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Maybe the biggest puzzle in grand unified theories (GUTs) is the apparent large splitting of the doublet
and triplet Higgs masses. We suggest a novel mechanism to solve this puzzle, which relies on the
clockwork mechanism to generate large hierarchies from order-one numbers. The tension between gauge
coupling unification and proton lifetime from minimal SU(5) GUTs is also removed in this scenario, and
the theory remains perturbative until the Planck scale. We comment on a possible extra dimensional
implementation of the idea.
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1. Introduction

The quantum numbers of the Standard Model (SM) fermions
strongly suggest the existence of a unified gauge group such as
SU(5) or SO(10). Moreover, the minimal supersymmetric (SUSY)
extension of the SM, the MSSM, the gauge couplings unify with a
good accuracy at a scale of the order of ~ 1016 GeV [1-6]. In the
simplest SU(5) scenario, the Higgs doublets unify with triplets in
fundamental representations of the gauge group. However, while
the doublet Higgs bosons need to remain massless all the way
down to the weak scale, their triplet partners need to be heavy
in order to achieve coupling unification and suppress proton de-
cay. As we will review in the next section, such a splitting of
doublets and triplets is highly unnatural in the minimal models,
i.e,, it requires an accurate cancellation of seemingly unrelated
parameters. Several extensions have been proposed to solve this
doublet-triplet splitting problem (DTSP). The elegant and minimal
sliding singlet mechanism [7] turns out to fail under closer inspec-
tion, even though more complicated versions in SU(6) extensions
can work [8-10]. Other solutions to the DTSP that have been sug-
gested include the missing partner mechanism [11-13], pseudo
Nambu-Goldstone bosons [14-16], and extra dimensions [17-19].
For SO(10), there is the possibility of the Dimopoulos-Wilczek
mechanism [20].

In the SU(5) context, the DTSP is actually a triad of three in-
terconnected problems which need to be dealt with together:
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1. The natural separation of doublet and triplet masses. Here,
with natural we mean the absence of large cancellations be-
tween a priori unrelated free parameters.!

2. Sufficient suppression of triplet-Higgs mediated dimension-
five operators that trigger proton decay (PD).

3. Precision gauge coupling unification (GCU): any additional
gauge representation at the GUT scale will contribute thresh-
old corrections that change unification of gauge couplings.

One could add to this a fourth problem, the so called w/Bu prob-
lem, that is, the question why the SUSY breaking soft mass be-
tween the two Higgs doublets By is of the same order as the
supersymmetric doublet mass p2. A simple solution to the latter
is found in the Giudice Masiero (GM) mechanism [21].

The idea we would like to propose to solve the above men-
tioned problems relies on the so-called clockwork mechanism [22]
which allows for generation of hierarchical couplings and scales
from order-one numbers. The basic idea is to add copies of fields
and employ spurious symmetries in order to enforce a special
kind of mass matrix that only couples “nearest-neighbours” sim-
ilar to a one-dimensional lattice Hamiltonian. Some of the light
modes then exponentially localize at certain points in this lat-
tice (or theory space), creating suppressed couplings with other
low-energy modes. The clockwork mechanism was originally pro-
posed in (rel)axion model building [23-25] and has since been
used in many different contexts [26-63] in order to create hier-
archies in a natural way. In the present implementation, due to
a very mild accidental cancellation, the two physical Higgs dou-
blets localize at opposite ends of the lattice, creating a small

1 Since in SUSY theories the required operators appear in the superpotential, even
in the presence of such tuning the theory is technically natural.
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term, while this localization does not take place for the remaining
Higgs doublets and the triplets, leaving them to decouple at the
GUT scale. We will also see that our mechanism allows to para-
metrically separate the effective triplet scales relevant for GCU and
PD.

2. Review of the problem(s)
Here we briefly review the DTSP as it manifests itself in the

minimal SU(5) GUT model. The Higgs dependent terms in the su-
perpotential are

_ e 1
W = H(@m, +m24Y)H+yUHAiFj+Ey,-’jHAiAj (1)

The chiral superfields H and F; transform in the 5 representation,
H in the 5, and A; in the 10. Furthermore, Y denotes hypercharge,

1
3
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and the coupling proportional to Y in Eq. (1) results from a tri-
linear HEH coupling of the Higgs fields with the SU(5) breaking
adjoint superfield . The DTSP arises from the fact that we need
Mp =my + %m24 to be of the weak scale (up is of course nothing
but the u parameter), while the corresponding parameter for the
triplet, ur =my — %m24 has to be of the order of the GUT scale.
This is only possible if my and my4 are both of the order of the
GUT scale, thus implying a delicate cancellation of the two contri-
butions in mp at the level of one part in 10'2.

The reason why wr needs to be of the order of the GUT scale
is twofold, which under closer inspection reveals another problem.
Firstly, let us consider gauge coupling unification (GCU). The weak
scale gauge couplings «;(mz) are a function of the unified high
scale coupling a5(A), and the masses of all the fields, at one loop
they read [64]

1 1 1 Msusy A
= + — | —4log—— —3log —
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where my and my are the X/Y boson and adjoint scalar masses,
and A is any UV scale higher than the masses. For simplicity,
we have considered a common sparticle mass mgysy, our consid-
erations will not depend on this assumption. It is convenient to
consider o3 as well as the combinations —2a3 ' — 3, ' + 507
and —2013’1 + 301;1 - a{1. The former difference only depends on

the combination (mzm‘z,)% but is independent of wr while the lat-
ter only depends on 7
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This relation completely determines the triplet mass. For instance
Ref. [65], including more realistic SUSY thresholds as well as some
two loop corrections, constrains pr to lie in the narrow corridor

3.510" GeV < 1 < 3.6 10 GeV (7)

at the 90% confidence level.

