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Abstract

Motivated by the recently reported measurement of the W boson mass My = 80.4335 + 0.0094 GeV
by the CDF collaboration, we propose a type III seesaw extension of the minimal supersymmetric standard
model (MSSM) which also includes an R-parity violating term. Without taking potential SUSY radiative
corrections into account, we show that the CDF measurement of My, and the LEP measurement of the p
parameter can be simultaneously accommodated at the 2o level. A long-lived gravitino in a few GeV mass
range is a unique viable dark matter candidate in this framework.
© 2023 Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The CDF collaboration at Fermilab has reported a very precise measurement of the W bo-
son pole mass mEVDF = 80.4335 £ 0.0094 GeV [1], which shows about 70 deviation from the
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Standard Model (SM) prediction, m?,vM = 80.357 & 0.006 GeV [2]. For the central values, the

deviation is Amy = mSVDF - m%,M =0.0765 GeV, which may be viewed as tantalizing evidence

for the new physics beyond the SM. Following the CDF report, several works have examined
new physics scenarios to account for the observed deviation [3-33].

In addition to the CDF results, one should also consider the electroweak precision measure-
ments (EWPM) by the LEP experiment. With the very precisely measured Z boson mass mz
by the LEP experiment [34], the SM prediction for the p-parameter is consistent with the LEP

2
result, p = mm?, = 1.0003 £ 0.0005 [35]. Hence, a large deviation of W boson mass from its

SM predlcted Value is likely in tension with the LEP result. The challenge for any new physics
scenario is to minimize the tension between the two results.

In this letter, we provide a simple extension of the MSSM which incorporates type III seesaw
and which can accommodate to a large extent the Amyy in the presence of a suitable R-parity
violating term. The model is also consistent with the LEP results and satisfies various other
phenomenological constraints, in addition to providing a framework for neutrino masses and
mixings. With the inclusion of the gauge-mediated supersymmetry breaking, the model can also
accommodate successful inflationary scenario. Finally, the model can be embedded within grand
unified theory (GUT) such as SU (5).

2. The model

MSSM is a well-motivated candidate for physics beyond the SM that provides a natural reso-
lution for the SM gauge hierarchy problem [36—40]. However, it cannot explain the origin of the
observed neutrino mass as shown by the solar and atmospheric neutrino oscillation experiments
[34]. To remedy this, we implement type III seesaw by including two SU (2), triplet chiral ‘mat-
ter’ superfields, A; (i = 1, 2) with zero hypercharge. The MSSM superpotential is extended to
include

WDZZIY”H%AL ——ZTr[AA] (1

i=1 j=1

Here H, and L; respectively denote the up-type Higgs doublet and the lepton doublet and

0 1 1 AV V2Af
= , A; _ L), 2
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The Higgs doublets, H, 4 develop nonzero vacuum expectation value (VEVs) in the usual way,
which break the electroweak symmetry, (H, (O v/ V2 ) and (Hy) = (vd / V2, O) where

v, =vcosf, vg =vsinB and v =,/v2 + vﬁ =246 GeV, and Hj is the down-type Higgs dou-
blet. Assuming m >> Ypuv,, the light Majorana neutrino mass matrix generated via the type III
seesaw mechanism shown in Fig. 1 (a) is given by
_Yhypu  Y[vpu?
ml) - ~ ’ (3)
2mA ZmA

for tan 8 = v, /vg = 10.
We also introduce the R-parity (Iepton-number) violating term in the superpotential,

WR = \/E)\,HuTgAlHd. 4
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Note that we have only used A to break R-parity for simplicity. The inclusion of this term is
crucial to generate an induced VEV for A (the scalar component of Ay). This helps increase the
W boson mass at tree-level, without altering the Z boson mass, which is consistent with the LEP
result. To illustrate this, we consider the trilinear scalar soft SUSY breaking term corresponding
to W}é which is of the following form:

VO V20AH ¢eAH +h.c., 5)
where the parameter A has mass dimension of one. After the electroweak symmetry breaking,
and taking into account the mass squared term for A(l) in Eq. (1), the relevant potential is given
by

2 %02 1 X0

V D mi|AYl —EXAvuvdA] +h.c.. (6)

As aresult Z? acquires an induced VEV,

<Z?) - %AAvuvd/mzA =va/V2. %)

Here, we have neglected the soft SUSY breaking mass-squared term for K? by assuming it to be
much smaller than m2A. With va # 0, the W and Z masses are given by

2
2 _g_< 2 2
my == +4vA), ®)
2
2 8 2
ms, = v 9
z 400593‘, ©)

where cosy is the electroweak mixing angle. Clearly, since A has zero hypercharge, it only
contributes to the W boson mass. For va <2,

2
v
Amwy = my —mit =~ 2m3)! (v—§> ) (10)

To reproduce the CDF measurement within n — ¢ of the central value, we require

vSPF(GeV) = 19.4 x +/0.0765 — n x 0.0094. (11

As previously discussed, we should also consider the LEP results for EWPM, in particular the
p parameter. At tree-level' it is given by

2

2
p=—V_ 1442 )=1+4np. (12)
mZCW v

To reproduce the LEP measurement p = 1.0004 £ 0.0005 [34,43] within n — o of the central
value requires,

VKEP(GeV) = 123.4 x +/0.0004 + 7 x 0.0005 . (13)

Clearly, the CDF and LEP results are in tension with each other, which is indicated by the fact
that Egs. (13) and (11) are inconsistent with each other for the central values.

3
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Fig. 1. Neutrino mass generation mechanism in the model.
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Fig. 2. Induced VEV ngF (red), v]&EP (blue), and szG (blue) versus n—o deviation.

