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Abstract Non-decoupling D-term extensions of the MS-
SM enhance the tree-level Higgs mass compared to the
MSSM; therefore, they relax fine-tuning and may allow
lighter stops with rather low masses even without maximal
mixing. We present the anatomy of various non-decoupling
D-term extensions of the MSSM and explore the potential
of the LHC and of the International Linear Collider (ILC)
to determine their deviations in the Higgs couplings with
respect to the Standard Model. Depending on the mass of the
heavier Higgs m 7, such deviations may be constrained at the
LHC and determined at the ILC. We evaluate the Higgs cou-
plings in different models and study the prospects for a model
distinction at the different stages of the ILC at /s = 250,
500 and 1000 GeV, including the full luminosity upgrade and
compare it with the prospects at HL-LHC.
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1 Introduction

The mass of the recently discovered scalar particle my ~
125.5 GeV at the Large Hadron Collider (LHC) [1,2], as well
as its measured signal strengths, within the current achiev-
able precision, is consistent with the Higgs boson of the Stan-
dard Model (SM). In the context of Supersymmetry (SUSY),
the observed Higgs mass can be obtained within the Minimal
Supersymmetric Standard Model (MSSM), as well as a num-
ber of well-defined extensions of the MSSM based on the two
Higgs doublet model [3]. However, having not yet observed
supersymmetric particles at the LHC so far may provide cir-
cumstantial evidence that the MSSM is fine-tuned to some
degree. The generation of such a heavy mass for the lightest
CP-even Higgs, indeed, often requires heavy stops, posing a
naturalness problem, or large stop mixings.

Motivated by the aesthetic of naturalness and in the
endeavour to uniquely determine the Higgs sector and its
scalar potential, in this paper we explore a number of con-
crete and well-motivated extensions of the MSSM and study
to what degree they lead to deviations from the SM that are
measurable at the LHC or at a future Higgs factory such as
the International Linear Collider (ILC).

There are two main categories of extensions of the MSSM
that may offer extra contributions to the Higgs mass at tree
level, thereby improving fine-tuning. The first category is
given by F-term extensions of the MSSM, in which addi-
tional fields interacting with the MSSM Higgs doublets —
either gauge singlets as in the NMSSM [4-9] (for a review
see [10—12]) or triplets [13—17] — raise the tree-level Higgs
mass via terms in the superpotential resulting in enhanced
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quartic couplings of the Higgs boson. The second cate-
gory that will be studied in this work is given by quiver
or D-term extensions of the MSSM [18,19] and see also
[20]. In these models, an MSSM gauge group extension
provides additional non-decoupling D-terms from the Kéh-
ler potential, enhancing the tree-level Higgs mass through
extra contributions to the Higgs quartic couplings. In par-
ticular, at a scale above the TeV-scale, the extended gauge
group under which the Higgs fields are charged is bro-
ken to SU(2); ® U(1)y; the additional D-terms originate
from integrating out the heavier scalar fields that partici-
pate in the breaking of the gauge groups. This category of
MSSM extension is appealing for a series of reasons [18,19]:
the electroweak scale remains stable after running from
higher energies, as there are no log-enhanced 1-loop correc-
tions to Higgs soft masses; additional contributions to elec-
troweak precision observables can be suppressed and gauge
coupling unification is not obviously spoiled. In addition,
these models are consistent and compatible with all frame-
works of supersymmetry breaking, the Higgs enhancement
being largely independent of how SUS Y-breaking effects are
parametrised.'

We consider gauge extended MSSM models in which the
gauge group features two copies of the electroweak gauge
group SU(2)Q@U (1), G 4 insite A and G p insite B. Atlower
energies, at a scale 21 TeV, G4 ® G p diagonally breaks to
the SM electroweak group SU(2); ® U(1)y. In this case,
two main classes of models can be identified. In the first
class, which we will refer to as the “vector Higgs” case, the
two Higgs doublets H, and Hy are both charged either under
G 4 or under Gp, transforming as a vector representation
(Hy, Hy) of G 4 ® G . The second class, the “chiral Higgs”
case, instead, has H,, and Hyq charged under different copies
of SUQ2) @ U(1) [21,22].

We supply an anatomy of these types of models, explore
whether they lead to predictions that are experimentally
testable at the LHC and the ILC, and we use them as a pre-
dictive guide concerning the stops masses and the trilinear
At-

The approach we take here will be bottom-up in which
we neglect effects from the renormalisation group equations
(RGE) and focus on these extensions as deformations of the
MSSM. This approach is complementary to that of [23], for
instance, where a fully UV-complete two-loop spectrum gen-
erator is used (and made publicly available, [24]) to analyse
the sparticle spectrum and Higgs physics of such a quiver
model. Other descriptions of quiver models as UV comple-
tions may be found, for example in [21,25-34].

I At low energies the model is often well described by the MSSM plus
an effective action. Therefore the soft terms can be parametrised largely
independent of the D-terms enhancement, if the scale of diagonal gauge
symmetry breaking is small enough.
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The outline of this paper is as follows: in Sect. 2 we com-
pare the minimisation conditions and naturalness between the
MSSM and some of its two-site quiver extensions. In Sect. 3
we explore the LHC’s and ILC’s capabilities to resolve such
D-terms enhancements of the MSSM. In Sect. 4 we present
a discussion and conclude. In Appendix A we supply a more
general derivation of the D-terms for Higgs bosons, squarks
and sleptons applicable to both chiral and vector Higgs mod-
els.

2 A catalogue of non-decoupling D-terms

D-terms extensions of the MSSM were first explored in
[18,19], as they may provide a tree-level enhancement of the
Higgs mass my, through a modification of the Higgs quar-
tic terms in the scalar potential. A higher tree-level mass
requires smaller loop-level corrections to reproduce the mea-
sured Higgs mass with respect to the MSSM, with improved
consequences for naturalness. The main idea is the follow-
ing: the D-terms induced by an extended gauge group diag-
onally breaking to the MSSM’s SU (2);, ® U (1)y contribute
to the Higgs quartic potential. The gauge symmetry break-
ing is caused by the acquisition of VEVs by some linking
fields charged under the gauge group. The minimum of the
potential is in a D-flat direction, leaving the Higgs doublets
massless (at tree level). Once the heavy linking fields are
integrated out, the associated D-terms do not decouple in
the supersymmetric limit as soft masses for the linking fields
are introduced at a scale equal or higher than the breaking
scale, remaining in the Higgs scalar potential at lower ener-
gies. The additional non-decoupling D-terms raise the Higgs
tree-level mass while introducing an effective hard SUSY
breaking in the quartic scalar couplings. For more details of
the generation of non-decoupling D-terms, see [18,19,23]
and Appendix A.

Non-decoupling D-terms extensions of MSSM may arise
in two- (or more) site quiver models, for example with a
single linking field L between the sites, in the bifundamental
representation under the two gauge group copies of SU (2), as
isthe casein [27-30]. Alternatively, non-decoupling D-terms
are predicted in two-site quiver models with a bifundamental
and antibifundamental pair of linking fields L, L [23,25,26,
31-36]. Furthermore, as quiver models are related to extra-
dimensional models through deconstruction [32, 371.2 non-
decoupling D-terms may also appear in the latter context with
apossible explanation of flavour hierarchies and a squark soft
mass hierarchy (this was pointed out in [23]).

2 A number of models of supersymmetry breaking involve strong cou-
pling or holography and this may be usefully approximated by holo-
graphic deconstruction [38—40], its most elementary example is given
by a three-site quiver model.
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‘We wish to compare here the minimisation conditions and
the implications for naturalness within the MSSM and some
of its possible quiver extensions.

