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Abstract We investigate the conditions for alignment in
Dirac Gaugino models with minimal matter content. This
leads to several scenarios, including an aligned Dirac Gaug-
ino NMSSM that allows a light singlet scalar. We then investi-
gate the compatibility of minimal Dirac Gaugino models with
an enhanced W boson mass, using a new precise computa-
tion of the quantum corrections included in the code SARAH
4.15.0.
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1 Introduction

While constraints on heavy Higgs bosons in supersymmetric
models are rather stringent at large tan 8, excluding masses
above a TeV, at small to moderate tan 8 direct searches do
not place significant limits; only indirect constraints from
B — sy limit a heavy charged Higgs boson to be above 568
GeV, roughly independent of tan 8 [1]. On the other hand,
in the Minimal Supersymmetric Standard Model (MSSM),
this region is likely excluded for an additional neutral Higgs
boson below a few hundred GeV due to modifications to
the SM-like Higgs boson couplings. This has led to a lot of
interest in extensions of the MSSM (or variants of the Two
Higgs Doublet Model) where alignment without decoupling
is possible [2-9], that is where the mixing between the SM-
like Higgs boson and other scalars is minimised so that it
aligns with the expectation values and has SM-like couplings.

Dirac Gaugino models [10-19], (see also, for example,
[20-66]) accommodate scenarios where alignment without
decoupling is automatic at tree-level [16,67-71]. Under the
assumption of an N = 2 supersymmetry in the gauge sec-
tor at some scale, these models contain an approximate
SU(2)r R-symmetry which guarantees the tree-level align-
ment [68]. An investigation of the effects of quantum cor-
rections showed that it is even radiatively stable [67], with
competing effects partially cancelling.

These models have many interesting phenomenological
properties, and have been extensively studied in the literature.
They involve, at a minimum, an extension of the MSSM by
three adjoint chiral superfields, one for each gauge group;
the fermions from these pair with the gauginos to give them
a Dirac mass. This means the presence of new scalar fields,
in singlet, triplet and octet representations.

Actually, it has not adequately been investigated to what
extent the singlet could be light in such models. One con-
dition for this to be the case is that it should not disturb the
couplings of the light Higgs — in other words, we should have
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some amount of alignments without decoupling. ATLAS and
CMS both give constraints on the overall signal strength of
the Higgs boson u to be [72,73]:

1t = 1.06 £0.07 (ATLAS), = 1.02707 (CMS). (1.1)

If the Higgs boson & mixes with an inert singlet s, then we
can write the mass eigenstates /1, S as

h St S\ [k
_ 1.2
(S) (-Slz 511)<S> (42
then we will find that
w=ISn* <L (1.3)

Hence if we allow a 30 deviation from the ATLAS result, we
require

1—1811? = 1S12)*> < 0.15 —> |S12] < 0.39. (1.4)
While this still allows a moderate amount of mixing,
the larger the mixing between the flavour eigenstates, the
stronger the direct search bounds on the singlet will be.
Therefore in this work we will consider the conditions for
an approximate alignment in which the light Higgs mixes
neither with the Heavy Higgs nor with the singlet (the triplet
being decoupled). This will lead to a scenario that we refer
to as the aligned DGNMSSM.

Recently, the CDF experiment reported a new measure-
ment of the mass of the W boson [74]. Compared to the SM
prediction [74-76], this gives as averages (combined Teva-
tron + LEP [74,77-84]):

Ma‘[fvatron+LEP = 80,424 + 9 MeV,

MM = 80,356 4 6 MeV. (1.5)
If we take the central value of the top quark mass to be 172.89
GeV then the central SM prediction becomes 80,352 MeV
[85]. These differ by 7 standard deviations, although mea-
surements at the LHC [86,87] also differ from the combina-
tion of Tevatron + LEP by 4 standard deviations, so at this
stage confirmation is required by other experiments. Never-
theless, a modification to the W boson mass is one of the
most generic effects of new light particles coupling to the
electroweak sector, so such a hint is tantalising.

It has generally been assumed in Dirac Gaugino models
that the adjoint scalars should be heavy; indeed, the require-
ment that the triplet scalar vacuum expectation value (vev)
must be very small compared to the Standard Model Higgs
one —otherwise it would generate a large p parameter —is usu-
ally ensured by giving the triplet a heavy mass. Amusingly,
following the new measurement, the simplest explanation for
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the enhanced W boson mass is exactly an expectation value
for the neutral component of such a triplet. In this work we
shall investigate that possibility in minimal Dirac Gaugino
models.

Such a triplet scalar also comes along with electroweak
fermions, which can modify the quantum corrections too.
Therefore a precise computation is required. While a prelim-
inary such computation was performed for the MRSSM [88]
using an update to FlexibleSUSY [89,90], and a related
computation was performed for the same model in [91], that
model lacks a natural enhancement to the W boson quantum
corrections. In this work we introduce a similarly precise
computation in the package SARAH-4.15.0 and use it to
examine the compatibility of our aligned DGNMSSM, along
with four other scenarios — the “MSSM without u term,” the
MDGSSM, the aligned MDGSSM and the general DGN-
MSSM — with the new measurement of the W boson mass, or
a naive world average value of M ;Nvorld average — 80,411+ 15
MeV.

This work is organised as follows. In Sect. 2 we sum-
marise the essential details of the class of Dirac Gaugino
models, including the vacuum minimisation conditions and
mass matrices. The conditions for alignment are reviewed
and a comparison is made with the cases of the MSSM and
NMSSM. We also introduce the different variants we shall
consider: the MSSM without u-term; the MDGSSM, the
DGNMSSM and the aligned DGNMSSM. In Sect. 3 we will
study the predictions for all of these classes of models for
the W boson mass, examining in particular the effects of a
precise computation of the quantum effects. We present our
conclusions in Sect. 4.

2 Dirac gaugino models with automatic tree-level
alignment

2.1 Field content and interactions

We shall consider in this work the extension of the MSSM by
a minimal matter content to allow Dirac Gaugino masses, as
in [19,36]. The additional superfields consist of three chiral
multiplets, in adjoint representations of the SM gauge group
factors (DG-adjoints): a singlet S, an SU (2) w triplet T¢, and
an SU(3)¢ octet O%. If we require gauge-coupling unifi-
cation, even more states should be added to the model. For
instance, for an (SU (3))? Grand Unification, the minimal set
of chiral multiplets includes also extra Higgs-like doublets
R, 4 as well as two pairs of vector-like right-handed electron
E'|, in (1,1); and E~/1’2 in (1,1)_;. We will not consider
these states here.

In order to develop an intuition for the different inter-
actions involved, it is helpful to consider a simple picture
where the model descends from a supersymmetric theory in
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D dimensions. The different states can appear in different
sectors: some live in the whole D-dimensional bulk, others
are localised on four-dimensional hyper-surfaces (branes) at

points of the extra dimensions of coordinates x; = {xf’},
a =5,...,D. The corresponding Lagrangian can be writ-
ten as

/de L= /de{ﬁbuzk + ZB(D_4)(x —x)

®
Eboundaries}’ @.D
where we have not explicitly written the metric factors. The
four-dimensional theory arises after a truncation keeping
only the compactification zero modes:

£4d = 5;;(;”{ + LboundarieSv (22)

i, = / AP~ Lo, 2.3)
Lpoundaries = /dD_4x ZS(D_4)(X — Xi) E;jzzunduries'

L

(2.4)

A tree-level alignment in the Higgs sector appears in
a class of models where the bulk theory leads to a four-
dimensional Lagrangian with interactions governed by an
N = 2 extended SUSY. In particular, the SM gauge fields
and the DG-adjoint fields arise as N = 2 vector supermulti-
plets, and the two Higgs chiral superfields H; and H; form
an N = 2 hypermultiplet, interacting through the superpo-
tential [92]

£ o /429 {t H, -Hy + A5 S H, - Hy + 207 Hy - TH,},
(2.5)

where T = %0“ T¢, and the dot product is defined as

H, -H; = ¢;H,H) = H}H; — H)HY. (2.6)
The N = 2 SUSY has a global SU(2)r R-symmetry
that rotates between the generators of the two N = 1 super-
charges. The scalar components S, 7¢ of S and T¢, respec-
tively, are singlets of SU (2) g. This R-symmetry rotates then
between the auxiliary fields Fy of the adjoint superfields
2% € {S, T%} and the auxiliary component D¢ of the cor-
responding chiral gauge superfields Wf,6 for U(l)y and
SU (2)w. This implies that
( Re(Fg) , D% , Im(Fg) ) 2.7
form a triplet of SU (2) g. As a consequence, in order that the
interactions (2.5) of S and T with the two Higgs doublets
preserve SU (2) g, the couplings Ag and A7 must be related

through!
8y 82

As = ——, and A7 = — (2.8)
V2 V2

to the couplings gy and g» of the U (1)y and SU (2)w gauge
groups, respectively. Below the scale where the N = 2 SUSY
is broken to N = 1, these relationships are spoiled by a
small amount through renormalisation group running, so in
numerical evaluations we must treat the couplings A g and A7
as independent parameters.

