)

Here we assume A, = 0 and mth =m%

03(7L)
scale instead of u to avoid confusion with a Lagrangian parameter.

In addition, the corrections of &'(y?g'?,y?g3) require wave function renormalization as well as

= mt2 for simplicity, and we adopt Q as a renormalization

vertex corrections. Since both corrections are from the same one-loop supergraph that the fermionic
part enters wave function renormalization and the bosonic part enters vertex correction as seen
Fig. 6, their divergences are canceled leaving finite corrections, and we match them onto the Higgs
potential,

2 2 2 2 2

+g53 ms: +m 1

AV ()= -8 4g2787y;2 = ] <1H3|4—2|H3|2\H312> , (5.6)
t

where we neglected the mixing between 7 and 7.
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Figure 6: Left: O(y>g'?) vertext correction, center: wave function renormalization leading corrections of
O(y?g'"?). Right: One-loop supergraph. One without attachment of gauge field leads wavefunction renor-
malization, and one with gauge field leads vertex corrections of left .

For the new potential at one-loop level, the vacuum conditions for H, 4 are shifted,

m> : 1 0AV
[.Lezﬁr—i-m%id —betan f + 720052[3 + A%2sin’ B + <2H§8I-I§> =
5.7
m> 1 0AV
uéf—i—m%iu —begcotff — TZCOSZﬂ + A2 cos? B + <TH§)TH§)> =
(5.8)
Hence, the mass matrix of Eq.(4.8) is modified by
1, d°AV 1 AV
Ao =5 5am7) s ame)
LI 2\ 9(HD)2 2HY 0H!
3 y(mE+m?)  m?
= (y,,u)z—tilog L 5.9)
3272 ( veg mtgz
1, d’°AV 1 0AV
i~ K)o
M = 3 d(HO)? 2H9 9H?
2.2
3)’1 mz Mg, 2 3)’ m +mz
= In z_ =L 5 In 5.10
872 m? 255 8nz m? ) ©-10)
1, d?AV
2 _
Al = 7<8H08H0>
3)7t m 3)’% m; + mt2
T lo g —l—stBCﬁ e In [mtz . (5.11)

In Egs.(5.9)(5.10), the vacuum shifts must be considered since the vacuum conditions are already
used in Eq.(4.8). This result is consistent with Refs.[13].

6. Benchmark Parameters and Stop Mass

When we estimate the stop mass in the Dirac NMSSM, we take M and m; to be free parameters
since M is common in both models and m; is essential to discuss the non-decoupling effect. Other
parameters are fixed according to the table of benchmark parameters. We have chosen A to saturate

10
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Figure 7: Stop soft mass in the Dirac NMMSM (lefr) and NMMSM (right).

the upper-limit such that it does not reach a Landau pole below the unification scale [14]. For the
NMSSM, we treat mg as a free parameter instead of mg and must use the different by,

beﬁcE‘uB—i-le(A;L +M>. (6.1)

The other parameters are as same as in the Dirac NMSSM.

A=0.74 tanf3 =2 Uer = 150 GeV
ber =(190 GeV)? A; =0 B; =100 GeV
mg = 800 GeV

Table 1: Benchmark parameters

One may worry about the size of singlet VEVs especially from the tadpoles because we fixed
Uefr and begr defined in Eqgs.(4.5,4.6). However we can see the VEVs adequately small,

o (e MP ) (MP )
ST (IMP A+ m3) (M +m3)
(M +m2) (uM)*mg

Ve ~ (6.3)
55 OMP ) (MP+md) TP

W (6.2)

where the tadpoles scale as tg ~ u*m§ and tg ~ UMms.

We now estimate the stop mass. For each value of (M, mys), the stop soft masses, m; = my;, =
my, , are chosen to maintain the lightest scalar mass at 125 GeV. As results are shown in Fig. 7, ba-
sically the stop mass becomes small as m; increases for the fixed M because more non-decoupling
effect remains. Hence, the natural region should spread in large mg where the naturalness is not
suffered from fine-tuning thanks to the semi-soft breaking. However, this argument does not apply
for the low M region. This is because the S exchange effect, which is given by the second line of
Eq.(3.2), is enhanced and decreases the tree-level Higgs mass when M is small.