It is well known that this value is in tension with the lifetime
of the proton. In particular, integrating out the triplet Higgs gives
rise to dimension-five superpotential

1. - -
Wys = Eyijykl(QiLj +UiDj)(QrQ; + UkEp (8)

The Q Q QL and UUDE operators violate Baryon number leading
to PD via loops, which induce a bound on wur [65]

wr > 7.610'6 Gev 9)

that is evidently in conflict with Eq. (7). These bounds apply to
generic sfermion masses and mixings. It has been pointed out that
decoupling the first two sfermion generations and choosing a pe-
culiar pattern of sfermion mixings with the third generation, one
can tune the proton decay constraints away [66]. Another option
would be to push the scale of all sfermion masses up. However,
this requires giving up on naturalness more than presently re-
quired experimentally. For the present paper, we are assuming a
generic sfermion spectrum with the benchmark bounds Eq. (7) and
(9), and explore how our DTS mechanism can ease the tension be-
tween GCU and PD.

3. Model

The basic idea behind our proposal is to clone the Higgs sector
to include N Higgs fields of 5 and 5 each, with a clockwork-type
mass matrix. The superpotential is taken to be

_ - - 1
W =H" (M + MaaY)H + VyH1 AiFj + S VHNAAj. - (10)

The mass matrices M1 and M4 are taken of the following struc-
ture

Mi=a1tM - 1K Moy =auM — puK (11)

where o124 and B1,24 are dimensionless constants, and the N x N
matrices M and K are two spurions given by

(M)ij =m;di;  (K)ij =kidi j+1 (12)

that is, the mass matrix has all m’s in the N diagonal entries and
k's in the N — 1 lower sub-diagonal ones. In the absence of the
superpotential, W = 0, the theory has a large G = U(N)’ x U(N)
chiral symmetry acting on H and H respectively (we take H trans-
forming in (1, N) and H transforming in (N, 1)). The spurions M
and K then transform in (N, N). The stabilizer groups are the
Abelian subgroups Hy = U(1)N and Hx = U(1)N*! generated by

by ={Q/+ Qi}  bk={Qf,Qn, Q]+ Qi_1,i>1} (13)
The intersection of the two is the vectorlike U(1) generated by
> Qi + Q/. The Yukawa couplings ¥ and )’ transform in the

(N,1) and (1, N) respectively and leave the groups Hy =U(N —
1)’ x U(N) and Hy» = U’(N) x U(N — 1) unbroken, which breaks



G. von Gersdorff

the remaining U(1). We will assume these are the only spurions
breaking G, and explore the phenomenology of this ansatz.

Let us then define the doublet and triplet mass matrices (X =
D, T)

mx 1
—kx1 mx>
Mx=Myx —Kx = —kx2 mx3
—kx Nn—1 mx N
(14)
where
1 1
mp,i = | o1+ S0 | mi, kpi=|pB1+ 5,324 ki, (15)
and
1 1
myi = {1 — 5024 M, kri=|(p1— 5,324 ki . (16)

The mass matrices Mp 1 are of the clockwork type [22], how-
ever with the difference that they have equal number of rows and
columns (the spectrum is vector-like), and hence there is no chiral
zero mode. What is peculiar in this vector-like clockwork is that
for mp ; < kp_j, there is a single mode with an exponentially sup-
pressed mass

(17)

with all the other modes of order wp i+1 ~kp; (1 <i < N). This
result can easily be obtained by treating Mp as a small pertur-
bation to Kp and integrating out the vectorlike pairs with masses
kp.i. Notice that setting any of the mp; to zero restores a chiral
U(1) and thus creates a pair of zero modes, implying that all of
the mp must be nonzero to avoid this case (this is also clear from
looking at the determinant of Mp). If, say, m, vanishes we end up
with two traditional chiral clockwork chains, with (for mp ; < kp ;)
one H zero mode localized near site 0 and one H zero mode lo-
calized near site N. Their wave functions are suppressed at site
¢, and turning on my gives thus an exponentially suppressed Dirac
mass to this pair of chiral zero modes. In fact, since there is a large
mass gap between the lightest and the other mass eigenvalues, we
can use the prescription of Ref. [67] to calculate the corresponding
eigenvectors. To this end, define a function LC which when acting
on a matrix selects its longest column (in the canonical norm of
vectors). For N = Mgl, the infinite sequence of vectors

LC(N), LCVATY, LEWNTA) .. (18)

rapidly converges to the (unnormalized) eigenvector of MBM D
to eigenvalue |wp.1|? [67]. For the corresponding eigenvector of
MDME. one substitutes A" — AT, For instance, for Mmp,i = Mp
and kp ; = kp this gives the leading approximations for the wave
functions

. mp N—i - mB i—1
() ()

such that the lightest fields can be written approximately as h =
fTH~ Hy and h = fTH ~ H; respectively. We see that the two
chiralities participating in the formation of the u term localize
at opposite ends of the theory space. The characteristics of this
light mode are reminiscent of the lightest fermion mode in five
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dimensional compactifications on the interval [0, L] with twisted
boundary conditions (1+ y5)¥(0) =0= (1—ys5)y (L) [68]. We will
comment on this extra-dimensional picture at the end of this let-
ter.