The gauge group of the MSSM extensions we consider
is given by G = SUQ3) ® G4 ® Gp, where G4, Gp are
copies of SU(2) ® U (1), respectively, located in sites A and
B. Regardless of how supersymmetry is broken, mediated
either by gauge, gravity or some other effect, it is reason-
able to approximate the low energy theory of these two-site
models with the MSSM supplemented by an effective action
to account for the D-terms. This approach neglects RGE
effects, while the full implementations of the UV comple-
tions, although warranted such as in [23], are beyond the
scope of this work.

2.1 Minimal supersymmetric Standard Model (MSSM)

It is useful, in the context of the MSSM and its D-term exten-
sions, to use the most general renormalisable scalar potential
for a two Higgs-doublet model (2HDM) [3],

V = m}|Hy|* + m3|Hy|> +m3,(HyHy + HI H})
Al A2
+ 7|Hd|4 + 7|Hu|“ + A3 Hyl*|Hq |
As
+ g HY Hy* + S [(Hy - Hy)? +cc]

+ Ag|Ha|*[(Hy - Hg) + c.c.]

+ A7\ Hy|*[(Hy - Ha) +c.c.], 2.1)

with all parameters real and CP-conserving. To recover the
MSSM Higgs scalar potential, we take

m? = (ul? +m%), m3=(u?+my), mi= B,
2 72 2 12

P+ g+ 1,

m=a="8 8T8 =g

1 2 1 3 4 28

with g’, g, respectively, being the Standard Model hyper-
charge and the SU (2); coupling constants.>
The up- and down-Higgs doublet scalar fields may be
written in terms of their charged and neutral components,
H, = (H+, HY), Hd = (HY, Hy). The minimisation con-
=0=4 HO should be fulfilled for the consis-

tency of the electroweak breaking minimum of the potential.
The VEVs of the neutral components are defined as [41]

2.3)

3 In the following, we take g to be SU (5) GUT- normahsed, such that
g1 =g1.6ur =+/5/3¢". g2 = g and m} = ; (g7 + g3) (2 + v]).

vy _ vsinf

2 2,2 2
= = (246 GeV)~, = = tan .
vT =y +ug = ( eV) vcos B an 8
24
The minimisation condition equations then read
2
2 2 mz _
my + |u|” — By cot p — > cos(2B8) =0, 2.5)
2
2 2 mz _
my, +|nl” — By tan B + - cos(2B8) =0, (2.6)

where m p, and m g, are the Higgs soft masses and B, is the
MSSM b-term. Taking mZZ and tan 8 as output parameters,
Egs. (2.5), (2.6) can be rewritten as

2B
sin(2B) = — - , 2.7)
mHu+de+2|/’L|2
Im3, —m?, |
fo T 3 — 2/l 2.8)

2
m, = ——————— — m
2T N —sin2@p) o T

In the MSSM, after electroweak symmetry breaking there
are five physical scalar states: the two CP-even neutral scalars
h and H, the CP odd neutral scalar A°, and the conjugate
charged Higgses H*, H ™. Using the tree-level scalar poten-
tial minimised around the VEVs v, and vq4, one obtains the
set of masses

2,MSSM __ 1 2 2
mh’H = z(on +mZ

:F\/ (m2— m2)2+ dm%m?, sin2(2,3)>, 2.9)

2,MSSM _

40 = m =2|ul? +mH +de, (2.10)
moSSM = m2, + m,. @2.11)

The tree-level Higgs mass is bounded by m%,o <
mZZ cos? 28, requiring large loop corrections to reproduce the
measured SM-like Higgs mass at ~125.5 GeV. The MSSM
Higgs mass squared in the decoupling limit m 40 > mz
can be approximated at one loop (with two-loop leading-log

effects included) by [12,42—46]

2, MSSM

~ 2
myy m cos 2,3+

|:mt S/miM )ln —

X7
12M;2 ’

where m;_,(A) is the running top mass at the scale A and
Mtg = mymp; X = A — w*cot B, with A, the stop soft
SUSY-breaking trilinear coupling, quantifies stop mixing.*
This expression assumes that the left and right soft parame-
ters of the stops are equal m g, = myy.

2
+mt r(M) ( (2.12)

4 In the following we assume y to be real.

@ Springer
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SSM generations

Fig. 1 The quiver module of the electroweak sector which leads to
the vector-Higgs D-term, as in Table 1. The supersymmetric standard
model is on site A, the linking fields (L, Z) connect the two sites. The
singlet field (K) is not shown. The resulting non-decoupling vector-
Higgs D-term is displayed in Eq. (2.13)

Table 1 The matter content of the theory that may lead to a vector-
Higgs non-decoupled D-term for both SU(2);, and U(1)y, with the
Higgs doublets on site A. f = 1, 2, 3 labels the generations. The singlet
K couples to the linking fields in the superpotential and it is introduced
to generate a suitable scalar potential for the linking fields; see also [23].
This model is represented in Fig. 1

Superfields Spin 0 Spin % Ga®Gp®SUQB),
q’ q’ q’ 2. £.1,0,3)
5f 5/ f 1 T
d’ dy" dy” (1,3.1,0,3)
il il ul? 1.-3.1,0.3)
i ir it 2 -11001
o 7 b (1.1,1,0,1)
Hy Hy Hy 2, -1.1,01
H, H, H, @2 L1001

L L VL 2. -1215
L L Vi 2. 4.2,-5D
R 7 (1,0,1,0,1)

2.2 Vector Higgs Quiver Model

The first class of two-sites quiver models that we consider
is given by the “vector Higgs” case, in which both Higgs
doublets of the MSSM are on the same site [18,19]. The
particular scenario in which the Higgs doublets as well as the
other MSSM matter fields are on site A, i.e. charged under
G 4, is depicted in Fig. 1, as described in Table 1.

As outlined at the beginning of the section, after the sym-
metry breaking of G4 ® Gp to SU(2)L ® U(1l)y, the real
uneaten scalar components of the linking fields appear in
both the A and the B site scalar D-term potential. When
these components are integrated out, in the effective theory
the following relevant terms are added to the MSSM Higgs
potential:

3g1A;
5 8
83N,
e

5L = (H} H, — H] Hy)?

Y (H]o“Hy+ Hjo“Hy)* + - - .

a

(2.13)
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The ellipsis denote terms involving other scalars of the model
as explained in Appendix A. A; and A, are respectively
given by

2 2 2 2
AA = 841 my AA = 842 my
N 2 m? +m ’ 2T 2 m? +m ’
8B1 vl L 8p2 v2 L
(2.14)

where g1, gp1 are the U(1) couplings on site A and B
while g42, gp2 arethe SU(2) couplings; m is the soft mass,
which we assume equal for both linking fields L, Z, and
My, , My, are the masses of the heavy gauge bosons after
the symmetry breaking to SU(2); ® U(1)y. The relation
between the MSSM gauge couplings and that of the extended
gauge groups takes the form

cosf; = i sin 6; = L1l

. (2.15)
8Ai 8Bi

To enhance the D-terms one requires gi ;> g% ; » a condi-
tion that in some cases can be problematic for perturbative
unification, because, if most of the matter is charged under
G 4, then a Landau pole may be reached below the GUT
scale (see Sect. 2.2.3). If we are not concerned by coupling
unification, then Aj and A, may arise independently and in
general are not equal in value.

