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We examine the role of seesaw-motivated exotic scalars in loop-mediated Higgs decays. We consider
a simple TeV-scale seesaw model built upon the fermionic quintuplet mediator in conjunction with
the scalar quadruplet, where we examine portions of the model parameter space for which the con-
tributions of charged components of the scalar quadruplet significantly increase the h — yy decay rate.
The most significant change in the diphoton width comes from a doubly charged scalar @~ which

should be the lightest component in the scalar quadruplet. In the part of the parameter space where
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the h — yy decay width is enhanced by a factor 1.25-2 there is a mild suppression of the h — Zy
decay width by a factor 0.9-0.7.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The recently discovered resonance with mass my =~
125-126 GeV [1,2] strongly resembles the Standard Model (SM)
Higgs boson. There is a hint that the loop-induced h — yy event
rate [3,4] deviates, modulo QCD uncertainties [5], by a factor 1.5-2
[6,7] from its SM value,

[o(gg — h) x BRth — ¥ ¥)]LHc
[o(gg — h) x BRth — y¥)]Ism

=1.71£0.33. (1)

This indicates the existence of additional charged particle(s) on
which the tree-level Higgs decay modes are much less sensi-
tive. The history of the “prediscovery” of charmed and top quarks
through the loop amplitudes may be repeated in the scalar sec-
tor.

On the other hand, if this enhancement in h — yy disappears
with a larger integrated luminosity, it will still constrain the pa-
rameter space of various extensions of the SM containing new
charged states which should affect this loop amplitude. In this
spirit there is a number of theoretical attempts to match the in-
dicated discrepancy by the effects of an extended Higgs sector
[8-11].

Notable, the h — yy decay rate is sensitive on the doubly
charged scalar fields such as those existing in Higgs triplet model
of neutrino mass generation. These states have been in focus of
both the direct searches at the LHC [12,13] and of theoretical in-
vestigations [14-18]. Here we go a step further by studying the ef-

* Corresponding author.
E-mail address: picek@phy.hr (1. Picek).

0370-2693/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.01.056

fects of singly and doubly charged components of a scalar quadru-
plet contained in our recent TeV-scale seesaw model for neutrino
masses [19].

The Letter is organized as follows. In Section 2 we briefly re-
view the TeV-scale seesaw model at hand. A detailed study of the
scalar potential is presented in Section 3. We investigate the effects
of exotic scalars on the loop-level Higgs decays in Sections 4 and 5.
Possible direct bounds on exotic scalars are discussed in Section 6.
The conclusion is presented in Section 7.

2. Fermionic quintuplet seesaw model

A simple and predictive TeV-scale seesaw model [19] under
consideration belongs to a class of beyond dimension-five see-
saw models [20-22] which, on account of introducing higher iso-
multiplets, lower the originally high seesaw scale to the TeV scale
accessible at the LHC. In order to produce the seesaw diagram in
the simple model at hand, the fermionic hypercharge-zero quin-
tuplets g = (X7, ZF, 29, ¥y, ¥y ) transforming as (1,5,0)
under the SM gauge group have to be accompanied by a scalar
quadruplet @ = (™, o0 p—, @~ ) transforming as (1,4, —1).

The gauge invariant and renormalizable Lagrangian involving
these new fields reads

£ =Tgiy*D, Zr + (D @) (D, @)
_ 1—
- <LLY<I>2R + 5 (B Mg +H.c.> —V(H,®), )

where the scalar potential contains the mass and the quartic terms
for the doublet H and the quadruplet & fields

V(H,®) = —p4H'H + p2 070 + 0, (HTH) + 1, H Ho o
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Fig. 1. Tree-level dimension-nine operator and one-loop dimension-five operator di-
agrams relevant for generating the light neutrino masses.

+A3H*H®*® + (A4H*HH® + H.c.)
+ (A\sHH®® +Hc) + (AeHP*@® + Hec.)
+ a7 (@T0) + g0 DD . 3)

In the tensor notation the terms in Egs. (2) and (3) read [19]

Liozg= L_Liq)jklERij’k’I’Ejj/fkk/E”/,

(ZR)CZr= (Z:T)CijklERi’j’k’l’Gﬁ/ij/Gkk/6”/,

H*H®*® = HH;®&" My,

H*HH® = H*'HjHy ®ijpe’ e,

HH®® = H;® i Hy @ jjope e’ e el

HO*®® = Hi®* W iy by €™

> 0 D* D = o Py 0 I By, (4)