11
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7. Naturalness

In this section, the naturalness is evaluated. There are several measures, and we take a bottom-
up approach described in Ref. [15] since we do not specify any UV completions and discuss based
on low-energy parameters.

The degree of fine-tuning is estimated by

2 dm? dm%,
A== 2 omdy g Mg §m2 b 7.1
mimax (mHuvad)dln‘u ’dln,LL 9 mH7 eﬁ 9 ( )

where L = 10g(Amess/M7), and Apess is a scale at which particle masses are generated. We take
two values of Apess corresponding to low-scale (L = 6) and high-scale (L = 30) SUSY breaking.
corresponding to low-scale SUSY breaking. We assume that contributions through gauge couplings
to the RGs for m%'lu,d are subdominant. To be more concrete about Eq. (7.1), the RGE effects to mp,,
for example, are separated by each parameter,

dm%’“L— 3y’2mZQ3L 3y’2mngL AngL 7.2
dinp ~ \ 8x2 7 8x2 7 8m2 )7 7.2

The results are shown in Fig. 8.

In the Drac NMSSM, the degree of tuning A is mostly determined by the RGE effect from
mz, and when M is quit large, M > 1 TeV, A is determined by the threshold correction given in
Eq. (3.7). Actually as shown in Fig. 8, the shape of curves almost corresponds to that of stop mass
shown in Fig. 7, and the upper-right region is dominated by the threshold correction. The difference
between low- and high-scale SUSY breaking cases is basically the difference of absolute value by
a factor of 5. The tuning in the NMSSM is determined by the RGE effects not only through m; but
also myg.

We see that the least-tuned region of the Dirac NMSSM corresponds to M ~ 2 TeV and
mg 2 10 TeV, where the tree-level correction to the Higgs mass is maximized. The fact that the
large SUSY breaking, mg, leads to more natural theory is counter-intuitive, but, thanks to the mech-
anism introduced as semi-soft SUSY breaking, this particular SUSY breaking is irrelevant to the
naturalness. On the other-hand, the NMSSM becomes highly tuned when my is large, and then
ms < 500 GeV is favored. Note that region of low-tuning in the NMSSM extends to the super-
symmetric limit, mg — 0. In this region the Higgs mass is increased by a new contribution to the
quartic coupling proportional to A2(Mu sin28 — u?)/M? (see Ref.[9] for more details).

7.1 Summary

The LHC has discovered a new particle, consistent with the Higgs boson, with a mass near
125 GeV. Weak-scale supersymmetry must be reevaluated in light of this discovery. Naturalness
demands new dynamics beyond the minimal theory, such as a non-decoupling F-term, but this
implies new sources of SUSY breaking that themselves threaten naturalness. We have identified
a new model where the Higgs couples to a singlet field with a Dirac mass. The non-decoupling
F-term is naturally realized through semi-soft SUSY breaking, because large ms helps raise the
Higgs mass but does not threaten naturalness.

12
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Figure 8: The tuning A, defined in Eq. eq:tune, for the Dirac NMSSM is shown on the /eft as a function
of M and mg. For comparison, the tuning of the NMSSM is shown on the right, as a function of M and ms.
The red region has high fine-tuning, A > 100, and the purple region requires m; > 2 TeV, signaling severe
fine-tuning > ¢’(103). The tuning is evaluated with L = 6 (30) in the upper (lower) plots.

The key feature of semi-soft SUSY breaking in the Dirac NMSSM is that S couples to the
MSSM only through the dimensionful Dirac mass, M. We noted that interactions between S and
other new states are not constrained by naturalness, even if these states experience SUSY breaking.
Therefore, the Dirac NMSSM represents a new type of portal, whereby our sector can interact with
new sectors, with large SUSY breaking, without spoiling naturalness in our sector.
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