For the vector Higgs extension of the MSSM, the minimi-
sation conditions are given by

2 2
ms +m
my, + |l* — By cot p — % cos(28) =0, (2.16)

2 2

meo, +m
mi, + |ul* — By tan B + % cos(28) =0, (2.17)
where we defined 4m2A = (%g%Al + g%Az)vz. Equations
(2.16), (2.17) solved for mzz and tan § read

2B
sin(2B) = — = 5 (2.18)
mHu+de+2|M|
im3, —m7, |
2 2 Hg Hy 2 2 2
my +my = ———— —my —my, — 2|ul°.
2TTAT N—sin2ep
(2.19)

The tree-level Higgs masses are found simply by replacing
m% — m% +mA and my, — m¥, (1 + Az) in (2.9)-(2.11).
We report here for completeness the Higgs mass matrices,
and for brevity we set

3
gh = 5811+ AN +g3(1+ A,

. 3

&h = —2si(1+ AD + (1 + AD). (2.20)

The mass matrix for the CP-even Higgses, in the basis of the
real components of (H?, Hl?) is given by
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m2 = ( a1 —38T2vavy — Re[BMJ)
"\ —18%vavy — Re[B,] M2 ’
(2.21)

where
1

mi i = 2 Bmiy, + 8lul’ + g G — v), (2.22)
1

mu2 = - (8my + 8|ul* — g1, (=3v; + v)). (2.23)

8

For the pseudo-scalar Higgses, the mass matrix in the basis
of the imaginary components of (H?, Hl?) reads

2 on’“ RC[BM]
mi, = (Re[ Bl mig ) (2.24)
where
1
mp0 gy = §(gmi,d + 8|l + g (—v2 + 1)), (2.25)
1
Mp0 2y = g(8m%,u + 8lul* — ghh(—v2 4+ v2). (2.26)

The mass matrix for the charged Higgses (Hj , H),
(Hy ", H}) reads

) M- 11 1(4B} + (834 g3 AD)vavy)
"=\ @B, + (824 g2 A2)vavy) my- 2 ’
7 W 2T 8272 u ,
(2.27)
with
1 .
M- = g @miy, + 8l + gl + &), (2.28)
1 .
my-2 = ~@my +8|ul* + ghv; + 85,v7). (2.29)

8

The non-decoupling D-terms contribution causes a shift
in the tree-level Higgs mass squared m% o Which in the decou-
pling limit results in

3 2 2
287 A1 4+ g5A
mil(‘)’ec = |:m22 + <—5g1 14 £ 2) v2:| cos?2B.  (2.30)

Also the masses of the other scalar of the model, the

sfermions, are affected by additional D-terms; see Appendix A.

For the analysed case with matter as in Table 1, the mixing
matrix M 7 of a generic sfermion f is given by
2 24 w21t 2
2 — mﬁ-&— my+ M7 (15 — Qrsy) me’Zf ,
f mgX g mzf- +m2f-+ M2 Qys3,
JR K
(2.31)

denoting s, = sin 6y where by is the Weinberg weak mixing

angle, and the useful abbreviation ]l;l% = (mzz +m2A) cos2p,

where m2A = % (%g%Al —i—g% A>)v2. The off-diagonal element

X ¢ is defined in terms of the soft SUSY-breaking trilinear
coupling A ¢ via

Xy = Ay — pu*{cot B, tan B},

where cot 8 applies for the up-type quarks, f = u, c, t, and
tan B applies for the down-type fermions, f = d, s, b, e, u, T.
Note that m ¢, Q r and I3 are the mass, charge and isospin
projection of the fermion f, respectively. Once diagonalised
this matrix leads to the light and heavy sfermion masses m g
and m B In particular the stop masses are given by

(2.32)

1,2

1 1~
2 _ 2 2 2 2
m; _=m; + 3 |:MQ-3 + My, + EMZCOSZ,B

2
q:\/ (13, 03,4 483 cos2 5 - 5 snow )| + 4m?X%},
(2.33)

writing m; = Mg;, m;, = My;,. To obtain the MSSM
mass expression one has just to set ma = 0. For a light stop
scenario, this may have an appreciable effect and similarly,
for the stau which may be the NLSP (for a Goldstino LSP
scenario such as GMSB). In the case that the g4 > gp, even
for the case of split families the above mixing matrix will
still apply to the third generation scalars on Site A. For the
sneutrinos the mass matrix is given by

2 2 1 2 2
mf = M} + 5 (m% + m}) cos(2P). (2.34)

2.2.1 Higgs mass enhancement in the vector Higgs case

In the following discussion of the impact of non-decoupling
D-terms in the vector Higgs case on the Higgs mass, we take
for simplicity A; = Ay = A. The effect of the tree-level
shift of the Higgs mass can significantly reduce fine-tuning
in the top-stop sector and allows for a reduced average stop
mass. This can be seen in Fig. 2 (similarly to [36]), where we
plot in the (mg,, X;) and (m;,, X;) planes the Higgs mass
from Eq. (2.12) with the tree-level D-terms corrections from
Eq. (2.30), for different values of A. While at the MSSM limit
A =0, for X; = 0 GeV, we need m -~ 4 TeV to reproduce
the correct Higgs, at A = 0.3 this is possible with m; ~ 1
TeV. One can also note that the value of the maximal mixing
scenario (the sharply acute concave kink in the contours for
|A;| ~ v/6My) can further allow for a significantly smaller
X; for increasing A.

Discussing the expected order of the size of these D-
terms one can observe that with A ~ (O(1) the tree-level
Higgs mass would already be sufficiently large to account
for the observed 125.5 GeV Higgs mass. In [36] was shown
that demanding fine-tuning no worse than 1/10 together with
light stops one would expect A 2 0.5. On the other hand,
in [23] it was found that O(0.1) A is more easily obtainable

@ Springer
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Vector Case, m;, = 125.5 GeV, tan =10

'd N\
4000 Ar=4; H
3 —o0
— o001 (]
b — 0.05 |1
— 3000 o
= I 0.1
[
<)
5 |
f 2000
S
s
1000

-2000  -1000 0 1000 2000

X, [GeV]

Vector Case, m;, = 125.5 GeV, tan =10

' N\
4000 Ar=4; 4
— 0
— 0.01 ||
— 0.05 |
3000 — o1 [
— — 0.2
>
[
O
= 2000
1S
1000

-2000  —-1000 0 1000 2000

X, [GeV]

Fig. 2 Contours of the Higgs mass mj, = 125.5 GeV in the (m g,, X;) plane (left panel) and in the (mj,, X;) plane (right panel) for different values
of A} = Ay. We set mp, = mys;, tan B = 10. The one-loop Higgs mass with tree-level D-terms corrections my,, 1 is plotted

m; =500 GeV, X;=0 GeV

130 ]

120

110

100} |
90}

L L

30 40

One loop Higgs mass my,; [GeV]

80
0

tang

m; =500 GeV, X;=-1TeV

T T T

135

130

125

120

115

110

L L

0 10 20 30 40
tang

One loop Higgs mass my,; [GeV]

Fig. 3 One-loop Higgs mass my, 1 with tree-level D-terms corrections vs. tan 8 for different values of A; = A, with X; = 0 (left panel) and
X = —1TeV (right panel), and with m; = 500 GeV. For comparison, 125.5 & 3 GeV grid lines are plotted

and preferable if one is to accommodate perturbative unifi-
cation (see also Sect. 2.2.3). As these O(0.1) A can still have
a noticeable effect on the Higgs mass but may have a less
easily observable deviation from the MSSM, we study here
the degree to which their effects can be determined at the
LHC and ILC.