The light neutrino masses arise through tree-level dimension-
nine operator and one-loop dimension-five operator. The diagrams
displayed in Fig. 1 lead to two contributions to light neutrino
masses

1
(my)ij = (mv)gee + (mv),-;-)op
-1 ()L*)z ve Z YikY ji N —5)Ev YikY jMj
— g M) T4 2 2 2
6 Ko G My 241w - mg — M,
M2 m2
x[1—27’<21n—<§], (5)
mg — M M

determined by quartic couplings A4 and As, respectively. Let us re-
mind [19] that in the regime of comparable and light (~ 200 GeV)
masses for exotic fermions and scalars the tree contribution pre-
vails, while the loop contribution dominates for heavy masses
(~ 500 GeV) and remains a sole contribution if additional discrete
Z, symmetry forbids the A4 term in Eq. (3).

3. Scalar potential

After the electroweak symmetry breaking (EWSB) the neutral
components of the scalar fields acquire a vacuum expectation value
and read

1 1
HO = E(vH +h+ix), o= E(V@ +¢%+in).  (6)

If all couplings in the scalar potential are real the conditions for
the minimum of the potential

WVo(v.ve)
3Vq§ -

aVo(vy, v
o(VH <z>)_0

Vi = 0 (7)

’

give

2 2 1 1 2 2
Ug=rsvg+|zr2+ A3 — A5 )vy

2 6 3
V3 J3v3
+ — M VyVe — —)»5—4), (8)
2 9 vy
1 1 2 V33
2 2 H
=—( A+ 23— =i JvE — a1
Ho <22+6335>H 6 Ve
V3 5
+ ?AGVHVQD - (M + 5)»8)\/(217. (9)

The electroweak o parameter is changed by vg from the unit
value to p ~ 1+ 6v2/v% constraining the ratio ve/vy to be
smaller then 0.015.

The mixing between singly charged and between neutral com-
ponents of H and & multiplets will occur after the EWSB. Let us
illustrate this on the h® — % mass terms

1 P 2 1 1 2 2
[:ho(poz—i _MH+3)‘1VH+ A2+ =A3 — A5 |V

2 6 3
0.0 1 4
+\/§)\4VHV¢ h"h" — )\.2+§)\.3_§A.5 VyVe
\/§ 2 1 2
T agvy — —2gvy |00
Y2+ (S b= 2as )2+ Zagvav
5 Mo 5 2 G 3 3 5 |Vh \/§ 6VHVo
5
+ <3x7 + §A3>v(2p>(p0g00. (10)

The mass term that mixes h® and ¢° is small because it is propor-
tional either to ve from A3 36 terms in Eq. (3), or to small lepton
number violating couplings A4 5 dictated to be small from con-
siderations of neutrino masses. Therefore we neglect the mixing
between the components of H and ¢ multiplets and we neglect
the terms of higher order in v /vy whenever possible.

In the approximations given above, the masses of charged com-
ponents of the quadruplet @ are

(@) = i + 1oV,

2
2 — 2 1 2 1 2
m*(@7) = ugp + FhaVi + 3hav,
__ 1 1
m?(® )=M§)+§A2v§,+ix3v§. (11)

Their couplings to the Higgs boson relevant for the h — yy decay
are

—L=ce+vyh®@T* dT 4 cp-vyhld >~
+cp-—vyhld ¥, (12)

where the newly introduced couplings

2
Cop+ :}\27 C¢7:)\.2+§)\-3, Cp—— :)\2+)\37 (13)
are expressed in terms of the quartic couplings A, and A3 which,

for simplicity, we assume to be equal in the following.
4. Higgs diphoton-decay width

In our model in addition to the dominant SM contributions
from the W boson and top quark loops to the h — yy decay rate
only the charged scalars contribute substantially. Our exotic scalars
are colorless so that the Higgs boson production through gluon
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fusion at the LHC is unaffected. Also, since the Higgs boson to-
tal decay width is only marginally affected, a dominant change in
h — yy event rate comes from the change in Higgs boson dipho-
ton partial decay width. The analytic expression for the diphoton
h — yy partial width reads [8,23-25]

2.3
my

Ts63 vz | A1wW) +NcQF A2 ()
H

r'th—yy) =

2

2Cs Vh
+ NesQ§— —5Ao(Ts)| & (14)
2 ms

where the three contributions corresponding to t; = 4mi2 /mﬁ (i=
W,t,S) refer to spin-1 (W boson), spin-1/2 (top quark) and
charged spin-0 particles in the loop. The electric charges for
fermions and scalars, Q; = +2/3 and Qgs, are given in units of |e|,
and their respective number of colors are Nc =3 and N, s =1 for
color singlet scalars under consideration. The loop functions for
spin-1, spin-1/2, and spin-0 particles are given as