In addition to the SU(2)g R-symmetry which is bro-
ken in N = 1 (chiral) sectors, there is a global U(1)g R-
symmetry under which the superspace coordinates 6% carry
a —1 charge. The U (1)g charges of the H,, and H, super-
fields are Ry, and Ry, respectively. They are arbitrary but
subject to the constraint Ry, + Ry, = 2. The DG-adjoint
superfields S, T, and O are R-neutral. Below, we shall clas-
sify the different N = 1 interactions following whether they
preserve or break the U (1) g symmetry.

The boundary Lagrangian can be split into different con-
tributions:

4d __ pbulk 2
Eboundaries - ‘Clocalised +/d 0 {WYukawa

+Wpg + Wyr) + AL (2.9)

bulk e : :
Here, we denote by El ealised kinetic and interaction terms

already present in the bulk theory ﬁiil « but appearing with
relative coefficients that violate N = 2 supersymmetry. Such
terms can a priori be present because the boundary theory pre-
serves only N = 1 SUSY, thus the coefficients of these terms
are less constrained. Here, for simplicity, we assume such
terms to vanish at tree level, to be only generated by quan-
tum loops after supersymmetry breaking, and will therefore
be accounted for in our analysis, at least in part, through the
radiative corrections.

Also in (2.9), we have the usual MSSM Yukawa superpo-
tential Wy, xqwa With the couplings responsible for the quark
and lepton masses:

Wyukawa = Ys' USQ; - H, Y] D¢Q; - Hy— Y. E,L; - Hg,
(2.10)

which arises on the brane where the matter field supermulti-
plets are localised.

In this work, we consider a typical scale for the soft
terms, for example squarks or gaugino masses, to be in the
phenomenologically interesting range myor; ~ TeV. If we
denote by A a higher scale, for instance related to super-
symmetry breaking messenger mass scale or to the Planck

' Tn the discussion of the W boson mass, we shall relax this condition
and study also generic Minimal Dirac Gaugino models with arbitrary
values for As and Ar. All of the description of the models presented in
this section holds for these models except for the N = 2 SUSY and
SU(2)g global R-symmetry that are broken.

@ Springer
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scale, then we can consider the relative strength of the diverse
SUSY-breaking terms as an expansion in powers of % We
will assume that SUSY-breaking terms in the gauge sector
preserve the U (1) g R-symmetry, giving rise to Dirac gaugino
masses, while Majorana masses might be generated only by
higher-order interaction terms, therefore suppressed by addi-
tional powers of hidden-sector couplings and/or ms/(\’f L where
A could be the Planck scale (for gravity-induced effects). The
effective superpotential for the Dirac gaugino masses reads

Wpa = V26 [mDyswla + 2mpatr(TWha ) (2.11)

+2m p3tr(OWs a):|, (2.12)

where O = %)\“ 0%, and W, o are the chiral gauge-strength
superfields. Finally, the superpotential Wy r contains terms
that break explicitly the U (1) g R-symmetry:

M
Wyr = &S+ TSS2 + §S3 + As7 Str(TT)
+Aso Str (00)
+Mrp tr(TT) + Mo tr (00)

A
+To tr (000) . (2.13)

The soft SUSY-breaking Lagrangian AL*°/? can in turn
be split in two parts. The first contains the scalar mass and
interaction terms that preserve the U (1) g R-symmetry:

— ALY = mYy | Hy? +mby, | Hal? +m|S)?
+2m7 tr (TTT) + 2m3 tr (07 0)
+mB)7 0] 0 + m}) T USTUS + (m)" DT DS
+mDYLIL; + (m3)V ESTES
1 2 1 3
+(15S + = BsS? + =T, S
2 3
+Ts7Str(TT) + TsoStr(0O0)
+Br w(TT) + Bo tr (00)

+§T0tr(000) —|—h.c.>. (2.14)

The second part of AL°/" contains the scalar mass and inter-
action terms that break the U (1) g R-symmetry:

—ALYH > B, H, - Hy+ Ts SH, - Hy +2Tr Hy - TH,
+T U Q) - Hy— T D1 Q) - Ho — T,) E°iL;

-Hg + hec., (2.15)

as well as the Majorana mass terms M; (with i = 1,2, 3)

for the gauginos. In general, the mechanisms that break R-

symmetry and SUSY could be independent of each other,

hence in Egs. (2.14) and (2.15) we refrained from defining

the soft SUSY-breaking trilinear couplings as proportional
to the corresponding superpotential couplings. In this work

@ Springer

we assume that the soft SUSY-breaking Higgs-sfermion-
sfermion interactions in the second line of Eq. (2.15) are
suppressed with respect to the R-conserving sfermion mass
terms in Eq. (2.14). This can be realised in our D-dimensional
picture if the quark and lepton superfields are localised on
a brane that differs from the one where the breaking of the
R-symmetry takes place.

Since our study focuses on the electroweak sector of Dirac
Gaugino models, we assume for simplicity that the scalar
octet O is heavy and can be integrated out of the theory. To
insulate the singlet sector from threshold corrections involv-
ing the heavy octet, we also neglect the singlet-octet interac-
tion term proportional to Asp in the R-violating part of the
superpotential, Eq. (2.13), as well as the analogous term pro-
portional to Tso in the R-conserving part of the soft SUSY-
breaking Lagrangian, Eq. (2.14). Similarly, since they cannot
appear in some of our scenarios, for simplicity in the follow-
ing we shall also neglect Agr, Tsr and the tadpole terms

15, &s.
2.2 The electroweak scalar sector and alignment

We can now discuss the neutral scalar sector of this class of
models. The vacuum expectation values 2 (vevs) of the neu-
tral components of the doublets H; and H,, are related by
v2 + v3 = v?, where v ~ 246 GeV is the electroweak
scale, and we define tan 8 = v, /vy. The neutral singlet
and triplet scalars S and 79 obtain vevs (S) = vg/ V2 and
(T = vy //2, respectively. These lead to effective 4 and
B,, parameters:

1
Meff = (b + E(sts + Arvr), (2.16)
1
By eff = By + E()\SMS + Ts)vs
1 1 5
“FE(KTMT + Tr)vr + 5)\51(1)5. (2.17)

The vevs vg and vy are then determined as a solution for the
coupled cubic equations:

1 -
szg + —2(TK + 3/(M5)v§ + m%Rvs

&|

2

v
—|—7 [ﬁksueff — 8yMpyC2g

1 1
— <%TS + ﬁ)»sMS + )»51)5/() Szﬁ] =0, (2.18)

2
- v
szRvT + 5 |:\/§)\T[/Leff

2 1t should be emphasised that, throughout this work, we assume that
CP symmetry is not spontaneously broken by the vacuum. Therefore,
all vevs are real.
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1
+gxmpacrp — E(TT + )»TMT)Szﬂ} = 0, (2.19)

where

isg = M3 +m% + Bs +4m3,y,

iy = M3 4+ m% + Br +4m?,, (2.20)

are effective mass-squared parameters (at zero expectation
value) for the real components Sg and Tlg of the neutral sin-
glet and triplet scalars (the analogous masses for the imag-
inary components S; and T,O are nﬁ%l = M§ + m% — Bg
and rhzT ;= M% + m2T — Br, respectively). We know that
vr must be small — namely, less than a few GeV — to avoid
an overlarge tree-level Ap, so to a good approximation we
can set v = 0 in the vacuum minimisation equation for vg,
Eq. (2.18), and decouple it from the one for vr, Eq. (2.19);
this would allow the cubic equation for vg to be solved using
standard techniques. However, the current state of technol-
ogy for the computation of loop corrections assumes that we
take expectation values as being valid for the true minimum
of the full quantum-corrected potential, so in our numerical
studies we must take them as inputs. Especially for vr this
can lead to complications; see [93] for a recent discussion of
this issue.