We will now suppose a partial cancellation to happen between
the two parameters «; and %0424. such that mp; < kp ; (we will
quantify this in a moment), and a light mode given by Eq. (17)
exists. Of course, such a cancellation cannot occur simultaneously
for the triplets, and such a light mode is absent. In the following,
we will take all the m; =m and k; = k, for unequal parameters we
need to replace kN=1 and m" by the products of the individual
parameters in all of the expressions below, this will not change
our conclusions. The w term is then simply given as

(mp)N
(kp)N-1

Moreover, we can derive very simple exact formulas regarding GCU
and dimension-five PD. For GCU, each additional 5+ 5 with masses
wur and p), contribute %Ai to the gauge couplings in Eq. (3)-(5)
where

H=Up1~ (20)

A A
A3:10g—/, Azzlog—/, (21)
M )

A 3 log A + 2 log A (22)
‘1 = — _— - s

5 °up 5 T ui
Then, in Eq. (6) we must replace wr with an effective triplet mass

MT, 1" UT,N
MD,2---MD,N

_ |det M|

- ul ~
|det Mp|

T kpN-T
(23)

ff _
KT — WUT =’

It is this quantity to which the constraint Eq. (7) applies.
On the other hand the coefficient of the dimension-five opera-
tor in Eq. (8) is replaced by

1 P (kp)N-1
wr st~ M m =g
~ eff

Now, the constraint in Eq. (9) applies to 7", which is different

(24)

from Merff. More explicitly, we have
/l?ff kD N-1
wet| = kr (25)
T

For instance, consider the case where g1 =0 in Eq. (11), then
kp/kr = % and for small to moderate N, one very efficiently sep-
arates the two scales and completely removes the tension of the
minimal SU(5) model. As far as this separation is concerned, our
mechanism is related to the idea of Ref. [69] which considers a
similar mass matrix with N =2.
Next, consider the ratio

N
Mgrff
w

(26)

mr
=

For a || ~1 TeV, we find that we need |mr/mp|~ 6.3 (15.8) for
N =15 (N = 10). The cancellation between «; and «y4 for this
hierarchy is at the level of 25% (10%), in other words mild when
compared to the original doublet-triplet splitting. We should point
out that if the masses are not site-independent there is more tun-
ing involved, as a priori there is no reason why kp ; > mp ; is more
likely then kp ; < mp ;. One possible rationale to enforce a uniform
choice of parameters is a translational symmetry inherited from a
fifth dimension, which we comment on at the end of this letter.
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Fig. 1. Spectrum for the heavy doublets (red) and triplets (orange) as a function

of the parameter kp, for 4 =1 TeV and N = 15. The blue and green dashed lines

are the parameters ,ueTff (fixed to 10> GeV) and ;1%” respectively, and the shaded

regions mark their allowed values (from GCU and PD respectively).

Notice that the overall scale of the mass parameters k and m is
not fixed by these considerations alone. Setting 81 =0, we are left
with three more parameters B4k, aym and a4m, two of which
can be eliminated by fixing w and uS. We take as the remaining
free parameter kp = %/324k, which is to a good approximation the
(nearly degenerate) mass of heavy doublets. We show in Fig. 1 the
spectrum as a function of |kp|. For increasing kp, the GUT breaking
vacuum expectation value vy4, defined by (X) = v4Y should also
g0 up to avoid a nonperturbative HXH coupling. This means that
in this region, the dimension-six proton decay operators are more
suppressed, while there is a splitting my > my as mzm%, is also
tightly constrained by GCU.

Since we are adding a potentially large number of represen-
tations, one might wonder if the gauge coupling becomes non-
perturbative below the Planck scale. However, this only happens
when N 2 40, and such large numbers are not required to solve
the DTSP. In this sense there is an advantage over the missing part-
ner mechanism, which employs exotic representations with large
Dynkin indices. For instance, the 50 +50+ 75 [11] contribute to
the running as much as the equivalent of 60 5 + 5 representations,
leading to the well-known non-perturbativity issues of that model
that need to be resolved with more sophisticated model building
[13].

Let us also comment on the p/Bu problem. A simple way to
implement the GM mechanism is to demand that the doublet mass
p 1 created from the present mechanism is actually even smaller
than the TeV scale and that there is another (dominant) contribu-
tion to ; coming from the operator X*HH in the Kihler potential
(whereas the By term is coming from |X[2HH). These contribu-
tions are of course completely negligible for all the other doublets
and triplets.

Finally, we would like to make some comments on possible
extra-dimensional implementations of our mechanism. The fields
H and H unify into an A =2 five-dimensional (5D) hypermulti-
plet. It is however more convenient to retain an A =1 superfield
language [70] with two chiral fields dependent on a continuous co-
ordinate y, which we will discretize to compare to our CW chain.
One way to obtain the localization effects needed is via 5D mass
terms. In the simplest case of a flat extra dimension compactified
on an interval of length L, and imposing the boundary conditions
H(0) =0, and H(L) =0, one gets

L N + N-1 ;
1<:N(§HiHi+;HiHi>, (27)
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and
1 N-1 L N—-1
W =HoO+ EHNO + g Hi(Hi41 — Hj) — NS ; H;iH;,

(28)

where @ and © are shorthand for the fermion bilinears the two
Higgs fields are coupling to. After canonical normalization and re-
naming H; — H;j,1 one obtains precisely our clockwork Lagrangian
with?