A =—x[2x 2 +3x T +3(2x 1 = 1) F(x 7)), (15)
Arp) =2x[x"T+ (xT=1)f(x 1], (16)
Ao =—xX*[x"1 = F(x71)], (17)

where, for a Higgs mass below the kinematic threshold of the loop
particle my, < 2mjqop, we have

f(x) = arcsin® V/x. (18)

We now look at the possible enhancement of the h — yy de-

cay rate through extra contributions with charged components of

scalar quadruplet @ running in the loops. Following [8] we define

the enhancement factor with respect to the SM decay width
2

cs vy Ao(Ts)

2 m% A1(tw) + NcQZA1,2(%)

(19)

RV}/ZIH‘ Y Qd

S=ot 0o~ ,0——

In order to get an enhancement of the h — yy decay rate, the
contribution of the new charged scalars has to interfere construc-
tively with the dominant SM contribution of the W boson. Since
this requires negative couplings cs in Eq. (14), we assume 13 < 0.
The biggest effect on the h — yy decay rate comes from @~
for two reasons. First, it has a charge |Qg--| =2 and second, for
A3 < 0 it is the lightest of the charged @ components. We will not
consider A3 > 0 case for which to get a significant enhancement
in Ry, the charged scalars should be too light.

In Fig. 2 we plot the enhancement factor Ry, as a function
of the scalar couplings A2 3 and the mass of the lightest charged
scalar m(®~ 7). For simplicity we assume A, = A3 = A, and in order
to keep the stability of the scalar potential, we restrict ourselves to
the interval A € [-2,0]. In this interval the value R, ), =2 can be
achieved up to m(®~ ") =280 GeV and the value Ry, =1.25 up
to m(®~ ") =520 GeV.

5. Higgs to Z-photon decay width

Another loop-mediated Higgs decay sensitive to new charged
particles is h — Zy. It is sensitive both on the charge and weak
isospin of the particles in the loop. After adding a contribution of
a new scalar to the SM contributions from the W boson and top
quark the decay rate is given by [8]

0.0
-0.5
A =10

-1.5

me—_ (GeV)

Fig. 2. Enhancement factor Ry, = (2.5,2,1.75,1.5,1.25) for the h — yy branching
ratio in dependence on scalar coupling A = A = A3 and the mass of the lightest
charged component of the ¢ multiplet, m(® 7).

rth— zy)
2.3 2\ 3
o m m
T 128732 :in20 (1 - m_g) Asw + Al (20)
H w h

where

Asm = cosOw A1 (Tw, ow)
Q2T — 4Q;sin®6y)

+ N¢ A1y2(te, 0¢), (21)
cos Oy
. (S) 2
vsinfy csvy T;” — Qssin“ 6
s=— t Qs ——" Ao (15, 05). (22)
mg €os By Sinfy,

Here o7 = 4m?/m2 and T{” = 1/2 and T$> correspond to the weak
isospin of the top quark and the new scalar. The loop functions are
given by
A1(x,y) =4(3 — tan? Oy ) [ (x, )

+[(1+2x ") a0y — (5+2x )] (x y),
A1p(x,y) =11(x,y) — I2(x, ¥),
Ao(x,y) =11(x, y), (23)
where

Xy x2y? _ _
Il(x,y)zz(x_y)+2(X_y)2[f(x N-ryh]

2
tpyrlE) )
L (x. y) = —z(x"—fy)[f(x-l) —f Y- (24)

For the Higgs mass below the kinematic threshold of the loop par-
ticle, mp < 2myoop, we have

g(x) =v/x~1 —1arcsin/x. (25)
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Fig. 3. Modification factor Rz, = (0.6,0.7,0.8,0.9) for the h — Zy branching ratio
in dependence on the scalar coupling A = A, = A3 and the mass of the lightest
charged component of the ¢ multiplet, m(® 7).