To discuss the alignment in the Higgs sector, it is now
convenient to introduce the so-called Higgs basis for the two
doublets,

Va®Pg + v, Py —vu Py +vg Py

15—7 QZE—’
v v

221

where we defined for convenience two doublets with positive
hypercharge, ®;, = H,/ and ®) = —¢;;H,’. In the Higgs
basis the two doublets can be decomposed as

Gt Ht
@1 :<(v+h+iG°)/f2> : qDZ:((H—HA)/«/E) ’
(2.22)

i.e., only the neutral component of ®; has a non-zero vev,
and the would-be-Goldstone bosons, G* and GO, all lie in
®;. In general, the neutral CP-even fields 7 and H mix with
the neutral CP-even components of the singlet and the triplet.
In the basis {h, H, Sg, Tlg }, the tree-level mass matrix reads

M% + A/,S%ﬁ Aps2pcap Aps Apy
Apsapcap Mi — Ahsgﬂ Aps Apt

2
(M )uee - Aps Ags I”Fté )\.S)\‘T% ’
Apy Apy Askrg 3.
(2.23)
where
02
an= 203405 -, (.24

1

V2

Aps = v[\/ﬁksueff —gympycap — (—=(Ts + AsMs)

+v5K)»5)S2ﬂi| (2.25)
i 1
Ags = v- — E(TS + AsMg) + vskds | c2p
+gYmDYS2;Si|y (2.26)
i 1
Ane = 0| V21 prefr + gompacog — ﬁ(TT + /\TMT)Szﬁ:|,
2.27)
1
Ay = _U[\ﬁ(TT + AT Mr)cog + gszZSZﬂi|, (2.28)
2B
M} = =l (2.29)
528
=2 =0 2V v?
my = mgp + )»57 - K}»Sjszﬂ
+3k 20} 4+ V2vs(Tye + 3 M), (2.30)
2
- - v
my = kg +A%~?. (2.31)

Exact alignment in the Higgs sector is obtained when one
of the eigenstates of the CP-even mass matrix — in this work,
we take it to be the lightest one — is aligned in field space
with the direction of the SM Higgs vev, and thus has SM-
like couplings to gauge bosons and matter fermions. This is
equivalent to requiring that / itself be an eigenstate of M?2,
or in other words that M%j = Owith j = 2, 3, 4. If we make
the reasonable assumption that the triplet is heavy, then this
can be relaxed to just j = 2, 3. In addition, we will also refer
in this work to cases where the singlet can be light without
being potentially ruled out by direct searches. In this case we
will require the supplementary condition that ./\/l%3 =0.

We start our discussion by focusing on the alignment
between the two doublets. The use in Eq. (2.24) of the N = 2
condition for the singlet and triplet superpotential couplings,
see Eq. (2.8), implies A, = 0 and My = My, i.e. align-
ment is automatically realised at the tree level in this class of
models, and the tree-level mass of the SM-like Higgs boson
is independent of tan B but well below the value observed at
the LHC. It is however well known that, in SUSY models, the
radiative corrections to the Higgs mass matrix play a crucial
role in lifting the prediction for the mass of the SM-like Higgs
boson up to the observed value. Moreover, the radiative cor-
rections to the condition in Eq. (2.8) for the superpotential
couplings of the adjoint superfields can become relevant if
the scale My—, where the N = 2 SUSY is brokento N = 1
is much larger than the scale where the Higgs mass matrix is
computed. All of these corrections inevitably affect also the
condition for alignment in the Higgs sector. As was discussed
in Ref. [67], in DG models the element that mixes the two
doublets in the loop-corrected mass matrix can be recast as

v? tan 8 32 g'?
1 4 tan2 B 52

@ Springer

1
tan 8

My = — [ M} - M3 -
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2

+ (A’f} - %)} Y (2.32)
where /\/l% | contains the dominant one-loop contribution
from top and stops. The latter consists in a term enhanced by
y;‘ ln(MSZUSY/ mtz), where y; is the top Yukawa coupling and
M5y denotes for simplicity a common soft SUSY-breaking
mass parameter for the stops. The second term in Eq. (2.32)
accounts for the deviation of the superpotential couplings
from the SU (2) g condition in Eq. (2.8). The ellipses denote
one-loop top/stop contributions that are suppressed by small
ratios of parameters — such as Tu33 / Msysy, see the comments
after Eq. (2.15), or m? /M2, — one-loop contributions that
involve couplings other than y;, and higher-loop contribu-
tions. Close to alignment, the loop-corrected mass-matrix
element M%] can be empirically identified with the observed
mass of the SM-like Higgs boson, M}% ~ 2 M%. Therefore,
Eq. (2.32) shows that the radiative corrections included in
M% | tend to destroy the tree-level alignment in the Higgs
sector of DG models. However, when M- is large the evo-
lution of L g and A7 down to the scale where the Higgs mass
matrix is computed makes the second term in Eq. (2.32) nega-
tive, and partially compensates for the misalignment induced
by the top/stop contributions.

Itis instructive to compare the condition for doublet align-
ment in DG models with the analogous conditions in the
MSSM and in the NMSSM. In the case of the MSSM, dis-
cussed e.g. in Refs. [6,94], one finds

1
2 2 2
- M ]
M, tan B [Mn z €28
6y>m?u A A?
y’—’@’( S )+ () (233
1672 Mgyusy 6 Mgysy

where A; = Tu33 /v is the soft SUSY-breaking Higgs-stop-
stop interaction parameter, and again the ellipses denote sub-
dominant terms. It appears that, in the MSSM, the alignment
condition M%z = 0 can be realised radiatively when a large
value of tan 8 suppresses the first term in Eq. (2.33), while
the parameters Mgysy, A; and ;0 combine in such a way that
the second term is large and negative. In contrast, in DG
models the contributions to M%Z analogous to the second
term in Eq. (2.33) are suppressed by the assumption that
A; < Mgysy, thus doublet alignment cannot be realised in
this way. We remark however that, even with the N = 2
condition for the superpotential couplings, in DG models
M%z is smaller by a factor of approximately (2 — c2p) —i.e.,
between 2 and 3, depending on tan 8 which we assume to be
greater than 1 — with respect to the case of the MSSM with
small A;.

In the case of the NMSSM, discussed e.g. in Refs. [7,9],
the mixing between A and H is given by

1
2 2 2 2.2.2
M= s [M“ — M2 cop — Arv sﬁ]

@ Springer

2,2~ 2
Oy mi i A (1 __A ) T (), (234)
1672 M3y 6 M3ysy
where fi = u + Asvs/+/2. Comparing with the case of
the MSSM, Eq. (2.33), we see that the condition /\/l%2 =0
can be realised even in the absence of a large contribution
from the terms proportional to e A,/ M2y, as long as the
singlet-doublet superpotential coupling takes values in the
range )% ~ (3—4) M% /v?, where the exact numerical coef-
ficient depends on the value of tan 8. As first pointed out in
Ref. [7], this condition singles out the region of the NMSSM
parameter space where As &~ 0.7 £0.05, a much larger value
than would be implied by the SU (2) g condition in DG mod-
els.