In Figs. 3 and 4 one can see how enhancements due to
the non-decoupling D-terms arise significantly for tan 8 €
[1, 10], where it is harder to reproduce mj, = 125.5 GeV, and
stabilises for tan 8 2 10. Such results are similarly repro-
duced using the RG-evolution approach as in [23]. In partic-
ular in Fig. 4 it is evident that for an increasing value of A,
a lower mj, is required to get m;, = 125.5 GeV, especially
compared to the MSSM limit of A = 0.

In the left panel of Fig. 5 we can see that to have null
mixing X; = 0 GeV with tan 8 = 10, mj, has to be in the
1-4 TeV range for A € [0.01, 0.3]. On the right panel we

@ Springer

see that for the same values of A with a lower stop mass
(m;, ~ 500 GeV) still a |X;| ~ 1 TeV is required, with
negative values of X, preferred by theory due to RGE effects,
which makes A; = X; + pu cot B run negative. In summary,
whilst the maximal mixing scenario is favoured, it is now
much more achievable, due to the D-term effects, for smaller
values of A;, and even allows sub 2 TeV stops for the null or
small mixing scenario, when A > 0.3.

The vector Higgs D-term extensions of the MSSM may
feature different generations of matter located on different
sites, for example having the first two generation matters on
site B [27,28], while typically the third generation is on the
same site as H, since the stop mixing parameter X, helps to
trigger EWSB. In an alternative version of the vector-Higgs
D-terms, the Higgses are both on site B. The correspond-
ing D-terms are now given by Eq. (2.13) with Aj and A,,
respectively, equal to
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A=A = 0.1, X[= -500 GeV
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Fig. 4 One-loop Higgs mass mj, ; with tree-level D-terms corrections vs. tan B for different values of m;, with A} = Ay = 0.1 (left panel) and
Ay = Ay = 0.2 (right panel), with X; = —500 GeV. For comparison, 125.5 &= 3 GeV grid lines are plotted
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Fig. 5 One-loop Higgs mass my, 1 with tree-level D-terms corrections
lines plotted for comparison. On the left panel, mp, 1 vs. mj with X; =
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Notice that the role of the gauge couplings are reversed with
respect to the model of Table 1, having g% > gf“. This
can result in an easier perturbative unification if more mat-
ter is on site A than site B [19], although this can gener-
ate problems with EWSB. This has effects on naturalness
too, depending on where the source of supersymmetry break-
ing is introduced, in the context of supersymmetry breaking,
for instance Non-universal UV Higgs soft masses may be
required to trigger EWSB at low scales.

2.2.2 Additional fine-tuning and the Higgs mass

We should also consider the effect on naturalness of the
explicit breaking of supersymmetry from the non-decoupled
D-terms in the EFT we restrict to. Using a cut-off, the non-
decoupled D-terms in the vector case will lead to a quadratic
divergence that contributes to the Higgs mass counterterm at
one loop [19,36]:

tan g = 10, m; = 500 GeV

135 q

One loop Higgs mass my; [GeV]

~1000 0
X, [GeV]

for different values of A; = A;, with tan 8 = 10 and 125.5 £ 3 GeV grid
0 GeV; on the right panel, mj, 1 vs. X; with my = 500 GeV

Ol%g%Al-I—ﬂg%Az M?
4 1672’

(2.36)

where «, 8 are determined by the precise matter content that
appears in the non-decoupling D-term, each generating a
one-loop contribution (see Sect. A), and M 2 - m% Such an
effect may arise both in the Higgs tadpole equations and in the
one-loop Higgs self energies. In a supersymmetric theory that
is only softly broken all quadratic divergences cancel exactly
at all orders in perturbation theory. In this case, Eq. (2.36)
gives an additional contribution depending on the size of
M2, which should then not be too large in order not to have
too much additional fine-tuning. This fine-tuning, F', may be
quantified as
sm2 e
—5— =1/F. (2.37)
my
In either case we have assumed in this paper, as in [19,36],
that M is small enough (3—10 TeV) such that this contribution
is neglected. Itis interesting to consider the inclusion of these
terms if one considers larger values of M2 such as might arise
from future Z’ exclusions.
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2.2.3 Perturbative unification and the size of the D-terms

Here we briefly discuss gauge unification in these models as
a guide to constrain the maximum possible size of D-terms.

To maximise the effect of the vector-like D-terms such as
Eq. (2.14), one requires that the ratio of gauge couplings
Ri = 83i/85:- (2.38)
is as large as possible, however, making certain gauge cou-
plings large at low energies and including additional matter
fields will certainly effect perturbativity of the gauge cou-
plings at higher energies. In addition, whilst these models do
not (yet) have full GUT multiplets of matter, particularly for
the linking fields, but also for the MSSM matter content, we
can still explore the possibility of unification in these mod-
els as usual. For definiteness we take the model outlined in
Table 1.

The beta functions at one loop are given by

d b, . 39 _ 6
Pou = g% = Tz WO b”=<2’?’_5’§’_3>’
(239)

The restriction that «; (Mgut) < 1 and that

ag , (Mgut) = ag,, (Mgur) = ag, (Mgur), (2.40)
with
g5 (Mgur) = dg,; (MGuT), (2.41)

restricts the parameter space significantly. The results of per-
turbative unification for the largest values of R’s are plotted
in Fig. 6. We ﬁnd Ry ~ 0.6 and R, ~ 0.86, such that even

allowing for

~ 1 this gives
+mL

Perturbative unification for §; = 0.73, 6, = 0.6, at
approximately 1082 & 10 Gev

1

Inverse fine strucure constants, a; g

Log,(,(Q/GeV)
Fig. 6 Perturbative unification of the G4 ® SU (3). and G p sites sep-

arately, allowing for the maximal value of the ratios R;. These also give
a prediction of the values of the mixing angles, 6;’s in Eq. (2.15)

@ Springer

g2 m2
A= (22 ——£— < R which implies that
8p ) my +my

(aMax ANy — (0.6, 0.86), (2.42)

respectively. Larger A’s are also possible if SU (3) is quivered
to SU(3)4®SU (3) g as then oc3_A1 can be made weaker allow-
ing for unification at a later scale and therefore larger R’s. Of
course abandoning perturbativity altogether will allow for a
larger D-term enhancement too.

The dynamics of the Yukawa couplings are also of interest.
The superpotential, including K, is given by

Y -
W = Wussum + 7"K(LL —vYy, (2.43)

in which Y} is taken to be real. The Yukawa coupling one-
loop beta functions (for the third generation only) are given
by

d
I = =
'BYt d[y
~ YVt 16 2 2 3 2
=~ 1622 |:3}’;*Yt + Yy — EXC 3842 — 15841 |
(2.44)
d
ﬁi},) = E)’h
y N N N 16 7
~ 1622 [y, yetyiye + 3y — ?gg —3gi, — 15gm]
(2.45)
d
Q)
IByT = dt )7r
~ Yt 16 , 2 7 5
Ton? [4y,yf + ¥y — EXihe 3842 — 15841
(2.46)
and
d
,3(1) = g%

ye [15 2 2 2 2
= Tox? [loykyk 1085, — 1084, — 6841 — 685 | -
(2.47)

For the same choice of parameters as before, the results are
presented in Fig. 7, where one can see that as w41 hits a Lan-
dau pole at around 10'* GeV, which is after both GUT scales,
the Yukawa couplings become very small and run to oppo-
site signed values. This is reminiscent of five-dimensional
extensions of the MSSM [47,48], where power law running
is used to argue for an explanation of the order O(1) top
Yukawa from an initially small coupling in the UV.