The additional contributions in a model with scalar quadruplet
lead to the modification factor Rz, for the h — Zy decay rate
with respect to the SM decay width

Z 2
A
S=ot.o-.0— "M

2

RZy = ‘1 + (26)

In Fig. 3 we plot the modification factor Rz, as a function of
the scalar couplings A, 3 (assuming A = A3 = A) and the mass of
the lightest charged scalar m(¢®~~). We obtain a moderate sup-
pression of the h — Zy decay rate in the region of the parameter
space where the h — yy decay rate is enhanced. In the cho-
sen interval A € [-2,0] the factor Rz, = 0.6 is achieved up to
m(®~7) =220 GeV and Rz, =0.9 up to m(®~ ") =480 GeV.

6. Direct vs. virtual bounds on new scalars

The measurement of the h — yy rare decay mode may mark
a spectacular onset of a virtual physics at the LHC. The interaction
with virtual particles is essential both for the production and the
decay factor in Eq. (1). It is in order to discuss the features of addi-
tional charged scalars, which determine their possible appearance
both in the Higgs boson loop decays under consideration and in
their direct searches.

Now, an essential point is a lack of Yukawa couplings of the
scalar quadruplet to a pair of SM fermions. The lack of these
Yukawa couplings means that a doubly charged @~ does not
decay to a pair of charged SM leptons, which has decisive reper-
cussions. The direct searches for doubly charged scalars through
resonance in the invariant mass of a pair of charged leptons at
the LHC [12,13] leave the quadruplet scalar states unconstrained.
The strongest bound in the range (383 GeV, 408 GeV) set in the
inclusive search for the CMS benchmark points depends on @ ~~
production analysis, and counts all possible final state lepton pairs
in BR(@™ ™ — li’lj’), i,j=e, i, t. Of course, ®~~ can decay also

to W~W ™ final state, but this channel has not been measured yet
and doesn’t constrain the quadruplet scalar mass.

In comparison, the studies of h — yy enhancement by the
doubly charged scalar from the Higgs triplet model of neutrino
mass generation [14-17] also lead to their rather small masses,
which already seem to be excluded by the above mentioned direct
searches at the LHC [12,13]. In case that the decay of the doubly
charged component of the triplet scalar to W~W ™ were the dom-
inant one, it would invalidate the discussed CMS search and no
limit on the triplet mass would be placed either.

7. Conclusion

It is conceivable that the first sign of new physics observed at
the LHC may stem from loop effects of new particles additional to
the SM content. We take under scrutiny particular extensions of
the SM Higgs sector aimed to explain the small masses of neutri-
nos, which simultaneously provide doubly charged scalars that sig-
nificantly affect the loop amplitude for the h — yy decay. In view
of the upper mentioned exclusion of the doubly charged scalars
from the Higgs triplet model of neutrino masses, we find it timely
to explore the effect of doubly charged component of the scalar
quadruplet existing in our recent simple TeV-scale seesaw model
for neutrino masses [19]. The results which we obtain show that
it is easier to obtain an enhancement of the h — yy decay rate in
our model than in the Higgs triplet model. The Higgs quadruplet is
devoid of the Yukawa couplings to a pair of leptons which play a
decisive role in existing LHC exclusion bounds for doubly charged
scalars. Therefore our model in the sub-TeV mass region, where a
significant enhancement in Ry, can be obtained, is not excluded.
Also, there is a remarkable feature of achieving the biggest ef-
fect on h — yy decay rate from the doubly charged @~ state
at hand. The essential A3 < O coupling ensures that @~ is the
lightest among the charged @ components and that it interferes
constructively with the dominant SM contribution of the W boson.
Concerning the monitoring h — Zy decay, the effect is smaller and
opposite. There is a moderate suppression of the h — Zy decay
rate in the region of the parameter space where the h — yy decay
rate is enhanced. Finally, the imposed role on the scalar quadruplet
in explaining the smallness of neutrino masses is decisive in keep-
ing the relevant couplings from the scalar potential small so that
the mixing between components of H and ¢ multiplets is negligi-
ble. Accordingly, the state announced at the LHC [1,2] corresponds
in our setup to the SM Higgs boson.

Acknowledgements

We thank KreSimir Kumericki for useful discussions. This work
is supported by the Croatian Ministry of Science, Education and
Sports under Contract No. 119-0982930-1016.

References

[1] G. Aad, et al., ATLAS Collaboration, Phys. Lett. B 716 (2012) 1, arXiv:1207.7214
[hep-ex].

[2] S. Chatrchyan, et al, CMS Collaboration, Phys. Lett. B 716 (2012) 30, arXiv:
1207.7235 [hep-ex].

[3] S. Chatrchyan, et al., CMS Collaboration, Phys. Lett. B 710 (2012) 403, arXiv:
1202.1487 [hep-ex].