To summarise, the SU(2)g R-symmetry implies exact
alignment at the tree level in the Higgs-doublet sector of
the DG models, but the alignment is partially spoiled by the
radiative corrections that are necessary to obtain a realistic
value for the SM-like mass. Alignment in the MSSM can be
realised only through radiative corrections, for large tan
and for specific choices of the parameters in the stop sector.
Finally, doublet alignment in the NMSSM can be realised
even without the help of radiative corrections for an appro-
priate choice of Ag, which — differently from the DG case
with SU (2) g R-symmetry — is treated as a free parameter.

The second condition for Higgs alignment in DG models is
M% = (0, 1i.e. vanishing mixing between / and Sg. Including
the dominant contributions from stop loops, we find:

6y:Ascp

My = Aps —
13 hs 1672

M2
my(A; — [etf cot B) In % + (.,

2
(2.35)

where the tree-level mixing term Aj; is given in Eq. (2.295),
et 18 given in Eq. (2.16), and Q is the renormalisation
scale at which the parameters entering Ay, are expressed.
We assumed again a common soft SUSY-breaking mass term
Mgysy for the stops, and we neglected terms suppressed by
powers of m?/M2,,. The various terms that contribute to
Ajs arise from different sectors of the D-dimensional picture
discussed earlier in this section: namely, ; and A enter the
bulk superpotential in Eq. (2.5); m p enters the R-conserving
boundary superpotential in Eq. (2.12); Mg and k enter the R-
violating boundary superpotential in Eq. (2.13); Ts enters the
R-violating SUS Y-breaking Lagrangian in Eq. (2.15). There-
fore, even if we assume the N = 2 SUSY relation of Eq. (2.8)
between Ag and gy, a vanishing M% can only result from
an accidental cancellation between unrelated terms. We also
note that, in contrast to the case of /\/1%2, the radiative cor-
rection to M% is not enhanced by tan § with respect to the
tree-level part. Thus, its qualitative impact on our discussion
of the alignment conditions is limited, as long as the scale Q
is not too far from Mgygy.
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The minimum conditions of the scalar potential can be
exploited to express the mass parameters for the doublets and
the singlet in terms of the other Lagrangian parameters and
of the vevs vy, v, and vg. In particular, we obtain a relation
between the mass parameter rﬁ%  for the real component of
the singlet, see Eq. (2.20), and the matrix element /\/1%3 given
in Eq. (2.35):

~2

v
2
Wk, = — — M3, —
SR 2vS 13

% (TK + ﬁ/czvg + 3KMS) .
(2.36)

Equation (2.36) above shows that the condition of van-
ishing mixing between & and Sg, however realised, carries
implications for the mass of the singlet. The diagonal element
for the singlet in the scalar mass matrix is

. 1
M%3 = m%R + E)\lévz + N/ETKUS
+K <3KU§ + 3\/§M5v5 — Ags,gc,gth)

3yt2)\'~2gc.‘23 2 MSZUSY
v-1n
3272 02
where we applied the same approximations as in Eq. (2.35)
for the one-loop correction in the second line.

We now discuss the simplest case in which the global
U(1)g R-symmetry is preserved in the superpotential but
broken by soft SUSY-breaking terms, in which case we can
set k to zero. Since this implies a vanishing quartic self-
coupling for the singlet, the stability of the scalar potential
requires that we also assume 7, = 0, even if the trilinear self-
coupling of the singlet resides in the R-conserving part of
the soft SUS Y-breaking Lagrangian. In this scenario, which
we shall refer to as the aligned MDGSSM, Eq. (2.36) shows
that the alignment condition M% ~ 0 requires nﬁé R =0
or vg < v. The first of these two options implies that the
CP-even mass eigenstate that is mostly singlet is relatively
light: setting rﬁ%R = 0and k = T, = 0in Eq. (2.37), and
neglecting the small effect of the one-loop correction, we find
that the value Ag =~ 0.7 favored by the alignment condition
for the Higgs doublets in the NMSSM, see Eq. (2.35), leads to
/\/@3 ~ (122 GeV)?2, whereas the value A5 ~ 0.25 implied
in our Dirac-gaugino model by the N = 2 SUSY relation
of Eq. (2.8) leads to M§3 ~ (44 GeV)?. We remark that
the mixing between Sg and the heavier, non-SM-like scalar
H, which is controlled by /\/@3, is suppressed when M% >
/\/@3, and would in any case lower the mass of the singlet-like
eigenstate.

+ (., (2.37)

The definition in Eq. (2.20) shows that even the van-
ishing of r?z% g Tequires a cancellation between terms that
arise from different sectors of our D-dimensional construc-
tion: m1 p from the R-conserving boundary superpotential in
Eq. (2.12), M5 from the R-violating boundary superpotential
in Eq. (2.13), m% and Bg from the R-conserving soft SUSY-
breaking Lagrangian in Eq. (2.14). If such cancellation is not
realised, the alternative requirement for alignment implied
by Eq. (2.36) when « = 0 is that vg < v. This is not prob-
lematic as long as a suitable higgsino mass is provided by
the u term in the bulk superpotential, see Eq. (2.5).

Finally, the third condition for Higgs alignment in DG
models is ./\/l%4 = 0, i.e. vanishing mixing between & and
Tl(e)- The formulas for the relevant mass-matrix elements
and for the minimum condition, including the dominant
one-loop corrections from top and stop loops, are simi-
lar to Egs. (2.35)—(2.37), with the obvious singlet-to-triplet
replacements but without terms analogous to those controlled
by k in the singlet case:

2

6y ATC M

My = A = 225 my (A = e cot ) In o G,

(2.38)
) | 3y222¢2 M2

My =3, + Eszv2 + 3’27:2’3112 In SJZSY + (.,
(2.39)

- v

il = T M, (2.40)

The discussion of the constraints on the triplet mass induced
by the condition of doublet-triplet alignment follows the lines
of the discussion of singlet-triplet alignment for k = 0, with
the important difference that the condition vy < v must in
any case be satisfied to avoid an excessive contribution to Ap.
As a consequence, it is not necessary to require n~12T r~0
to obtain approximate alignment. Nevertheless, we remark
that the condition of exact alignment Mﬁ = 0 would imply
M4214 ~ M%V through Eqgs. (2.38)—(2.40).

2.3 The electroweak fermion sector
We now outline the mass spectrum of the electroweak
fermions, which will be relevant for our discussion exam-

ining the W boson mass. The neutralino mass matrix, in the
basis S, B, T?, WO, H[(}, HB reads:
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Mg + ﬁxvs mpy 0 0
mpy M 0 0
0 0 My mpo
0 0 mp3 M>
—%Mzswsg —Mzswcg —@jT Mzcwsg Mzcweg
V2 V2

2) 2\
gySMZch/g Mzswsg — gZTMZCWCﬂ —Mzcwsg

—%Mzé‘wst; —\/gijs Mzswcg
—Mzswcp Mzswsg
—@Mzcwslg Y2 Mzcwcp
82 8 (2.41)
Mchclg —MZch/g
0 — eft
— Meff 0

The chargino masses, —%((v_)TMXi vT + h.c)) in the

basis vt = (T, W, HH), v= = (T, W~, I:Id_), are
given by
My mpy + g2vr ATvCg
M, = | mp2 — 821 M, ng;Sﬂ
—ATUSg %Cﬂ Hheft — V2ATVT
(2.42)

and do not depend on k, but we have written for completeness
the Majorana gaugino masses M » for the bino and wino
respectively.