N

N
k=—+ms, m=— 29
L+ 5 I (29)

For m <k, that is, for ms > 0 we expect a light mode to appear.
Indeed, by either solving the 5D equations of motion [68] or by
diagonalization of the infinite CW mass matrix> one finds

m5L
P

U~ 2mse” ms > 0. (30)

The wave functions for H and H corresponding to this state indeed
localize at opposite boundaries [68]

fy) ~ eMs(y—=L) _ o=ms(y+L) j_f(y) ~ e M5y _ oMs(y—2L) ,

(31)

consistent with Eq. (19). If the sign of ms is negative however,
no such localization takes place and the lightest mode has a mass
i~ |ms| for |ms|L > 1 or = /2L for (jms|L <« 1).* By making
ms hypercharge dependent (assuming, for simplicity, a constant
profile for the GUT symmetry breaking field) one can easily achieve
ms p >0 and ms 1 < 0, thus obtaining an exponentially light dou-
blet state with the wave functions for H and H localized at two
different boundaries, while all the triplet modes remain heavy and
delocalized. Moving on to PD, one obtains after integrating out the
triplet fields the continuum version of Eq. (24)

1

~ eff
MKt

=LeMsTh (32)

such that PD is exponentially suppressed as ms t < 0. From a 5D
point of view this suppression is natural: in order to create the
dimension-5 operator Eq. (8) one needs to propagate a massive 5D
field over a nonzero distance L. Finally, GCU is a little bit different
from the four dimensional model, as in the latter we have sim-
ply assumed that only the Higgs fields possess a clockwork chain,
while in the 5D realization it is mandatory to propagate also the
gauge multiplets as well as the GUT breaking Higgs sector in the
bulk, which will also contribute to the running. Moreover, at least
the 10 representation should also propagate in the extra dimen-
sion, as it necessarily couples to both branes. We will leave a more
detailed analysis of this model to future work.

Notice that our 5D setup is different from earlier models.
Ref. [17] uses SU(5) braking boundary conditions in order to
project out the light triplet modes while retaining the doublets.

2 Notice that only k but not m can depend on hypercharge via ms. As we will
see, this is sufficient for suppression of the doublet mass as well as PD. GCU on the
other hand cannot be computed without further assumptions on the gauge, matter
and GUT Higgs sectors, see below.

3 Here one has to be a bit careful with the formula Eq. (20) which needs

to be corrected when k/m ~ 1. To obtain the lightest eigenvalue u directly
)Z(N—n)

from the mass matrix we write =2 ~ Tr(MIAM)~1 = m—2 25:1 n (,’%

ms L\ 2
fOL dy ye?ms=y) ~ (%) , in accordance with the 5D result [68].

4 For a very general analysis of hypermultiplet spectra in the presence of bulk
and brane mass terms see Refs. [71-73].
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Ref. [74] can be considered a variant of this idea by putting the
Higgs doublets as four-dimensional fields on the GUT breaking
boundary without any accompanying triplets. Refs. [18,19] consider
a non-compact extra dimension and generate Gaussian profiles for
both doublets and triplets that peak at different points in space,
due to a nontrivial kink profile of the SU(5) breaking field. In our
case, the profiles corresponding to the light doublet are simple ex-
ponentials peaking at the two opposite boundaries (see Eq. (31)),
while the profiles for the triplets are delocalized over the bulk.
Still, as we have shown, an exponential suppression of dimension-
5 proton decay operators exists due to the nonlocal nature of these
operators.

In summary, we have presented a novel mechanism to solve
the DTSP in SU(5) grand unification models, which at the same
time removes the tension between the limit on the triplet scales
for GCU and PD. The 5D realization of this idea is different from
previous ones and constitutes a promising new direction itself, but
requires more in-depth model-building beyond the scope of the
present article.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This work was financed in part by the Coordenacdo de Aper-
feicoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance
Code 001, and by the Conselho Nacional de Desenvolvimento Cien-
tifico (CNPq) under grant number 422227/2018-8. [ would like to
thank Arman Esmaili for feedback on the manuscript.

References

[1] S. Dimopoulos, S. Raby, F. Wilczek, Supersymmetry and the scale of unification,
Phys. Rev. D 24 (1981) 1681-1683, https://doi.org/10.1103/PhysRevD.24.1681.

[2] LE. Ibanez, G.G. Ross, Low-energy predictions in supersymmetric grand uni-
fied theories, Phys. Lett. B 105 (1981) 439-442, https://doi.org/10.1016/0370-
2693(81)91200-4.

[3] WJ. Marciano, G. Senjanovic, Predictions of supersymmetric grand unified the-
ories, Phys. Rev. D 25 (1982) 3092, https://doi.org/10.1103/PhysRevD.25.3092.

[4] U. Amaldi, W. de Boer, H. Furstenau, Comparison of grand unified theories with
electroweak and strong coupling constants measured at LEP, Phys. Lett. B 260
(1991) 447-455, https://doi.org/10.1016/0370-2693(91)91641-8.

[5] P. Langacker, M.-x. Luo, Implications of precision electroweak experiments for
M;, po, sin® 6y and grand unification, Phys. Rev. D 44 (1991) 817-822, https://
doi.org/10.1103/PhysRevD.44.817.

[6] JR. Ellis, S. Kelley, D.V. Nanopoulos, Probing the desert using gauge coupling
unification, Phys. Lett. B 260 (1991) 131-137, https://doi.org/10.1016/0370-
2693(91)90980-5.

[7] E. Witten, Mass hierarchies in supersymmetric theories, Phys. Lett. B 105
(1981) 267, https://doi.org/10.1016/0370-2693(81)90885-6.

[8] A. Sen, Sliding singlet mechanism in N=1 supergravity GUT, Phys. Lett. B 148
(1984) 65-68, https://doi.org/10.1016/0370-2693(84)91612-5.

[9] S.M. Barr, The sliding - singlet mechanism revived, Phys. Rev. D 57 (1998)
190-194, https://doi.org/10.1103/PhysRevD.57.190, arXiv:hep-ph/9705266.