[4] G. Aad, et al., ATLAS Collaboration, Phys. Rev. Lett. 108 (2012) 111803, arXiv:
1202.1414 [hep-ex].

[5] J. Baglio, A. Djouadi, RM. Godbole, Phys. Lett. B 716 (2012) 203, arXiv:
12071451 [hep-ph].

[6] PP. Giardino, K. Kannike, M. Raidal, A. Strumia, Is the resonance at 125 GeV
the Higgs boson?, arXiv:1207.1347 [hep-ph].

[7] T. Corbett, OJ.P. Eboli, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, Constraining
anomalous Higgs interactions, arXiv:1207.1344 [hep-ph].



408 I Picek, B. Radovci¢ / Physics Letters B 719 (2013) 404-408

[8] M. Carena, I. Low, C.E.M. Wagner, JHEP 1208 (2012) 060, arXiv:1206.1082
[hep-ph].
[9] W.-E. Chang, ].N. Ng, J.M.S. Wu, Phys. Rev. D 86 (2012) 033003, arXiv:1206.5047
[hep-ex].
[10] C.-W. Chiang, K. Yagyu, Higgs boson decays to yy and Zy in models with
Higgs extensions, arXiv:1207.1065 [hep-ph].
[11] L Dorsner, S. Fajfer, A. Greljo, ].F. Kamenik, Higgs uncovering light scalar rem-
nants of high scale matter unification, arXiv:1208.1266 [hep-ph].
[12] S. Chatrchyan, et al., CMS Collaboration, A search for a doubly-charged Higgs
boson in pp collisions at sqrt(s) = 7 TeV, arXiv:1207.2666 [hep-ex].
[13] G. Aad, et al, ATLAS Collaboration, Phys. Rev. D 85 (2012) 032004, arXiv:
1201.1091 [hep-ex];
G. Aad, et al, ATLAS Collaboration, Search for doubly-charged Higgs bosons
in like-sign dilepton final states at sqrt(s) = 7 TeV with the ATLAS detector,
arXiv:1210.5070 [hep-ex].
[14] A. Melfo, M. Nemevsek, F. Nesti, G. Senjanovic, Y. Zhang, Phys. Rev. D 85 (2012)
055018, arXiv:1108.4416 [hep-ph].
[15] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka, L. Rahili, JHEP 1204 (2012) 136,
arXiv:1112.5453 [hep-ph].

[16] S. Kanemura, K. Yagyu, Phys. Rev. D 85 (2012) 115009, arXiv:1201.6287
[hep-ph].

[17] A.G. Akeroyd, S. Moretti, Phys. Rev. D 86 (2012) 035015, arXiv:1206.0535
[hep-ph].

[18] EJ. Chun, H.M. Lee, P. Sharma, Vacuum stability, perturbativity, EWPD and
Higgs-to-diphoton rate in type Il seesaw models, arXiv:1209.1303 [hep-ph].

[19] K. Kumericki, I. Picek, B. Radov¢i¢, Phys. Rev. D 86 (2012) 013006, arXiv:
1204.6599 [hep-ph].

[20] K.S. Babu, S. Nandi, Z. Tavartkiladze, Phys. Rev. D 80 (2009) 071702, arXiv:
0905.2710 [hep-ph].

[21] I Picek, B. Radov¢i¢, Phys. Lett. B 687 (2010) 338, arXiv:0911.1374 [hep-ph].

[22] K. Kumericki, I. Picek, B. Radov¢i¢, Phys. Rev. D 84 (2011) 093002, arXiv:
1106.1069 [hep-ph].

[23] J.R. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nucl. Phys. B 106 (1976) 292.

[24] M.A. Shifman, A.L Vainshtein, M.B. Voloshin, V.I. Zakharov, Sov. ]. Nucl. Phys. 30
(1979) 711;
M.A. Shifman, A.l. Vainshtein, M.B. Voloshin, V.I. Zakharov, Yad. Fiz. 30 (1979)
1368.

[25] A. Djouadi, Phys. Rept. 457 (2008) 1, hep-ph/0503172.



	Enhancement of h ->γγ by seesaw-motivated exotic scalars
	1 Introduction
	2 Fermionic quintuplet seesaw model
	3 Scalar potential
	4 Higgs diphoton-decay width
	5 Higgs to Z-photon decay width
	6 Direct vs. virtual bounds on new scalars
	7 Conclusion
	Acknowledgements
	References