2.4 Scenarios

We have described the general features of minimal Dirac
Gaugino models, and explained how some values of the cou-
plings allow Higgs alignment to automatically occur at tree-
level. Below, we shall consider the following different sce-
narios corresponding to specific choices of the model param-
eters:

e General MDGSSM
In the general MDGSSM, the only source of R-symmetry
violation comes from a small B, term, which is a
radiatively stable condition (the renormalisation group
running will not generate other R-symmetry violating
terms from a B, term). This excludes all of Wyg; the
only supersymmetric parameters beyond those of the
MSSM retained are Ag, A7, but those are allowed to
have any value. Supersoft masses [14] are allowed, and
soft supersymmetry-breaking masses are allowed, but
squark/sfermion trilinears and Tg, Tr are not. On the
other hand, trilinears involving the adjoint scalars may
be allowed (so T, Tst, Tso) but may be argued to be
small in typical models. The couplings Ag, A7 enhance
the Higgs mass and W mass at the same time; while large
values of A7 were previously deemed problematic for the
o parameter, they are now a virtue.
e MSSM without i« term (RIP)

This model, described in [15], is identical to the general
MDGSSM execpt that the p-term is set to zero (although
asmall vg generates a tiny effective (). In the MSSM this

@ Springer

would yield massless higgsinos, but here the higgsinos
obtain a mass through A7 which causes them to mix with
the triplet fermion. Thus the p problem of the MSSM is
solved, at the expense of an upper bound on the chargino
masses, which, as we shall see, leads to the model being
ruled out.

e Aligned MDGSSM
By taking Ag, At to their their N = 2 values given in Eq.
(2.8) in the general MDGSSM we guarantee alignment
with the heavy Higgs at tree level. If we further impose
that A,y = 0, as described above, then the singlet also
has negligible mixing with the SM-like Higgs. We shall
refer to this scenario as the aligned MDGSSM.

¢ DGNMSSM
If we instead allow R-symmetry violation in the super-
potential and the associated soft-breaking trilinears — in
particular for «, T\, and Ts — we can generate i and By,
terms through a substantial expectation value for the sin-
glet. The model thus resembles the NMSSM, especially
if we set the u, B, terms (and Mg, M) to zero; this was
proposed in [19]. We shall therefore refer to this scenario
as the DGNMSSM.

e Aligned DGNMSSM
We can achieve aligment in the DGNMSSM by setting
As, Ar to their N = 2 values and taking Ay = 0. We
shall refer to this scenario as the aligned DGNMSSM; in
this work, when we consider the W boson mass, we shall
also enforce Ay = 0 which guarantees that the singlet
couplings to SM fields are small, rendering light singlets
safe from collider searches.

3 W mass in Dirac gaugino models

Dirac gaugino models offer two methods of explaining an
enhancement of the W boson mass with respect to the SM:
either quantum corrections or a tree-level expectation value
for the triplet scalar. In the case of quantum corrections, there
are new contributions to the W mass compared to the MSSM,
again coming from interactions related to the adjoint triplet;
in particular the coupling Ar.

Recall the definition of the p parameter is M%V
pc%[, M % ; through the presence of the adjoint triplet, DG mod-
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els contain a tree-level modification to this relation compared
to the SM:

2

v
pzl+Aptree+Ap=1+4v—€+Ap. (3.1

One could consider a modification to cy instead of p as an
explanation of an enhanced W mass, but this is discounted
based on electroweak precision tests (see e.g. [95]); on the
other hand, a triplet expectation value is one of the most
generic and acceptable ways of enhancing the W mass at
tree level. Naively we could then take the observed value of
Mz and the standard value of cy and infer the value of Ap
to obtain a given value of My . However, in the SM and in
any BSM theory it is necessary to take certain electroweak
observables as input, and in our setup we will take the con-
ventional choice of the Z mass, G r and «. When we modifiy
p this gives both a modification to My and a small modifi-
cation to sinZ Oy . At tree-level this is

2

2 w 2

Atreel‘/lw = ﬁ(Mw)SMAPtreey
Cw — Sw

2.2
St C

2 wW-w

Atreesw = _ﬁAptree» (3.2)
‘w — Sw

soif we want to obtain My = 80.424 MeV we need AM3Z, =
11 (GeV)?2. Taking 53, = 0.23121 this gives

ACPF piree = 0.0012

ASDFG2 — 4 % 1074

(3.3)

Interpreted as a tree-level expectation value for the triplet,
this yields

vr ~4 GeV, 3.4

which was previously at the upper bound of what was accept-
able.

In the minimal Dirac gaugino model, we have from equa-
tion (2.40)

~2 v Aht

= A= .
2vr v Aptree

g = (3.5)

For a small vr, if we do not tune Ay ~ 0, then triplets
must be heavy. However, we also need heavy winos to evade
collider bounds and this implies large m p;: the connection
between electroweakino masses and the expectation value of
the triplet is a novel feature of this class of models. In [65]
the conclusion was that for winos above 700 GeV there were
essentially no constraints on the higgsinos beyond LEP. If

the contribution from m p> dominates Aj; this implies

20mp2c3
m2 ~ _82VMmD2c2p

r v Aptree

(700 GeV) <Czﬂ> 0.0012

x [ ———— ) x [ =) x ,
mp2 -1 Ap

which is a natural scale for supersymmetric scalars. Of
course, we can have lighter winos provided that the neu-
tralino is not too light, above around 200-300 GeV [65].

However, the model also contains ample room for quan-
tum corrections to also enhance the W mass. In the following,
we shall investigate this for the different scenarios described
in Sect. 2.4.

~ (1.8 TeV)?

(3.6)

3.1 Numerical setup

In order to accurately compute the quantum corrections to the
W mass, we use a new EFT approach, closely related to that
of [88], implemented in the spectrum-generator-generator
SARAH. We use the expression:

2 2
S C
My, = (M€V>SM<1 + 62—W2L7W<Aptree + Ap)

- w
— ArW — AO[:|>

w T Sw

where (M%V) sy is the full two-loop W mass in the SM, as
computed in [76], depending on the pole masses of the Higgs
boson, top quark, oy and Aaﬁiﬁ- We use the interpolating
function from that paper. When we use the average values
of the Higgs mass of 125.09 GeV and the top quark mass
of 172.89 GeV this function gives us My = 80.354 GeV,
just 2 MeV higher than the current world average for the
W boson mass in the SM. The expressions computed in the
square brackets are the differences between the high-energy
theory (HET) and the SM:

3.7

HET 2 HET 2
Ap = Re[nzz Mz) Iy (MW)]
- 2 2
MZ MW
SM 2 SM 2
_Re[HZZ(MZ) _ HWW(MW)]
2 2
MZ MW
HET HET 2
Arw = Myw (0) Ty (My) | GHET
Y M2 M2 VB
w w
Ao mAG)
- 2 - 2 + VB | ( . )
MW MW

A« are now the gauge threshold corrections between the HET
and the SM for the electromagnetic gauge coupling divided
by « (so they do not now depend on Aaﬁzzi).

@ Springer



43 Page 10 of 20

Eur. Phys. J. C (2023) 83:43

In SARAH, we compute the expression in square brackets
atthe matching scale, which is the mass of the heavy particles.
We are therefore ignoring the running from that scale down to
the electroweak scale, which is of controllable size, but will
nevertheless be included in a future development of the code.
One could argue that we should instead perform the matching
atthe electroweak scale, but then all of the loop functions will
contain large logarithms and there can be larger, spurious,
running of the couplings of the high-energy theory which
can spoil the results.

In order to be a strict one-loop matching between the HET
and the SM, the weak mixing angle in the above must be the
M or DR value at the matching scale Q:

g7 (0)

_ 3.9
23(0) +£2(0) G2

2 _
SW—

To extract this, we match the calculations of the Z-boson
mass, @(Q) —and we also compute the decay of the muon at
the matching scale. In practice, this means that we extract the
couplings in the SM at the top mass scale without including
the effects of new physics, then run them up to the matching
scale. The threshold corrections to o between the two theories
are simple to compute since it is unbroken and yield Ac; the
coupings gy (Q), g2(Q) in the high-energy theory are chosen
to solve the equation

(1 + Aa + AF)

c2 2 _(c 52 )sMm X (3.10)
wew v 1 + Apyree
where
QHET HET
. O 1z (M2) . ner
87 = { (14 Apee) 0L > 0V
[ TR
H%(O) mms) oy
- A AN AL @3.11)
My My

which is done iteratively by progressively running up and
down and updating at each step, along with all the other
quantities in the high-energy theory. The value for (c%,vs%,)SM
includes a compensatory term for corrections from MS to DR
if needed.