2.3 Chiral Higgs Quiver Model

Another possible two-sites quiver is the chiral Higgs case
[21,22], in which the two MSSM Higgs doublets are on two
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Third generation Yukawa couplings, Y;

4 6 8 10 12 14 16
Log,0(Q/GeV)

Fig. 7 Renormalisation group evolution for the Yukawa couplings

SSM generations

Fig. 8 The quiver module of the electroweak sector for the chiral Higgs
case. The resulting chiral-Higgs-like non-decoupling D-term is reported
in Eq. (2.48) and whose matter content is in Table 2. The model requires
additional fields carrying Higgs-like charges or leptons multiplets on
site B instead of A, for anomaly cancellation

Table 2 The matter content of a quiver model that may lead to the
Chiral Higgs case and the D-term enhancement of Eq. (2.48). This is
pictured in Fig. 8. The model requires additional fields carrying Higgs-
like charges or leptons multiplets on site B instead of A, for anomaly
cancellation

Superfields Spin 0 Spin % Ga®Gp®SUB).
q’ q’ q’ @, 6,1 0,3)

5 3/ S

d’ dy dy @l 3, 1,0,3)
il T ul 1,-2,1,0,3)
i’ I I 2,-15.1,01
ef &l el* 1,1,1,0,1)
H, H, H, 2. 5.1,0, 1>
Hqy Hy Hy (1,0 2,-4.1)
L L VL 2. -3.2.501
L L Vi 2 1.2.-41
K VK (1,0,1,0,1)

alternate sites. This is pictured in Fig. 8 and in Table 2, in
which the up-type Higgs doublet H, and the three generations
of matter are on site A, while the down-type Higgs doublet
Hy is on site B.

The chiral Higgs case may be quite naturally achieved
from a four-Higgs doublet model in which each site has two
Higgs doublets and then at lower energies a Higgs doublet for

each site is integrated out, resulting in a two-Higgs doublet
model. In the chiral Higgs model the non-decoupling D-
terms that are added to the scalar potential of the MSSM, at
low energies, are given by

3 g2 1 2
5L = —ng £ HH, + S—lHde
2 2
Q 1.
—g28 23 <$2HJ0”HU - nga“Hd) TR

a

(2.48)

The ellipses represent terms involving other scalar particles
as reported in Appendix A, while

2 2
j m m
& :&7 Ql:z—L’ QZZZ—LZ’ (2.49)
8Bi i +mL mv2+mL

and A; = §i2~Q,~,Withi =1, 2. The minimisation conditions
now take the form

2
m
my, + > — By cot,B—TZ cos(28) +m? cos? B+C =0,
(2.50)
m2
m%,d—l—lulz— B, tan,B—i—TZ cos(2B)+ m%, sin® B+ D=0,
(2.51)
where
2 v?
mgy=— > kigi . (2.52)
i=1,2
with k,- =(3/5,1) and
Z kig? &% sin® B,
i=1,2
COS
Z kigi Q@ ﬁ (2.53)
i=1,2 i
Equations (2.50), (2.51) then give
in(26) 2By (2.54)
sin = R .
myy, +my, +2lu)> +C+ D +m
2 2 2
my = m[(c +mHu)tan ,3
— (D +my )] —2|ul*. (2.55)

The following Higgs mass matrices may be derived. In the
basis of the real components of (H?, HS), the mass matrix
for the CP-even Higgses given by

2
my, =

( mp, 11 Yy kig,?(szf—l)—Re[Bﬂ])
Yot S kig?(Q;—1)—Re[B,] mp.2 '

(2.56)
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Chiral Case mh for tan B =10,0=0.2

3500F
3000f

2500f

2000f

m;, [GeV]

1500f
1000f

500f

-3000 -2000 =1000 0 1000 2000 3000

X, [GeV]

Fig. 9 Contours of the Higgs mass m, = 125.5 GeV in the (m;,,
mgp, =my;, tan f =

with
v2 Qi
mp11 = By, tan,B—l—chos ,B—i-—cos ,BZk, 1252,
(2.57)

2
sin B Zk, g2 .
(2.58)

mp2 = By cotﬁ—l—mzsm ,3+

For the pseudo-scalar Higgses, the mass matrix in the basis
of the imaginary components of (Hc?, Hl?) reads

2 on 11 RC[BM]
_ : , 2.59
4 (RG[BM] M 40 22 259
with
Mo 11 = B,u Cotﬂ, M0 99 = BM tan ﬁ (260)

The mass matrix for charged Higgses (Hy  H),
(Hy ", Hib) is

m2 :< my- 11 J;g%(l—ﬂz)vdvu-i-B,’:)
=\ 183(1 — Q)vavy + By, Mmy- 2 ’
(2.61)
with
my- 11 = By tan B+ miy sin® B(1 — ), (2.62)
M- 2y = By cot B+ my cos® B(1 — Qo). (2.63)

The masses of the Higgs states are adjusted accordingly

@ Springer

Chiral Case mh for tan B =10, .g? 0. 5

3500F
3000f
2500f

2000f

m; [GeV]

1500F
1000f

500F

-3000 -2000 —1000 0

1000 2000 3000
X, [GeV]

X;) plane for different values of & (left panel) and Q2 (right panel), with
10. The one-loop Higgs mass with tree-level D-terms corrections m, 1 is plotted

; 1
mioc};;f, = E(mf\ +m%) + (C + D)

2
q:;\/ (mi— m 4 2E=D )) 2QB)+ (3 +m—2m3 )22 (2).

cos(2B)
(2.64)
chir ZBL
m? e = sinéﬁ =m}y, +my, + 20 +C+ D +mp, (2.65)
my M = w3+ m, (1 - ), (2.66)

where ¢2(28) = cos2(28), s2(2B) = sin?(2p). The non-
decoupling D-terms in this model lead to a shift to the tree-
level mass, which in the leading order in the 1/ tan 8 expan-
sion is given by

2
8151 Ql+g2$292 1
th—|:mz+(5 1 v +0o m,gi .

(2.67)

2.3.1 Higgs mass enhancement in the chiral Higgs case

We discuss the impact of non-decoupling D-terms in the
chiral Higgs case on the Higgs mass, taking for simplicity
Q=Q = Qand & = & = &. In Fig. 9 is plotted
the Higgs mass from Eq. (2.12) with the tree-level D-term
corrections from (2.67) in the (m;,, X;) plane for different
values of & or 2. Also in this case the 125.5 GeV contour
lines show that the D-term contribution lower the minimal
stop masses required for a given value of X;. In Fig. 10, in
a fashion similar to [22],% we show the m;, contour lines in
the (§, €2)-plane for m; = 500 GeV and 1 TeV.

In the chiral Higgs case, too, the explicit supersymmetry
breaking in the low energy effective theory leads to a reason-
ing similar to the one discussed in Sect. 2.2.2.