In Fig. 2, we show a plot of ngF (GeV) and vkEP (GeV) versus the number of standard devia-
tions n. One needs at least 20 deviations for both m%,DF and A p to be consistent with each other.
In addition to LEP and CDF-II results, we also show a line (black) corresponding to the PDG
world average of M‘})’VDG =80.377 £0.012 GeV [44], which takes into account the W mass mea-
surements from LEP [45], Tevatron [46] (CDF [47] and DO [48]) and LHCb collaboration [49].

We therefore conclude that in the type III seesaw extension of MSSM, if an R-parity violating
term is introduced, the precisely determined m%,DF can be accommodated in the model with
va ~ 4 GeV, which is induced by the appearance of the soft-SUSY breaking trilinear scalar
coupling term involving the type III seesaw messenger A;.

3. Constraints on R-parity violation
To check the consistency of the model, let us next consider the phenomenological constraints

on R-parity violation. We first note that va generates the so-called bi-linear R-parity violating
term:

' References [41,42] include a detailed analysis of oblique correction and global fit to EWPM in the presence of a
triplet scalar field. These corrections are negligible compared to this mass shift at the tree-level.
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Wov2)Y HI e(R\)Lj=piH o'L;, (14)
where o is the Pauli matrix. Together with the MSSM p-term,

WoungHleH,, 15)
the Hy and L fields mix, and the mixing angles are

J

w N
g3~ ZA (yp)l = (16)
KH
This leads to R-parity violating terms (lepton number violating Yukawa interactions):
Wg D YeijEij(ZskLk) +Y;fD§Qj(ZakLk) (17)
k k

Such lepton number violating processes can be active in the early universe and wash out the
baryon asymmetry. To avoid such a wash-out, we must ensure that these lepton number changing
processes fall out of equilibrium for temperature T 2 1, where m is a typical sparticle mass. For
m = O(1TeV), this requires (see Refs. [S0-53])

(Yoa)” ex S 1077 (18)
For the Yukawa couplings to be in perturbative regime, the above conditions is always satisfied
if
Yk
g ~ (D)—UA <107, (19)
WH

We have shown that vo = O(1GeV) is required to explain the CDF measurement of W boson
mass, which naturally leads to (Yp)'¥ < 10~ for gy ~ i = O(1TeV). Thus, using the type IIT
seesaw formula, one can roughly estimate the size of (YD)”‘ as
Jmym
(vp)'h~ Y28 (20)
Uy

where m, ~ 10710 GeV is the neutrino mass scale and v, ~ v = 246 GeV is the electroweak
VEV. We find that the bound on the Yukawa coupling (Yp)'* < 107% is satisfied for

ma <6x 10° GeV. 1)

It is worth pointing out that the left-handed sneutrinos (V;) in the lepton doublet superfields can
develop induced VEVs, V; ~ ¢; vy, through their mixing with H. This generates neutrino masses,
shown in Fig. | (b), and the mass given by

20542
my ~ 8 (Vi) ’ (22)
myy
where m j is the wino mass. For m = m ~ O(1TeV) and &; < 1077, we obtain
2
1077y,
mieY ~ (107 "va)” 10713 Gev, (23)
myy

which is much smaller than the typical neutrino mass scale of 10~!9 GeV required by the neutrino
oscillation data [54]. Therefore, the R-parity violation has no significant effect on the type III
seesaw mechanism.
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Fig. 3. Gravitino DM decay into neutrino and a photon (v + ).

4. Gravitino dark matter

In MSSM, a stable neutralino is a standard WIMP candidate for DM. Since R-parity is violated
in our model, the neutralino is not stable and hence it is not a viable DM candidate. We show
how a long-lived gravitino is a viable DM candidate. Let us consider a gravitino with mass in
the few GeV range which mainly decays to y + v [55] as shown in the Fig. 3. Its decay width is
approximately given by
2 ~
gy (0i) |

mp

1
16JTm3/2

(m32)°
(F)

Lysppsyv ™~ ) (24)

where (F) is the SUSY breaking order parameter, m3,2 ~ (F)/M, is the gravitino mass, and
M, =2.44 x 108 is the reduced Planck mass. With m™" = gy (¥) ~ 10~1* GeV, m3,, = O(1)
GeVandm = O(1) TeV, we obtain 132 ~ 1030 seconds for the gravitino lifetime, which makes
it a viable candidate for (non-thermal) cold DM. For a discussion of gravitino DM scenarios in
the context of type III seesaw extended MSSM, see Ref. [56], where the gauge mediated SUSY
breaking scenario is unified with the type III seesaw mechanism. Also, see Ref. [57] for the
discussion of a successful inflation scenario implementation to the model of Ref. [56]. Since the
inclusion of the R-parity violating term does not alter the underlying physics of these scenarios,
we can realize both of these scenarios in our model. Finally, it is straightforward to embed our
scenario in a GUT framework such as SU (5) (see, for example, Ref. [56]).

5. Conclusion

To summarize, we have presented an extension of MSSM which incorporates type III neu-
trino seesaw and also includes an appropriate R-parity violating term. This leads to a tree-level
correction that increases the W boson mass, such that a 2-o agreement both with the recent de-
termination of my by CDF as well as the LEP measurement of the SM p parameter is achieved
(see Fig. 2). Based on some recent papers, we expect to be able to reach the central CDF value
for mw by taking into account radiative corrections involving some of the supersymmetric parti-
cles. Since R-parity is not conserved, we identified a few GeV long-lived gravitino as a plausible
candidate for (non-thermal) cold dark matter. Finally, our model can be readily embedded in a
grand unified framework such as SU (5).
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