[10] N. Maekawa, T. Yamashita, Sliding singlet mechanism revisited, Phys. Rev. D
68 (2003) 055001, https://doi.org/10.1103/PhysRevD.68.055001, arXiv:hep-ph/
0305116.

[11] A. Masiero, D.V. Nanopoulos, K. Tamvakis, T. Yanagida, Naturally massless Higgs
doublets in supersymmetric SU(5), Phys. Lett. B 115 (1982) 380-384, https://
doi.org/10.1016/0370-2693(82)90522-6.

[12] B. Grinstein, A supersymmetric SU(5) gauge theory with no gauge hierarchy
problem, Nucl. Phys. B 206 (1982) 387, https://doi.org/10.1016/0550-3213(82)
90275-9.

[13] J. Hisano, T. Moroi, K. Tobe, T. Yanagida, Suppression of proton decay in
the missing partner model for supersymmetric SU(5) GUT, Phys. Lett. B 342
(1995) 138-144, https://doi.org/10.1016/0370-2693(94)01342-A, arXiv:hep-ph/
9406417.

[14] K. Inoue, A. Kakuto, H. Takano, Higgs as (pseudo)Goldstone particles, Prog.
Theor. Phys. 75 (1986) 664, https://doi.org/10.1143/PTP.75.664.

Physics Letters B 813 (2021) 136039

[15] A. Anselm, A. Johansen, SUSY GUT with automatic doublet - triplet hierar-
chy, Phys. Lett. B 200 (1988) 331-334, https://doi.org/10.1016/0370-2693(88)
90781-2.

[16] Z. Berezhiani, G. Dvali, Possible solution of the hierarchy problem in supersym-
metrical grand unification theories, Bull. Lebedev Phys. Inst. 5 (1989) 55-59.

[17] Y. Kawamura, Triplet doublet splitting, proton stability and extra dimension,
Prog. Theor. Phys. 105 (2001) 999-1006, https://doi.org/10.1143/PTP.105.999,
arXiv:hep-ph/0012125.

[18] M. Kakizaki, M. Yamaguchi, Splitting triplet and doublet in extra dimensions,
Prog. Theor. Phys. 107 (2002) 433-441, https://doi.org/10.1143/PTP.107.433,
arXiv:hep-ph/0104103.

[19] N. Maru, Doublet - triplet splitting and fat branes, Phys. Lett. B 522
(2001) 117-125, https://doi.org/10.1016/S0370-2693(01)01276-X, arXiv:hep-
ph/0108002.

[20] S. Dimopoulos, F. Wilczek, Incomplete Multiplets in Supersymmetric Unified
Models. Report number: Print-81-0600 (SANTA BARBARA), NSF-ITP-82-07.

[21] G. Giudice, A. Masiero, A natural solution to the mu problem in supergrav-
ity theories, Phys. Lett. B 206 (1988) 480-484, https://doi.org/10.1016/0370-
2693(88)91613-9.

[22] G.E. Giudice, M. McCullough, A clockwork theory, ]. High Energy Phys. 02
(2017) 036, https://doi.org/10.1007/JHEP02(2017)036, arXiv:1610.07962.

[23] K. Choi, H. Kim, S. Yun, Natural inflation with multiple sub-Planckian axions,
Phys. Rev. D 90 (2014) 023545, https://doi.org/10.1103/PhysRevD.90.023545,
arXiv:1404.6209.

[24] K. Choi, S.H. Im, Realizing the relaxion from multiple axions and its UV com-
pletion with high scale supersymmetry, J. High Energy Phys. 01 (2016) 149,
https://doi.org/10.1007/JHEP01(2016)149, arXiv:1511.00132.

[25] D.E. Kaplan, R. Rattazzi, Large field excursions and approximate discrete sym-
metries from a clockwork axion, Phys. Rev. D 93 (8) (2016) 085007, https://
doi.org/10.1103/PhysRevD.93.085007, arXiv:1511.01827.

[26] A. Kehagias, A. Riotto, Clockwork inflation, Phys. Lett. B 767 (2017) 73-80,
https://doi.org/10.1016/j.physletb.2017.01.042, arXiv:1611.03316.

[27] A. Ahmed, B.M. Dillon, Clockwork Goldstone bosons, Phys. Rev. D 96 (11)
(2017) 115031, https://doi.org/10.1103/PhysRevD.96.115031, arXiv:1612.04011.

[28] T. Hambye, D. Teresi, M.H.G. Tytgat, A clockwork WIMP, J. High Energy Phys. 07
(2017) 047, https://doi.org/10.1007/JHEP07(2017)047, arXiv:1612.06411.

[29] N. Craig, I. Garcia Garcia, D. Sutherland, Disassembling the clockwork mecha-
nism, J. High Energy Phys. 10 (2017) 018, https://doi.org/10.1007/JHEP10(2017)
018, arXiv:1704.07831.

[30] D. Teresi, Clockwork dark matter, in: 52nd Rencontres de Moriond on EW In-
teractions and Unified Theories, 2017, pp. 155-161, arXiv:1705.09698.

[31] G.E. Giudice, M. McCullough, Comment on “Disassembling the clockwork mech-
anism”, arXiv:1705.10162.

[32] R. Coy, M. Frigerio, M. Ibe, Dynamical clockwork axions, J. High Energy Phys.
10 (2017) 002, https://doi.org/10.1007/JHEP10(2017)002, arXiv:1706.04529.

[33] L. Ben-Dayan, Generalized clockwork theory, Phys. Rev. D 99 (9) (2019) 096006,
https://doi.org/10.1103/PhysRevD.99.096006, arXiv:1706.05308.