5 Note the different notation.
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mz =500 GeV, tan 8 = 10, X,;= —400 GeV

2.0fj

0.0 0.2 0.4

0.6 0.8 1.0

mz = 1000 GeV, tan B = 10, X,= —400 GeV

2.0

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 10 The Higgs mass in the (§; = &, €21 = 22) plane, for the chiral Higgs case, with m; = 500 GeV (left panel) and m; = 1 TeV (right
panel), while tan § = 10, A; = —400 GeV. The one-loop Higgs mass with tree-level D-terms corrections my, 1 is plotted

3 Higgs couplings determination at the LHC and ILC

Non-decoupling D-terms induced by the quiver extensions
of the MSSM, apart from shifting the tree-level masses of the
scalars of the theory (see Appendix A), have direct impact
also on several physical quantities as, for instance, the h —
yy decay branching ratio [30] or the Higgs boson couplings
to fermions and gauge bosons [22,36,49-51]. We will study
the latter effects, estimating the dependence of the deviations
from the SM couplings on the additional D-terms, in the
light of the precise determination of Higgs boson couplings
at current and future colliders. Let us then first define the ratio
of the Higgs (the lightest eigenstate /) coupling normalised
by that of the Standard Model couplings:
ku=gu/g. kp=gp/gp . kv=gv/e". (3.1
for any up(down)-type fermion U = u,c,t (D =d, s, b, e,
W, T), or gauge boson V = w*, 7.

A standard way to express these ratios, or scaling factors,
in a 2HDM models of type-II such as the MSSM, is to write
them in terms of the angles 8 and «,

sin o
cos B’

_ cosa
sinpg’

Kp = — (3.2

ky = sin(B — ),

where « is defined as the mixing angle of the Higgs mass
eigenstates,

ho - —sina cosa (Re Hg .
Hy cosa sina ) \Re HY
The SM is recovered for sina = — cos 8, cosa = +sin .

We can express k;, ky in terms of tan 8 and «p (not consid-
ering wrong mixings Ap coming from loop effects) [36]:

(3.3)

/cg—l
Ky = BT R
tan- 8
tan 8 Kp
= J1+tan? g —«? ). 3.4
v 1+tan2ﬂ<tan,3+ +tantp K”) S

The relations (3.2) are exact; however, a more transparent
general expression for the scaling factors can be obtained
looking at the specific model considered. We study models
in the decoupling limit for large tan 8. A procedure to rewrite
the Higgs couplings in this regime is to start from the general
2HDM Higgs scalar potential, Eq. (2.1) and integrate out
the heavier states identified to the Higgs doublet Hy; see
also [22,36,50]. The Higgs couplings can be read from the
effective Lagrangian after having integrated out H, (? and, after
a perturbative expansion in 1/tan 8, kp = K, are

2\ ! 2
A A
/cb:(l—m—2h> (1_%>+...’ (3.5)
m?, mi, — ms

where we adopt the definitions from Eq. (2.1) and the ellipses
denote non-zero A7 contributions from F'-term like enhance-
ments that are null in the MSSM, O(1/ tan? B) corrections
and possible “wrong sign” couplings coming from 1-loop
contributions. Finding the right «; expressions for our quiver
models is straightforward, substituting into (3.5) the cor-
responding A3, As. For the vector Higgs case A3, A5 are
obtained by the MSSM relations (2.2) with the additional
contributions (2.13), giving Az + A5 = —[g%(l + Ar) +
2g3(1 + A1)]/4, such that

o\ 1
Kgcctor: (1 _ Z_zh) (1+
H

[g3(1+A0)+2 g2 (14+A)]v?
4(m3, — m3) '
(3.6)
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LHC and ILC sensitivities to

12 T T T

my=600 GeV

Vector case

S
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<
4
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0.0 0.5 1.0 1.5
A1=A2
(a)

Fig. 11 Vector case: relative enhancements «p, — 1 of the Higgs bottom
couplings for the chiral-Higgs case with respect to the SM are displayed
in solid lines, in (%) as a function of A| = A,, for different values of
mpy (GeV). a In dashed lines, the contours of the expected accuracies
on the scaling factors «; at the LHC, HL-LHC and ILC, from [52] and

Kr
2=0.5
£=0.2,/my=500 GeV
MSSM limit A=0 /AI” 200G
110} _ncia™
e T =600 Gev
1.05 '/,’ HL-LHC #my=800 GeV \\\
i - \ \\
1.00 M |
1
\\ P //
A L L L L L S
0.90 0.95 1.00 1.05 1;1,0/ 1.15 Kb
(a)

Fig. 12 Vector-Higgs case: experimental sensitivity to coupling devi-
ations from the Standard Model, assuming no correlation between «;
measures. a (kp, k7) for A =0 (SM limit), 0.1, 0.2, 0.5, at different
values of mpy = 500, 600, 800, 1000, 1200 GeV. The experimental
sensitivity, centred in the SM value (xj, k) = 1, is represented by lo-

For the chiral Higgs case, using instead the additional con-
tributions (2.48), one obtains A3 + A5 = —[g%(l — Q) +
3¢3(1 — Q)1/4, and

cchiral l—m—%’ 1 [83(1—Q2)+ 2 (1-Q))]v?
’ m3, Ay —m3)

(3.7)
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ILC model—independent sensitivities to

T
l—
=600 GeV
A —

12 T T
Vector case

—
my=700 GeV
S
—

my=800 GeV
A —

A=A,
(b)

Table 3, centred on the SM value 0. The accuracies assume no non-SM
production and decay modes and assumes universality (ky = k; = K,
kg = kp = ks and k; = k; = k). b In dashed lines, the contours
of the model-independent ILC sensitivities for each run from [53]; see
Table 4, centred on the SM value 0

y>—fitat 30 C.L.

1.0 LN B A S B S B L — ]
0.8F g
0.6F g
<
04 .
L — LHC14 ||
0.2F — HL-LHC
— ILC500 |/
r — ILC1000 |1
0.0 P TS SRS S S B
400 600 800 1000 1200
mpy [GeV]
(b)

confidence ellipses: black dashed for LHC at 14 TeV and 300 fb~!, black
dotted for HL-LHC at 3000 fb~! at 14 TeV, red dashed ILC at 500 GeV
and red dotted for ILC at 1000 GeV. b Xz—test of kw, Kz, Kz, Kp, Kz In
the (mp, A)-plane at the different experiments: areas on the left of the
solid lines are not consistent with the SM at 3o -confidence level

In these two cases, the MSSM limit can be obtained by setting
the non-decoupling D-term contributions to zero, respec-
tively A; = 0 and ; = 0.

It is important to understand how these D-term enhanced
deviations from the SM couplings could be detected, as a sig-
nature for the considered quiver models at present and future
colliders; see Figs. 11, 12, 13, 14. At the LHC only ratios
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LHC and ILC sensitivities to &
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Fig. 13 Chiral-Higgs case: relative enhancements «; — 1 of the Higgs
bottom couplings for the chiral-Higgs case with respect to the SM are
displayed in solid lines, in (%) as a function of €21 = 2 for different
values of mpy (GeV). a In dashed lines, the contours of the expected
accuracies on the scaling factors «; at the LHC, HL-LHC and ILC,
from [52] and Table 3, centred on the SM value 0. The accuracies

Kr
Q=0 MSSM limit
1.10p _LHCI4
rosf .~
, HL-LHC /{r:,,:7(]l)(}eV N
/ \
 m=1000 GeV \
1.00} 1LCS00 i
! 1
\ ,/
N . . . . sl K
090 095 1.00 105 1107 LIS b

(a)

Fig. 14 Chiral-Higgs case: experimental sensitivity to coupling devi-
ations from the Standard Model, assuming no correlation between «;
measures. a (kp, k7) for 2 = 0 (SM limit), 0.2, 0.5, 1 at different
values of my = 500, 600, 800, 1000, 1200 GeV. The experimental
sensitivity, centred in the SM value (xp, k) = 1, is represented by lo-

between different Higgs couplings can be determined, there-
fore coupling determination is possible only in the frame-
work of a specific model. For example, taking some minimal
assumptions on the underlying model, as explained in [52],
one can obtain kp from a constrained 7-parameter fit assum-
ing no non-SM production and decay modes and assuming

ILC model—independent sensitivities to

Chiral case
my=500 GeV
Lt )

T
=600 GeV
L
my=100 GeV

o=
0 ki n n n n f
0.0 0.2 0.4 0.6 0.8 1.0
Ql = 02
(b)

assume no non-SM production and decay modes and assumes univer-
sality (ky = ky = k¢, kg = Kkp = K5 and k; = K = k). Correlations
are neglected. b In dashed lines, the contours of the model-independent
ILC sensitivities for each run from [53], see Table 4, centred on the SM
value 0

xy2—fitat 30 C.L.