In the SARAH model file, the couplings Ag, A1, Ts, T are
defined differently to the above: we have lam = —Ag, LT =
fkT, T[lam] = —Ts, T[LT] = ﬁTT. Hence in our
plots and benchmark points we list the values in terms of
—As, «/EAT, —Ts, which makes the correspondence with the
numerical codes exact.

3.2 MSSM without p term

The “MSSM without p term” proposed in [15] was an
intriguing solution to the u problem. It was however chal-

@ Springer

lenged by the requirement of having a high enough Higgs
mass, chargino mass and not too large p; indeed the lack of
intersection of points satisfying the latter two was demon-
strated in [36]. It might therefore be tempting to revisit this
model in light of the new data about the W mass. However,
we shall demonstrate here that it is conclusively ruled out.

Putting aside the Higgs mass constraint, the see-saw effect
on the charginos is a problem. LEP put a lower limit on the
mass of the lightest chargino of 94 GeV [96-98]. In that
model the chargino mass is

0 mpy %MszCﬂ
Mxi ~0—> mpo> 0 «/EMzcwsﬁ
= —MTTMzcwsﬁ «/iMzcwcﬁ 0
(3.12)

It is known that it is possible to fulfil the LEP bound by a
careful choice of A and m p: a large value of A7 as well as
m pp around 107 GeV is needed to maximize the mass of the
lightest chargino. It would then be made of a higgsino-wino
mixture with rwo charginos that are light and one (wino-
like) somewhat heavier. It would be surprising if the LEP
bound were still the most stringent, and indeed subsequent
LHC searches are especially sensitive to winos up to about
800 GeV, see [65]. It might be possible (albeit difficult) to
evade this constraint if the light wino and neutralino are close
enough in mass so that decays such as ¥+ — 3 + W+ are
not possible, but without a detailed investigation we cannot
exclude the possibility that some region of parameter space
might evade direct LHC searches; we can only apply the LEP
constraint as a hard lower bound on the chargino mass. Even
s0, just the LEP bound in combination with the measurement
of the W boson mass proves fatal to the model, as we shall
show below.

In [36] it was demonstrated that that the corrections to Ap
were correlated with the lightest chargino mass; in order to
evade the LEP bound, A7 has to be large and this drives large
Ap. Here we can give a striking confirmation of this observa-
tion by plotting the W mass against the lightest chargino mass
for a sample of O(70,000) spectra generated using SARAH.
We fix the octet scalar and all squark and slepton soft masses
via m20 = m? = m? = 10 TeV?, and fix the gluino mass
to 3 TeV; this ensures that they are beyond all current and
near-future bounds. Then we scan over the ranges:

mpy € [100,500] GeV, mpy € [100,250] GeV,
vs € [=50,50] GeV, vy € [-5,5] GeV
B, € [10*,10%1(GeV)?, iy e[-1,1],

As €[—1.5,1.5], tanp € [2,50]. (3.13)

We use a Markov Chain Monte-Carlo (MCMC) algorithm
to generate points (this helps to obtain points with non-
tachyonic spectra with Higgs mass close to the observed
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Fig. 1 W boson mass vs lightest chargino mass for points generated in
the ‘MSSM without p-term.” The orange, purple and green horizontal
bands show the SM, Tevatron and world average masses for the W boson
mass respectively; the vertical green band shows the LEP constraint on
the lightest chargino

value compared to a random scan). There is not intended
to be a genuine statistical interpretation of the distribution of
the points, but the overall envelope should show where valid
sets of parameters exist. The results are shown in Fig. 1,
where the LEP constraint is shown as a vertical green band.
It can be clearly seen that it is not possible to both satisfy
the LEP constraint and have an acceptable value for the W
boson mass; from the W boson mass alone we would predict
a chargino of mass below 65 GeV.

3.3 W mass in the MDGSSM

In the minimal Dirac Gaugino extension of the Standard
Model (MDGSSM) the most typical scenario is to assume
that R-symmetry is broken only via a By, term, i.e. the Higgs
sector is special. It is identical to the previous model except
that we allow a p-term. This, however, makes all the dif-
ference: now the higgsino mass is not bounded from below,
not requiring a large mixing with the winos; and further the
enhancement to the Higgs mass is under control.

We perform a new MCMC scan with parameters allowed
to vary within the ranges:

mpy € [100,700] GeV, mpy € [100, 1200] GeV,
vs € [—50,50] GeV, wvr € [-5,5] GeV
w € [0,1000] GeV, B, € [10%,10°]( GeV)?,

V2ir €[=1.5,1.5], rse[—1.5,1.5], tanp € [2,50].
(3.14)

The range for mpy is notably lower than that for mp> to
favour a bino-like LSP and because, if we do not enforce an
alignment condition, a larger mpy drives down the Higgs
mass through mixing between the singlet and doublet. We
fix the octet scalar, and all squark and slepton soft masses
via m%) = m2 = m? = 10 TeV2, and fix the gluino mass
to 3 TeV. We choose a likelihood function to be a product
of a gaussian in the Higgs mass with mean 125 GeV and
standard deviation 3 GeV, a gaussian in the W mass with
mean 80.413 GeV and standard deviation 20 MeV, and a
sigmoid on the constraints (given as the maximum ratio of
predicted cross-section to observed, across all channels) from
HiggsBounds5 [99-102], which strongly suppresses the
likelihood when the observed cross-section ratio is greater
than one, but is otherwise close to unity. This choice of like-
lihood function is merely a device to select desirable points,
and the distribution of the points is not meant to have a sta-
tistical interpretation in terms of their Bayesian likelihood;
in particular, the theory uncertainty on the Higgs mass does
not have a statistical interpretation, and a window of 3 GeV
is a conservative estimate of the average error, since we use
the latest two-loop corrections in the generalised effective
potential and gaugeless limit [61,103—-105] with pole-mass
matching onto the SM [106] (see [107] for a recent review).
Such a conservative window of 3 GeV is employed because
only arelatively small proportion of points actually generate a
spectrum, and in principle a two-stage procedure pre-filtering
points along those suggested in [65,108] would probably be
more efficient — or in addition the ability to invert the vacuum
minimisation relations and compute vg, vr instead of treat-
ing them as inputs, but this is not yet automatically possible
in the code in a way that would correctly incorporate the loop
corrections to the Higgs masses [93].

We show plots in Fig. 2 for My against vy (left plot),
and then for My against A7 (right plot), to show the points
that benefit from large quantum corrections as the means of
enhancing the W mass: the tree-level expectation just from
modifying vr is shown as a solid red curve on the left plot. We
also show as a dashed red curve the value of My that would
be obtained by insisting that the shiftin Ap only modifies My
without changing sin 6y (if a different method of matching
onto the SM parameters were used, for example).