[34] S.C. Park, C.S. Shin, Clockwork seesaw mechanisms, Phys. Lett. B 776 (2018)
222-226, https://doi.org/10.1016/j.physletb.2017.11.057, arXiv:1707.07364.

[35] H.M. Lee, Gauged U(1) clockwork theory, Phys. Lett. B 778 (2018) 79-87,
https://doi.org/10.1016/j.physletb.2018.01.010, arXiv:1708.03564.

[36] L.E. Ibanez, M. Montero, A note on the WGC, effective field theory and clock-
work within string theory, J. High Energy Phys. 02 (2018) 057, https://doi.org/
10.1007/JHEP02(2018)057, arXiv:1709.02392.

[37] J. Kim, J. McDonald, Clockwork Higgs portal model for freeze-in dark mat-
ter, Phys. Rev. D 98 (2) (2018) 023533, https://doi.org/10.1103/PhysRevD.98.
023533, arXiv:1709.04105.

[38] A. Kehagias, A. Riotto, The clockwork supergravity, J. High Energy Phys. 02
(2018) 160, https://doi.org/10.1007/JHEP02(2018)160, arXiv:1710.04175.

[39] A. Ibarra, A. Kushwaha, S.K. Vempati, Clockwork for neutrino masses and lep-
ton flavor violation, Phys. Lett. B 780 (2018) 86-92, https://doi.org/10.1016/j.
physletb.2018.02.047, arXiv:1711.02070.

[40] G. von Gersdorff, Natural fermion hierarchies from random Yukawa couplings,
J. High Energy Phys. 09 (2017) 094, https://doi.org/10.1007/JHEP09(2017)094,
arXiv:1705.05430.

[41] K.M. Patel, Clockwork mechanism for flavor hierarchies, Phys. Rev. D 96 (11)
(2017) 115013, https://doi.org/10.1103/PhysRevD.96.115013, arXiv:1711.05393.

[42] K. Choi, S.H. Im, C.S. Shin, General continuum clockwork, J. High Energy Phys.
07 (2018) 113, https://doi.org/10.1007/JHEP07(2018)113, arXiv:1711.06228.

[43] G.E Giudice, Y. Kats, M. McCullough, R. Torre, A. Urbano, Clockwork/linear dila-
ton: structure and phenomenology, J. High Energy Phys. 06 (2018) 009, https://
doi.org/10.1007/JHEP06(2018)009, arXiv:1711.08437.

[44] D. Teresi, Clockwork without supersymmetry, Phys. Lett. B 783 (2018) 1-6,
https://doi.org/10.1016/j.physletb.2018.06.049, arXiv:1802.01591.

[45] AJ. Long, Cosmological aspects of the clockwork axion, J. High Energy Phys. 07
(2018) 066, https://doi.org/10.1007/JHEP07(2018)066, arXiv:1803.07086.

[46] ]. Kim, ]J. Mcdonald, Freeze-in dark matter from a sub-Higgs mass clockwork
sector via the Higgs portal, Phys. Rev. D 98 (12) (2018) 123503, https://doi.org/
10.1103/PhysRevD.98.123503, arXiv:1804.02661.


https://doi.org/10.1103/PhysRevD.24.1681
https://doi.org/10.1016/0370-2693(81)91200-4
https://doi.org/10.1016/0370-2693(81)91200-4
https://doi.org/10.1103/PhysRevD.25.3092
https://doi.org/10.1016/0370-2693(91)91641-8
https://doi.org/10.1103/PhysRevD.44.817
https://doi.org/10.1103/PhysRevD.44.817
https://doi.org/10.1016/0370-2693(91)90980-5
https://doi.org/10.1016/0370-2693(91)90980-5
https://doi.org/10.1016/0370-2693(81)90885-6
https://doi.org/10.1016/0370-2693(84)91612-5
https://doi.org/10.1103/PhysRevD.57.190
https://doi.org/10.1103/PhysRevD.68.055001
https://doi.org/10.1016/0370-2693(82)90522-6
https://doi.org/10.1016/0370-2693(82)90522-6
https://doi.org/10.1016/0550-3213(82)90275-9
https://doi.org/10.1016/0550-3213(82)90275-9
https://doi.org/10.1016/0370-2693(94)01342-A
https://doi.org/10.1143/PTP.75.664
https://doi.org/10.1016/0370-2693(88)90781-2
https://doi.org/10.1016/0370-2693(88)90781-2
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib3AFD6EBEDFBFE6539B6134A598FA9EA5s1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib3AFD6EBEDFBFE6539B6134A598FA9EA5s1
https://doi.org/10.1143/PTP.105.999
https://doi.org/10.1143/PTP.107.433
https://doi.org/10.1016/S0370-2693(01)01276-X
https://doi.org/10.1016/0370-2693(88)91613-9
https://doi.org/10.1016/0370-2693(88)91613-9
https://doi.org/10.1007/JHEP02(2017)036
https://doi.org/10.1103/PhysRevD.90.023545
https://doi.org/10.1007/JHEP01(2016)149
https://doi.org/10.1103/PhysRevD.93.085007
https://doi.org/10.1103/PhysRevD.93.085007
https://doi.org/10.1016/j.physletb.2017.01.042
https://doi.org/10.1103/PhysRevD.96.115031
https://doi.org/10.1007/JHEP07(2017)047
https://doi.org/10.1007/JHEP10(2017)018
https://doi.org/10.1007/JHEP10(2017)018
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib5263893A88130EBC435E55927D7F1B12s1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib5263893A88130EBC435E55927D7F1B12s1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib0F4AB57E701543F63D6A3703251293B9s1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib0F4AB57E701543F63D6A3703251293B9s1
https://doi.org/10.1007/JHEP10(2017)002
https://doi.org/10.1103/PhysRevD.99.096006
https://doi.org/10.1016/j.physletb.2017.11.057
https://doi.org/10.1016/j.physletb.2018.01.010
https://doi.org/10.1007/JHEP02(2018)057
https://doi.org/10.1007/JHEP02(2018)057
https://doi.org/10.1103/PhysRevD.98.023533
https://doi.org/10.1103/PhysRevD.98.023533
https://doi.org/10.1007/JHEP02(2018)160
https://doi.org/10.1016/j.physletb.2018.02.047
https://doi.org/10.1016/j.physletb.2018.02.047
https://doi.org/10.1007/JHEP09(2017)094
https://doi.org/10.1103/PhysRevD.96.115013
https://doi.org/10.1007/JHEP07(2018)113
https://doi.org/10.1007/JHEP06(2018)009
https://doi.org/10.1007/JHEP06(2018)009
https://doi.org/10.1016/j.physletb.2018.06.049
https://doi.org/10.1007/JHEP07(2018)066
https://doi.org/10.1103/PhysRevD.98.123503
https://doi.org/10.1103/PhysRevD.98.123503