10F ™ T T <

L — LHC14

I — HL-LHC
08t — ILC500

I — ILC1000
0.6
0.4
0.2
oo, . . N

400 600 800 1000 1200
my [GeV]
(b)

confidence ellipses: black dashed for LHC at 14 TeV and 300 fb~!, black
dotted for HL-LHC at 3000 fb~! at 14 TeV, red dashed ILC at 500 GeV
and red dotted for ILC at 1000 GeV. b Xz-test of kw, Kz, Kz, Kp, K¢ I
the (mp, A)-plane at the different experiments: areas on the left of the
solid lines are not consistent with the SM at 3o -confidence level

generation universality (ky = k; = k¢, Kg = Kp = Kg
and k;, = «k; = k). This is listed in Table 3, where
the coupling determination uncertainties at LHC at 14 TeV
( f L£dr = 300fb~!) and High Luminosity LHC (HL-LHC,
[Ldr = 3000fb~!) are compared with some expectations
at the International Linear Collider (ILC).
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Table 3 Expected precisions on «; at 1o, in %, from a constrained
7-parameter fit assuming no non-SM production and decay modes

ki = K¢ = ky), as reported in [52]. LHC corresponds to 300 fb!
at 14 TeV, HL-LHC at 3000 fb—! at 14 TeV

and assuming universality (ky = k; = ke kd = kp = kg and
LHC 14 (%) HL-LHC (%) ILCs00 (%) ILC500—Lumup (%) ILCy000 (%) ILC1000—Lumup (%)
Kw 4-6 2-5 0.39 0.21 0.21 0.2
Kz 4-6 2-4 0.49 0.24 0.5 0.3
K| = K¢ 6-8 2-5 1.9 0.98 1.3 0.72
K4 = Kp 10-13 4-7 0.93 0.60 0.51 0.4
Ky = K¢ 14-15 7-10 2.5 1.3 1.3 0.9

Table 4 Expected accuracies on the coupling scaling factors «; at lo,
in %, for a completely model-independent fit assuming theory errors
AF;/F; = 0.5 %, from the ILC Higgs White Paper [53]

ILCys0 (%)  ILCspo (%)  ILCioo0 (%)

ILCLumUp (%)

kw49 1.2 1.1 0.6
Kz 1.3 1.0 1.0 0.5
Ke 5.8 2.4 1.8 1.0
Kp 53 1.7 1.3 0.8
Ky - 14 3.2 2.0

On the other hand, at future ete™-colliders as the ILC,
the Higgs fotal width and the Higgs couplings can be deter-
mined in a model-independent way. This is possible by
exploiting the recoil methods that allow for a decay indepen-
dent determination of the Higgsstrahlung process production
ete™ — HZ, aquantity that enters many observables [53].
With respect to estimates with minimal model assumption,
there are slightly higher uncertainties. This is reported in
Table 4, where we show the estimated ILC accuracies on the
Higgs couplings, assuming the theoretical uncertainties to be
equal to 0.5% for the ILC stages at /s = 250, 500, 1000
GeV and for the luminosity upgrade ILCpymyp at 250, 500,
1000 GeV, from [53], which may be further improved [54].
Since ILC measurements are dominated by statistical errors,
they are improved with increasing statistics, in contrast with
Higgs determinations in the High-Luminosity LHC that are
dominated by systematic errors.

In Fig. 11 we plot how the LHC and ILC may detect
deviations from the SM Higgs bottom coupling due to non-
decoupling D-terms in a vector Higgs quiver extension of
the MSSM. The relative enhancement with respect to the
SM Higgs bottom coupling, «; — 1, is plotted as a function
of A for different values of the heavier neutral CP-even Higgs
mass m g (see Eq. (3.6)). The non-decoupling D-terms in the
vector Higgs case enhance the deviation from the SM with
respect to the MSSM limit A = 0, while larger values for
mp clearly suppress these effects. Furthermore, in Fig. 11 a
value of «; — 1 that lies above a contour line corresponds to
adeviation from the SM that can be detected, once the Higgs
bottom coupling at the corresponding machine run is mea-
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sured. In Fig. 11a, the horizontal dashed contour lines corre-
spond to the LHC and ILC lo-confidence level sensitivities
for kp, determination with the minimal model assumptions in
Table 3, centred on the SM value KbSM — 1 =0.InFig. 11b,
the sensitivities for ILC model-independent k;, determination
are displayed. At the LHC at 14 TeV, deviations triggered by
A ~ O(1-2) may be detected for ampy < 600 GeV, while
formpy < 1TeV, these deviations may be detected at the HL-
LHC. Coupling enhancements due to A ~ 0(0.1-0.2), are
more suitable according to the top—down approach in [23],
are (just) discernible at the HL-LHC form g < 800 GeV. The
ILC running at 500 GeV may be sensitive to these ranges of
A formpy ~ 1 TeV, while for the high luminosity configura-
tion at 1000 GeV (f Ldr = O(5000)fb1), this is valid up
tompy ~ 2 TeV, showing the power of this experiment in the
study of the Higgs scalar potential.

The deviation from the SM of k;, in Fig. 11 alone cannot
be used for claiming a BSM underlying model, as it might
merely be due to statistical effects. Therefore, in Fig. 12a
we show the non-decoupling D-terms triggered deviations
in kp and k.: the points lying outside the lo-confidence
ellipses for each experiment can be distinguished from the
SM.% In Fig. 12b we perform a x2-fit to the SM values
of kw, Kz, k¢, kp, k; in the (mpy, A)-plane: the areas on
the left of the solid lines are not consistent with the SM at
3o -confidence level. As deviations from the SM value 1 for
Kkw, Kz, k; are relatively mild in these models, see Eq. (3.4),
in particular considering the achievable accuracy in these
quantities, the main contribution to the x 2 result comes from
kp and k7, as they present large deviations and a relatively
good resolution. One can see that at the first run of the LHC
deviations from the Standard Model only for a relatively light
H, with mass up to my >~ 350-400 GeV are observable and
the luminosity upgrade is needed to explore the parameter
space up to decoupling masses mpy < 500 GeV for any
value of A. At the ILC, instead, deviations from the SM for
m g up to 700 (900) GeV at /s = 500 (1000) GeV. In both

6 A similar kind of analysis, for general 2HDM models, may be found
in [55].
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plots in Fig. 12 we do not take into account any experimental
correlations between the determinations of «;.

In the chiral Higgs quiver case, the D-terms triggered devi-
ations of «;, (in particular), have an opposite behaviour com-
pared to the vector case. Here, the D-term contributions are
negative, see Eq. (3.7), pushing the Higgs couplings closer
to the SM value. Therefore for increasing €2, the deviations
of the couplings from the SM get less detectable with respect
to the MSSM limit (for 2 = 0); see Figs. 13 and 14a. Fig-
ure 14b shows how, for Q@ ~ O(1), the sensitivity to the
deviation of couplings is reduced at the LHC by ~ 50 GeV
and by ~ 100 GeV at the ILC.