All points shown satisfy all Higgs bounds; have a charged
Higgs heavier than 600 GeV (so are safe from B — sy con-
straints [1]); have charginos heavier than the LEP limit and
winos heavier than 600 GeV. These baseline selections are
marked as blue points in the plots; there are about 36,000, of
which about 10,000 have |vr| < 1 GeV. Points shown in yel-
low further have charginos heavier than 200 GeV, m p> > 700
GeV; while those marked in green have charginos heavier
than 250 GeV and mp; > 800 GeV (about 1600 points in
our sample survive these cuts). The green points are thus
almost certainly guaranteed to be safe from current col-
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80.36 1 ween

2
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Fig. 2 Left: W boson mass vs vy in the MDGSSM, with the red curve
showing the tree-level prediction. Right: W boson mass vs +/2A7 in
the MDGSSM. Colours of the points are described in the text, with

Table 1 Benchmark points for the MDGSSM. Input parameters are
given above the double line, and masses of the most important particles
below

MDGI1 MDG2 MDG3
mpy (GeV) 280 285 245
mpy (GeV) 983 941 940
u (GeV) 276 255 353
tan 8 48 46 47
—\s 1.179 1.074 1.112
V2hr —0.487 0.502 0.099
B, (GeV)? 828,338 794,477 938,787
vs (GeV) 5.0 43 14
vr (GeV) 2.3 2.7 2.8
mp, (GeV) 125.4 124.7 124.7
mp, (GeV) 3120.9 2274.3 2405.8
my, (GeV) 2394.2 1221.4 1456.5
My (GeV) 2400.2 1213.0 1455.3
"o (GeV) 217.9 231.5 233.0
my (GeV) 255.0 275.9 362.0
my (GeV) 80.425 80.420 80.421

lider bounds (although they may yet be probed in future).
The requirement of heavy charged Higgs scalars sets the
MSSM-like neutral and pseudoscalar masses to be heavy,
and essentially guarantees the safety of all selected points
from constraints on the couplings of the SM-like Higgs. Nev-
ertheless, we also filtered the green points with constraints
from HiggsSignals [109,110]. The different categories
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those obeying the strictest cuts shown in green. The colourful horizon-
tal bands show the SM range in light orange; the Tevatron + LEP average
in purple, and a conservative world average in green

of points show the expected wider range of enhancements
to the W mass as the charginos become lighter. We provide
a selection of benchmark points, with the input parameters
and crucial data, in Table 1. Note that m py and u are close
in value; the higgsinos drive the enhancement to the W mass
and mixing between the bino and higgsino contribute to the
mass splitting between neutral and charged components.

The first clear observation is that the quantum corrections
to the W mass are at least as important as the tree-level con-
tribution from the expectation value vr, and the generic con-
tribution to the W mass is positive with no points below the
red curve. The asymmetry of the plot with vy is due to the
fact that we only take positive Dirac gaugino masses. It is
important to note that in the red curves we take the SM value
of the W boson mass to be 80.352 GeV, whereas the fit-
ting function of [76] as employed in SARAH gives a value
of 80.354 GeV for the central values; and gives 80.356 for
a Higgs mass at the lower bound of our permitted range of
122 GeV. However, it is clear that the quantum corrections in
our sample are generally more important than A pge. Indeed,
with the parameter ranges we have chosen, we are not within
the range of masses required for decoupling of the quantum
corrections (we have checked that the quantum corrections to
My smoothly drop to near zero as the masses of all particles
are raised to about 2 TeV or higher).

The second observation is that there is no clear correla-
tion between the W mass and the parameter A7. Due to our
requirement of a large wino mass, the selected points have
light neutralinos/charginos of mixed bino/higgsino type. The
mass splitings among the higgsinos — and thus the contribu-
tion to the W mass — can be driven large by g and A7. These
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couplings also enhance the Higgs mass at tree-level, so large
values are favoured in the scans because we fixed the stop
masses at \/1_0 TeV. In this class of model there is therefore
no particular preference for one or the other coupling.

Since the selected points generally have a mixed bino/
higgsino LSP, they have good dark matter candidates, but
it is expected that the relic density should be underdense. A
detailed investigation of the dark matter-collider complemen-
tarity for scenarios satisfying the latest W mass data along
the lines of [65] would be an interesting subject for future
work, provided that the latest LHC analyses can be recast.
As mentioned above, the possibility of a large A7 (and the
presence of the singlet scalar/fermion) distinguishes higgsi-
nos in this scenario from those in the MSSM. It is clear that
this class of models provides a very natural explanation for
an enhancement to the W mass compared to the Standard
Model.

3.4 W mass in the aligned MDGSSM

In the aligned MDGSSM (where the only source of R-
symmetry breaking is the B, term, and we take 77 = 0),
we choose the parameters to induce alignment at tree-level
in the MDGSSM (so As = gy/v2.,Ar = g»/+/2 and
mpy = capieft ) but taking Ts = O (which means the
mixing of the singlet with the heavy Higgs cannot vanish
unless it is heavy). To study this scenario we perform a
scan with the same strategy as before except that now, since
As, A7 are fixed, it is necessary to vary the masses of the
stops/sbottoms to allow us to find the observed value of the
Higgs mass; there is also therefore a preference for mod-
els with larger tan 8 since the tree-level contributions to the
Higgs mass at low tan § are not sufficient. We therefore use
a common mass for the third generation squarks Msysy; we
set mZQ’33 = m%]’33 = m%’33 = M%USY (the other squarks
and sleptons we retain fixed at /10 TeV). The remaining
parameters are scanned via the same MCMC algorithm in
the ranges:

mpa € [400, 1500] GeV, vs € [—250,250] GeV,
vr € [-5,5] GeVu € [—1000, 1000] GeV,
B, € [10*,10% (GeV)?,

Msysy € [2,10]TeV, tang € [2, 50]. (3.15)

We mostly find points with small u/mpy and very little
enhancement to the W mass because the electroweakinos
tend to be light. We give benchmark points in Table 2 and
plots in Fig. 3 which demonstrate the lack of enhancement
and scarcity of points (790 survived from a scan for one
million).

3.5 W mass in the aligned DGNMSSM

We turn now to the case of the aligned DGNMSSM described
in Sect. 2.4. We set the couplings A g, A7 totheir N = 2 values
and then choose m py and T to make Ay and A g vanish.
This leads to

mpy = C28 Meff

Ts = —gy (kvs — V2508 efr)- (3.16)

This has an interesting consequence because in this model

1 1
By eff = ETSUS + E)\S’wg
1

= —Z—ﬂng% + 8y $28VS Ueff - (3.17)

Then
KVU§ 2 K
M = vs | 2terf — —— | = gyv — .
A= 8y ( e \/Eszﬁ 8yVg | 8y ﬁszﬁ
(3.18)

We perform a scan using the same strategy as the previous
sections; we use a common mass for the third generation
squarks Msysy; we set m2Q% = m%]% = m%’33 = MszUSY
(the other squarks and sleptons we retain fixed at /10 TeV).
Then we scan with the parameter ranges, using the same
likelihood function as before:

Msusy € [2000, 10,000] GeV,

mpo € [400, 1500] GeV, wvg € [—1500, 1500] GeV,
vr € [-5,5] GeVk € [-1.5,1.5],

T, € [—2000, 2000] GeV, tan B € [2, 50].

In our scans we impose that all Higgs searches are satis-
fied using HiggsBounds and HiggsSignals. We show
the results for the W boson mass in Fig. 4 where the points
have the same colour coding as in the previous sections. It is
apparent that in this model it is complicated to enhance the W
boson mass. This is because we have only a small quantum
effect from Ag, A7, but also because the lightest neutralinos
are typically rather light: since e = gyvs/2 we need a
large vy 2 500 GeV (or 1 TeV for our more stringent points)
to have heavy enough higgsinos. Then we need « negative
and not too small to avoid a too-small pseudoscalar/charged
Higgs mass (if we neglect « then M4 is bounded by gyvg, so
M4 > 600 GeV requires vs 2 1700 GeV, at the limit of our
search range). So this implies that the singlino is generally
heavy compared to m py:

mpy  8yCap

\/EKUS B 2\/51('

(3.19)