G. von Gersdorff

[47] F. Niedermann, A. Padilla, P.M. Saffin, Higher order clockwork gravity, Phys. Rev.
D 98 (10) (2018) 104014, https://doi.org/10.1103/PhysRevD.98.104014, arXiv:
1805.03523.

[48] P. Agrawal, ]. Fan, M. Reece, Clockwork axions in cosmology: is chromonatural
inflation chrononatural?, J. High Energy Phys. 10 (2018) 193, https://doi.org/10.
1007/JHEP10(2018)193, arXiv:1806.09621.

[49] R. Alonso, A. Carmona, B.M. Dillon, ].F. Kamenik, ]. Martin Camalich, J. Zupan,
A clockwork solution to the flavor puzzle, ]. High Energy Phys. 10 (2018) 099,
https://doi.org/10.1007/JHEP10(2018)099, arXiv:1807.09792.

[50] S.C. Park, C.S. Shin, Clockwork inflation with non-minimal coupling, Eur. Phys.
J. C 79 (6) (2019) 529, https://doi.org/10.1140/epjc/s10052-019-7037-4, arXiv:
1807.09952.

[51] A. Banerjee, S. Ghosh, T.S. Ray, Clockworked VEVs and neutrino mass, J. High
Energy Phys. 11 (2018) 075, https://doi.org/10.1007/JHEP11(2018)075, arXiv:
1808.04010.

[52] SH. Im, H.P. Nilles, M. Olechowski, Heterotic M-theory from the clock-
work perspective, J. High Energy Phys. 01 (2019) 151, https://doi.org/10.1007/
JHEP01(2019)151, arXiv:1811.11838.

[53] F. Sannino, J. Smirnov, Z.-W. Wang, Asymptotically safe clockwork mecha-
nism, Phys. Rev. D 100 (7) (2019) 075009, https://doi.org/10.1103/PhysRevD.
100.075009, arXiv:1902.05958.

[54] S. Hong, G. Kurup, M. Perelstein, Clockwork Neutrinos, arXiv:1903.06191.

[55] T. Kitabayashi, Clockwork origin of neutrino mixings, arXiv:1904.12516.

[56] F. Abreu de Souza, G. von Gersdorff, A random clockwork of flavor, J. High
Energy Phys. 02 (2020) 186, https://doi.org/10.1007/JHEP02(2020)186, arXiv:
1911.08476.

[57] M.G. Folgado, A. Donini, N. Rius, Gravity-mediated dark matter in clock-
work/linear dilaton extra-dimensions, ]J. High Energy Phys. 04 (2020) 036,
https://doi.org/10.1007 [JHEP04(2020)036, arXiv:1912.02689.

[58] T. Kitabayashi, Scalar clockwork and flavor neutrino mass matrix, arXiv:2003.
06550.

[59] KJ. Bae, S.H. Im, Supersymmetric clockwork axion model and axino dark mat-
ter, Phys. Rev. D 102 (1) (2020) 015011, https://doi.org/10.1103/PhysRevD.102.
015011, arXiv:2004.05354.

[60] G. von Gersdorff, Realistic GUT Yukawa couplings from a random clockwork
model, arXiv:2005.14207.

[61] Y.-J. Kang, S. Kim, H.M. Lee, The clockwork standard model, J. High Energy Phys.
09 (2020) 005, https://doi.org/10.1007/JHEP09(2020)005, arXiv:2006.03043.

Physics Letters B 813 (2021) 136039

[62] K. Babu, S. Saad, Flavor hierarchies from clockwork in SO(10) GUT, arXiv:2007.
16085.

[63] AS. Joshipura, S. Mohanty, K.M. Patel, Inflation and long-range force from
clockwork D-term, arXiv:2008.13334.

[64] ]. Hisano, H. Murayama, T. Yanagida, Nucleon decay in the minimal super-
symmetric SU(5) grand unification, Nucl. Phys. B 402 (1993) 46-84, https://
doi.org/10.1016/0550-3213(93)90636-4, arXiv:hep-ph/9207279.

[65] H. Murayama, A. Pierce, Not even decoupling can save minimal supersymmet-
ric SU(5), Phys. Rev. D 65 (2002) 055009, https://doi.org/10.1103/PhysRevD.65.
055009, arXiv:hep-ph/0108104.