Once a deviation in the couplings from the SM is detected,
one should address the question of which (BSM) supersym-
metric model has been observed. For this, the measurement
of the couplings alone is not sufficient, but also the detection
of H and the measurement of its mass m g are fundamental,
as one can decouple the A or 2 measurement; see Eq. (3.6).

4 Conclusions

In this paper we explored two cases in which non-decoupled
D-terms arise. We studied how the size of this enhancement
affects the light CP-even Higgs mass and its couplings to
fermions and vector bosons in the decoupling limit m 4 >
mz with large tan 8. We found that:

e In the vector Higgs case, a D-term size parameter A of
order ~ O(1) allows one to reach a Higgs mass of 125.5
GeV at tree level, with consequent relaxation of natural-
ness. On the other hand, A ~ O(0.1) may still provide a
suitable enhancement to the Higgs mass, and seem to be
preferred in the light of perturbative unification, from a
top down approach. Similar conclusions can be drawn in
the chiral Higgs case.

e The Higgs couplings to b and t are particularly sensitive
to deviations from SM and MSSM values due to non-
decoupling D-terms, and can be studied at the LHC and
ILC. For a more decoupled heavy Higgs H,i.e.largermpy,
the deviations from the SM couplings are smaller. In the
vector Higgs case these deviations increase for larger D-
terms, and can be determined at the HL-LHC for any value
of A with my < 600 GeV. At the ILC at 500 GeV the
sensitivity to deviations is much improved, and deviations
from the SM for 0 < A < 0.5 can be seen with my <
800-900 GeV; further improvement is possible with the
ILC 1-TeV upgrade.

e In the chiral Higgs case, instead, contributions from the
non-decoupling D-terms reduce the deviations in the cou-
plings from the SM value and result in a more challeng-
ing experimental determination. At the ILC at 500 TeV,
in correspondence of a maximal D-terms contribution to

the Higgs mass (€2 = 1), the sensitivity is reduced, the
deviations from the SM being detectable with my < 650
GeV.

Once deviations from SM couplings are established, in
order to distinguish the model from the MSSM, a precise
measurement of m g is required to obtain the D-terms param-
eters. Furthermore, combining these results with electroweak
precision measurements where the effects of gauge exten-
sions could be observed, may possibly identify these mod-
els. In order to be sensitive to a vast range of gauge extended
models, we have shown that the precise and largely model-
independent measurements of the Higgs couplings at the lin-
ear collider is needed.
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Appendix A: General derivation of non-decoupling
D-terms

Here we give a derivation of the non-decoupling D-terms
and show how they may arise within a two-site quiver model,
involving scalars charged under the final symmetry: squarks,
sleptons as well as Higgs bosons. We consider the product
of two identical (non-)abelian gauge groups G4 ® G p that
breaks to the diagonal subgroup, G p. The canonical kinetic
terms for i chiral superfields A;, charged under only G 4, and
of j chiral superfields B}, charged under only G g, are given
by

Lafd%v Y AlesVen; +3 Ble®"r B, (A1)
l. :

J

where g, and g, respectively, are the gauge couplings for site
A and B and V,, V), are the corresponding vector multiplets.

After the diagonal breaking G4 ® Gp — Gp, V, and V},
recombine into a massless vector multiplet, Vp, and a heavy
one, Vg, which can be written as

@ Springer
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_ gaVb+gbVa _ _gaVa+gbe
V& + g Ve + g

Vg obtains a mass through the supersymmetric Higgs mech-
anism by eating a (complex) chiral superfield ®, in our case
a combination of the linking fields between the sites A and
B,

Vb Vi (A.2)

D = (1 +is) + 20 +6°Fo. (A3)

The real scalar field ¢ is eaten to give the third degree of
freedom to the gauge fields A, s remains uneaten, while the
Weyl fermion y couples to the gaugino A to make a supersym-
metric Dirac mass. In the Kéhler potential the corresponding
mass term m%/ for Vi is given by

LD/d“emZVVE,Jr---. (A4)

Furthermore, the following soft mass terms are added:
- 1
LD f d*e <mxm%,02 + rﬁxm%,92 - Em%,m%@“) VI?I

+ / d20m, W2 + / A6y W2, (A.5)
where the soft masses m m? m;,, respectively, parametrise
the soft breaking of the fermion y, the real uneaten scalar s
and the usual Majorana soft mass for the gaugino A. Therefore
the Kéhler potential may be written to leading order in Vg
as

8

a

Ky D ga <§_Z>jaVH +gd< )JbVH+~-~. (A.6)
Jasp are the current multiplets, satisfying the constraint
D?J = 0, that contain all the fields charged under site A
or site B:

. _ - _ 1 _
T = J° +i6)¢ 6] — 6018, + 066519, j¢

—%Q_O_QU’LBMJTC - ieeéémf, (A7)
with the leading term being the current of scalars J¢ =
> qbl.T T¢¢;, where ¢; are the collection of all scalars charged
under the gauge group and c is the generator index. The effec-
tive lagrangian after integrating out the heavy vector field Vy
is then of the form

Leffz/d“e Y AlesoYr A+ Ble?V0 B | + 0.
i j
(A.8)

O is the most general expression for the non-decoupled D-
terms,

@ Springer

1 m2e*
O = o2 / ol — - s~
8D m%, m%, + m%

(&) ()]

with asum over A generators. The associated non-decoupling
D-term corresponds then to the 4 term in the round brackets
of Eq. (A.9), while the currents in the square brackets reduce
simply to (%) the scalar current for this 6% term.

Passing explicitly to the case of quiver extensions of the
MSSM, the diagonal gauge group coupling gp corresponds
to the SM coupling gsy and the symmetry breaking consists
in

(A9)

SUR)a®SU2)p—>SUQ2)L, UMa@U)p—>UD)y.

(A.10)

In the case of a model in which all MSSM fields are on site
A, charged under G 4 the scalar currents are given by

1 + 1 i 1~T~ 1~T~
Jus = 5 HyHy = SH{Ho = 511+ 233
l- 2
+§de - gfﬁﬁ +é'e.
Juyy =0, (A.11)

1 B e
JSAU(z)A = 5(HJUAHu + HJO’AHd + qTGAq + lTaAl),

A
Jsu@y, =0 (A.12)

with all flavour and colour indices implicitly traced. For the
case of split generations (see for instance [27]), in which the
third generation and H,, Hy are charged under G 4 and the
first two generations under G g, one finds

. 1
Tuma =3 dHu—EHJHd
lon 1 1on 2
— 1T+ -g'q+ zdtd - Siatavéfe| |
+[2 +6qq+3 314u—|—ee3

1 . 1o e
Isu@), = E(HJGAHquHdUAHdHE[qTUAq LT oA,

T, = +%[cfaf‘q + 17011y 5. (A.14)
These results may be extended to a four-Higgs doublet model
or to a quiver model with three or more sites, straightfor-
wardly. The sum in (A.9) implies that the D-terms generate
mass shifts to the Higgs doublets, to all charged squarks and
sleptons as well as additional quartic vertices. As a conse-
quence, additional contributions to branching ratios should
be considered in precision studies with Higgs and sfermion
decays. An accurate detection of these effects may allow for
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the determination of the gauge structure and the charges of
matter fields to identify the underlying model.
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