@ Springer
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Table 2 Benchmark points with

ble 2 Bencl : AMDG] AMDG2 AMDG3 AMDG4 AMDG5 AMDG6
a light singlet in the aligned
MDGSSM Msusy (GeV) 8636.2 4550.9 5181.9 8436.1 73572 5454.9
mpa (GeV) 1037 1249 1149 1107 1219 994
tan B 2 2 3 10 3 2
1 (GeV) 158.2 160.4 165.8 174.1 159.5 201.6
vs (GeV) ~19.0 —127 —84 ~03 ~5.0 137
vy (GeV) 15 15 11 03 1.9 11
my, (GeV) 126.6 122.8 1232 123.6 127.4 1222
my, (GeV) 457.7 312.3 308.5 421.8 465.8 487.5
mu, (GeV) 1282.2 799.7 935.2 1251.6 1176.5 762.3
m, (GeV) 2667.0 2965.0 3350.8 7104.7 2847.1 2933.0
my (GeV) 1284.0 793.5 933.4 1257.7 1174.3 765.4
my (GeV) 106.3 110.4 120.5 172.6 128.0 134.5
My (GeV) 168.4 169.6 177.3 193.1 173.1 2115
mw (GeV) 80.363 80.365 80.362 80.361 80.369 80.362
80.46 80.46
80.44 80.44 -
80.42 4 80.42 A
S N
[0} [0}
&) é
= 80.40 = 80.40 4
= =
80.38 80.38 1
80.36 80.36 R - :
0 1 2 3 4 5 0 560 10‘00 15‘00 20‘00 25‘00 3000
vr (GeV) ms

Fig. 3 Points in the aligned MDGSSM. Left: My against triplet expectation value. Right: My against singlet-like scalar mass. Colour coding as

for previous plots

In Fig. 4 we show the scan results with the same colour
coding as in previous sections. It is clear that in this scenario,
models which can explain a large W mass are driven by a
larger vy with some modest quantum corrections enhancing
the mass by O(10) MeV; there is very little spread due to the
lack of variation in A7. However, it is difficult to find points
with large enough vr that satisfy other bounds.

Another feature of the selected points is that in almost
all cases vy > 0; considering 77 = M7 = 0 in equation
(2.19) means that in order for n7L2T g > 0 (so that, at least, the
pseudoscalar triplet should be non-tachyonic, since we take
Br = 0) and v7 < 0 we would need pefr > |[mpocag|. But
we need large tan B to obtain the correct Higgs mass, and
therefore gyvs/2 2 mpa; for our selected points we require

@ Springer

a minimum of mpy > 600 GeV, and so vs would again be
beyond our search range.

Since we are interested here in alignment, we may have a
light singlet scalar without falling foul of either light Higgs
or heavy Higgs searches. In this limit we have

1
2 — Z[zus(fzn + 332 Mg

+ dvsi?) + v2gy (gy — ﬁmﬂ)}. (3.20)

T, of opposite sign to vg allows the singlet to be made light
while making M4 arbitrarily heavy. In the scan, we do not
impose any likelihood bias to search for points with a light
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Table3 Benchmark points for the “aligned DGNMSSM”. Input param-
eters are given above the double line, and masses of the most important
particles below

Table4 Benchmark points for the general DGNSSM. Input parameters
are given above the double line, and masses of the most important
particles below

A-DGNI  A-DGN2 A-DGN3  A-DGN4 DGNI DGN2 DGN3 DGN4  DGN5
Msusy (GeV)  6368.4 5186.5 8219.5 8702.9 mpy (GeV) 392 298 410 380 292
mps (GeV) 802 991 932 923 mpy (GeV) 927 971 841 1003 805
tan B 26 11 29 2 « 1.391 ~1369 —1266 —1.309 —1.361
« 0418 —0.332 —0.446 —0.418 tan B 9 23 21 30 30
vs (GeV) 1417.4 1402.4 1337.0 1488.8 —Ag 0727  —0.893 —0.544 0554  —0.677
vr (GeV) 0.2 0.1 0.1 0.8 V2r —1.426  1.496 1.463 ~1303 —1.296
T (GeV) —595.6 —267.5 —648.0 —639.4 —Ts (GeV) 3077 3747 —2496  —3002 1183
mp, (GeV) 124.1 1229 125.2 123.4 T, (GeV) 1139 350 —1292 =571 728
mp, (GeV) 3535 417.6 347.2 353.9 vs (GeV) —658.1 —539.1 5745 5247 —482.8
mp, (GeV) 1838.5 1284.5 1843.0 1803.0 vr (GeV) 2.7 23 1.7 25 22
mp, (GeV) 6710.7 12226.0 10817.9 40562 mp, (GeV)  125.1 125.3 125.8 124.6 124.7
My (GeV) 1841.4 1288.5 1846.1 1806.2 mp, (GeV)  1017.6  937.1 665.0  831.8  740.1
mgo (GeV) 722 84.2 64.5 75.2 ma, (GeV) 7576 937 778.1 115.1 502.2
s (GeV) 280.1 2746 265.1 291.9 my+ (GeV) 27931 31950 12817 7785 806.5
my (GeV) 80.362 80.361 80.361 80.363 myzo (GeV) 1150 87.2 123.6 110.9 90.7
mz+ (GeV) 2788 2736 2655 2548 26838
mw (GeV) 80421 80421 80424 80420  80.422

singlet, but we show benchmark points passing all constraints
which have light singlet masses in Table 3. They show a W
mass consistent with the SM prediction.

3.6 W mass in the general DGNMSSM

Finally we consider the general DGNMSSM, where we allow
the values of Ag, A7 to vary and do not fix the values of m py
or Ts to require alignment but scan over them. This means
that we will not focus on light singlet (or doublet) scalars.
Similar to the aligned case, there is still a see-saw effect
on the lightest neutralino mass due to the non-zero singlino
mass, which can drive down the quantum corrections to the
W boson, but a large |L7| can compensate for this and also
help enhance the SM-like Higgs mass (Table 4).

We perform a scan using the strategy as in Sects. 3.2
and 3.3, with the parameter ranges:

mpy € [100,700] GeV, mpy € [150, 1200] GeV,
vs € [=700,700] GeV, wvr €[-5,5] GeV

k €[-1.5,1.5], T, €[—-2000,2000] GeV,

Ts € [—4000, 4000] GeV, Agse[—1.5,1.5],

V2rr € [-1.5,1.5], tanB € [2, 50]. (3.21)

We give plots in Fig. 5 with the same colour coding as in
the previous sections; the difference in the distribution to the
previous examples is rather striking. Itis clear that in this sce-

nario a large negative A7 and a positive vr is favoured; this
gives a tree-level enhancement to the Higgs mass and a loop-

level enhancement to the W-boson mass. The singlino com-
ponent will mix less with the higgsinos than in the MDGSSM
because of the /2« vs singlino mass, and thus the effect of
As onthe W mass is diminished. The asymmetry in the signs
of A7 and vr can be explained by the fact that we only take
positive Dirac gaugino masses in the scans.

4 Conclusions

We have shown that an aligned Dirac Gaugino NMSSM is
possible and compatible with current collider constraints;
it can even lead to relatively light singlet scalars that may
be of interest to future searches (although would be rather
difficult to find directly as they are difficult to produce). Such
a model favours a W boson mass compatible with or just
above the SM prediction. We also showed how two different
Dirac Gaugino scenarios can easily be compatible with an
enhanced W boson mass, including a precise computation
of the quantum corrections for the first time, which are now
incorporated automatically in the package SARAH. We also
used this computation to add more nails to the coffin of the
“MSSM without p term.”

We have been conservative in our application of collider
constraints and concluded that the MDGSSM models would
typically contain underdense dark matter densities. However,
it would be interesting to examine the issue of dark mat-
ter and collider constraints again in all of these classes of
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Fig. 4 W boson mass in the aligned DGNMSSM. Left: W boson mass against triplet expectation value. Right: W boson mass against singlet-like

Higgs mass. Colour coding of points is described in the text
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Fig. 5 W boson mass in the general DGNMSSM. Left: W boson mass against triplet expectation value. Right: W boson mass against A7. Colour

coding of points as in previous figures

models when all the latest searches for electroweakinos have
been recast; we have provided ample benchmark points for
this purpose. In the DGNMSSM or its aligned version, if we
impose strict R-parity or have a heavy gravitino (by no means
entirely obvious assumptions), it may be that we require a
Higgs funnel to obtain the correct relic density, which would
require a sophisticated search strategy to find allowed param-
eter ranges, along e.g. the lines of [108]. However, it is also
likely that a light singlino in the aligned DGNMSSM could
fulfil the role of the Higgs funnel. We leave these questions
to future work.

@ Springer
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