[66] B. Bajc, P. Fileviez Perez, G. Senjanovic, Proton decay in minimal supersymmet-
ric SU(5), Phys. Rev. D 66 (2002) 075005, https://doi.org/10.1103/PhysRevD.66.
075005, arXiv:hep-ph/0204311.

[67] G. von Gersdorff, Universal approximations for flavor models, ]J. High En-
ergy Phys. 07 (2019) 131, https://doi.org/10.1007/JHEP07(2019)131, arXiv:1903.
11077.

[68] A. Hebecker, ]. March-Russell, The flavor hierarchy and seesaw neutrinos from
bulk masses in 5-d orbifold GUTs, Phys. Lett. B 541 (2002) 338-345, https://
doi.org/10.1016/S0370-2693(02)02244-X, arXiv:hep-ph/0205143.

[69] K. Babu, S.M. Barr, Natural suppression of Higgsino mediated proton decay in
supersymmetric SO(10), Phys. Rev. D 48 (1993) 5354-5364, https://doi.org/10.
1103/PhysRevD.48.5354, arXiv:hep-ph/9306242.

[70] D. Marti, A. Pomarol, Supersymmetric theories with compact extra dimensions
in N=1 superfields, Phys. Rev. D 64 (2001) 105025, https://doi.org/10.1103/
PhysRevD.64.105025, arXiv:hep-th/0106256.

[71] D. Diego, G. von Gersdorff, M. Quiros, Supersymmetry and electroweak break-
ing in the interval, ]. High Energy Phys. 11 (2005) 008, https://doi.org/10.1088/
1126-6708/2005/11/008, arXiv:hep-ph/0505244.

[72] D. Diego, G. von Gersdorff, M. Quiros, The MSSM from Scherk-Schwarz super-
symmetry breaking, Phys. Rev. D 74 (2006) 055004, https://doi.org/10.1103/
PhysRevD.74.055004, arXiv:hep-ph/0605024.

[73] G. von Gersdorff, The MSSM on the interval, Mod. Phys. Lett. A 22 (2007)
385-398, https://doi.org/10.1142/S0217732307022840, arXiv:hep-ph/0701256.

[74] A. Hebecker, ]. March-Russell, A minimal $**1 | (Z(2) X Z-prime (2)) orbifold
GUT, Nucl. Phys. B 613 (2001) 3-16, https://doi.org/10.1016/S0550-3213(01)
00374-1, arXiv:hep-ph/0106166.


https://doi.org/10.1103/PhysRevD.98.104014
https://doi.org/10.1007/JHEP10(2018)193
https://doi.org/10.1007/JHEP10(2018)193
https://doi.org/10.1007/JHEP10(2018)099
https://doi.org/10.1140/epjc/s10052-019-7037-4
https://doi.org/10.1007/JHEP11(2018)075
https://doi.org/10.1007/JHEP01(2019)151
https://doi.org/10.1007/JHEP01(2019)151
https://doi.org/10.1103/PhysRevD.100.075009
https://doi.org/10.1103/PhysRevD.100.075009
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib25E9420EC2DFAACB1117D4CDDDD9860Es1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib6CA7ECB5F03773874486E4E293FAB476s1
https://doi.org/10.1007/JHEP02(2020)186
https://doi.org/10.1007/JHEP04(2020)036
http://refhub.elsevier.com/S0370-2693(20)30842-X/bibCB36BCF5E38670E3E1A68768EC06CA6As1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bibCB36BCF5E38670E3E1A68768EC06CA6As1
https://doi.org/10.1103/PhysRevD.102.015011
https://doi.org/10.1103/PhysRevD.102.015011
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib35F5540F137FC09C3951A6743C43C4D1s1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib35F5540F137FC09C3951A6743C43C4D1s1
https://doi.org/10.1007/JHEP09(2020)005
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib586B0C9206AC13C3EFAAC96AF8E9A32Ds1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bib586B0C9206AC13C3EFAAC96AF8E9A32Ds1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bibC4BCD23A99FD9E65AC8BC59BE9F6AB74s1
http://refhub.elsevier.com/S0370-2693(20)30842-X/bibC4BCD23A99FD9E65AC8BC59BE9F6AB74s1
https://doi.org/10.1016/0550-3213(93)90636-4
https://doi.org/10.1016/0550-3213(93)90636-4
https://doi.org/10.1103/PhysRevD.65.055009
https://doi.org/10.1103/PhysRevD.65.055009
https://doi.org/10.1103/PhysRevD.66.075005
https://doi.org/10.1103/PhysRevD.66.075005
https://doi.org/10.1007/JHEP07(2019)131
https://doi.org/10.1016/S0370-2693(02)02244-X
https://doi.org/10.1016/S0370-2693(02)02244-X
https://doi.org/10.1103/PhysRevD.48.5354
https://doi.org/10.1103/PhysRevD.48.5354
https://doi.org/10.1103/PhysRevD.64.105025
https://doi.org/10.1103/PhysRevD.64.105025
https://doi.org/10.1088/1126-6708/2005/11/008
https://doi.org/10.1088/1126-6708/2005/11/008
https://doi.org/10.1103/PhysRevD.74.055004
https://doi.org/10.1103/PhysRevD.74.055004
https://doi.org/10.1142/S0217732307022840
https://doi.org/10.1016/S0550-3213(01)00374-1
https://doi.org/10.1016/S0550-3213(01)00374-1

	A clockwork solution to the doublet-triplet splitting problem
	1 Introduction
	2 Review of the problem(s)
	3 Model
	Declaration of competing interest
	Acknowledgements
	References


