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We examine the same-sign single dilepton productions of Eiié-i (¢;,j = e, u) with missing energy in high-
energy proton-proton collisions at the Large Hadron Collider (/LHC) in models with doubly charged Higgs
scalars as well as heavy Majorana neutrinos. We demonstrate that these spectacular productions can be
detected at the LHC for a class model in which the doubly charged Higgs scalars couple only to the right-
handed charged leptons. The ranges of the possible doubly charged Higgs masses and mixings to observe

the processes at the LHC are discussed.

© 2008 Elsevier B.V. All rights reserved.

It is well accepted that neutrinos have very small masses. How-
ever, the origin of such smallness remains unclear. One of the
most popular solutions is that they arise from the seesaw mech-
anism with one or more right-handed heavy Majorana neutrinos
(HMN). On the other hand, without right-handed neutrinos, it is
well known that the simplest way to have a Majorana neutrino
mass term in the standard model (SM) is to introduce a complex
triplet Higgs T with the hypercharge of Y = —2, defined by

0 I

T= ( 2 ) (1)

- Tt—
2

which can couple to SU(2); lepton doublets (Lj;) [1]

L :g,‘leTTLjL +H.c., (2)

where g;; are the coupling constants, i, j =e,u, 7 and c stands
for the charge conjugation. The neutrino masses are generated to
be gjjvr after the triplet scalar T receives the vacuum expecta-
tion value (VEV) of vr. Since the major goals of the Large Hadron
Collider (LHC) are searching for Higgs scalars and understanding
the mechanism of the fermion mass generation, the HMNs and the
triplet Higgs should be parts of the studies at the LHC.

The most interesting models which contain the triplet are left-
right symmetric and little Higgs models [2-4]. Phenomenologically,
the doubly charged scalar in the complex triplet could decay into
the like-sign dileptons (T** — Ziiﬁf) with a high invariant mass,
which provides a spectacular signature with a relatively small
background [5-7] at hadron colliders. A current limit set by the
direct search at the Tevatron in Fermilab is M++ > 136 GeV [8],
in which the Drell-Yan (DY) annihilation processes qq — y*, Z* —
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TH++ T~ to the final states of ete®, e*u*, u*u* were used and

a long-lived doubly-charged scalar, corresponding to gj; 2 1073,
was assumed. However, from the current neutrino mass upper
bounds [9] of 0.1 eV, extracted from the neutrino oscillation data
and cosmological experiments, the coupling of g;; cannot be large
if vy is not too small. Note that vy < 4.41 GeV [10,11] is con-
strained by the precision data of p = 1.0002Jj:88821 [9].

Accordingly, one concludes that in the model with £; of Eq. (2),
the production of T** in the W-boson fusion decaying into a like-
sign single dilepton, W*W=* — T** — ¢¢= are too small to be
found generally at the LHC due to the following reasons: (a) the
production rates are proportional to (vy/v)% which is numerically
small even vy is set to be close to the upper limit; and (b) as
8ij $10710 for vy ~ 4.41 GeV, the widths of T** — ziie]* are very
small and other channels would be opened to dominate over these
dileptons signatures [12]. Moreover, small coupling constants g;;
are needed in order to fit the neutrino mixing matrix.

Recently, a model was proposed [10] with the SU(2); complex
triplet T(_) and an additional doubly-charged singlet ¥(4) to the
SM, where the subscript denotes the hypercharge. In the model,
a new Yukawa interaction, involving SU(2); charged lepton sin-
glets (£),

L =YijlSplir¥ + He., 3)

ie:t

is introduced due to ¥ but the one in Eq. (2) is forbidden by im-
posing some symmetry for the Higgs fields such as

p—>+p, > ¢,

where an extra Higgs doublet ¢’ has been also included. However,
since the extra doublet leads to no new effects [13] on the fermion
couplings, the structure of the doubly-charged Higgs scalars as well
as the phenomenology in Refs. [10,11], we will not discuss it fur-
ther here. In this model, as the neutrino masses are generated
radiatively at two-loop level [10,11,14], the small neutrino mass

T——-T and ¥ — +V¥, (4)
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Fig. 1. Feynman diagram for pp — Ziiéji]] mediated by Plii.

problem can be naturally understood even with Y;; = O0(1) and vt
around the upper limit simultaneously.

In this Letter, we concentrate on doubly-charged scalars of T**
and ¥**. The two fields can form doubly-charged massive phys-
ical states Pfi and P;Ei with the mixing angle §. It was argued
in Ref. [11] that at least one of the doubly charged Higgs scalars is
well within the reach of the LHC. We take Pp to be this (lighter)
state and focus on its phenomenology. In particular, we investigate
the processes pp — PliiX — el.iejix under the conditions of the

LHC: /s =14 TeV and L = 320 fb~' [9], where /5 is the beam
energy and L is the design integrated luminosity per year. We will
also consider the contributions to the processes due to the HMNs.
We will choose the condition

olL>n (5)

as n events of the observation criteria for the process, where o
denotes the cross section. In our discussion, we will assume 99%
efficiency for the detection of the same-sign dileptons at the LHC
in terms of the detectors simulations in Refs. [6,15].

We start by evaluating the differential cross sections for the
processes

pp — EiiZjiX (6)

at the LHC via the intermediate doubly charged Higgs scalar Pfi
by neglecting the transverse polarizations of W bosons and quark
mixings, where X represents 2 jets, denoted as JJ. The leading-
order Feynman diagram for the processes in Eq. (6) is shown in
Fig. 1. For ¢; j =e or u, one has spectacular signatures of the
same-sign dilepton pairs of e*e® or u*u* or et u* without miss-
ing energy. For the modes with one or two t leptons, the final
states are the above dilepton pairs but with missing energy or pi-
ons with missing energy. In this study, we shall not discuss the
productions with missing energy as they are suppressed. Accord-
ing to Ref. [11], the gauge-scalar and the lepton-scalar couplings
are given by

g2

EVTQWZW,TP]__ +Hc and

Y1155P177€E€jR + H.c., (7)
respectively, where cs = cosé and ss = siné. The decay of Pfi
can proceed by four types of channels: P;* — Eﬁaéﬁ, PyE —
WEW*, P+ — W*p* and P+ — WEW*T?, where P* and
Tg are the single-charged and neutral components of the Higgs
scalars in the model, respectively. The decay widths are given
by [11]

2
+ ,+ 1Yii1° 5
F(ZijoR) =@ _5ij)ﬁ55MPw (8)
r(wtwt)
2 2
— g4V%C§ 1 4M\2/V <3 MP] Mpl ) (9)
- 2 2 2 )
167 Mp, M2, M2, 4M?,

22713 2 2
gecsM M M

rwps)=""_" A3/2(1, —w, ) (10)
167 M2, M2 M3,

where A(x, y, z) = x*> + y? 4+ 2% — 2xy — 2xz — 2yz. The three-body
decay modes are expected to be relatively suppressed by the phase
space compared to the two-body ones for the values of v near
its upper bound [11]. In Fig. 2, we show the decay widths with
two extreme cases of the mixing angles, where the mass split-
tings between Pfi and P* are taking to be the same as those
in Ref. [11] and vt =4 GeV. We remark that the mixing angle § is
related to several parameters in the model as shown in Eq. (2.13)
of Ref. [11]. For example, a small mixing angle § exists in a wide
range of the parameters space, while a large one requires a large
doubly charged Higgs mass splitting as well as the condition of
m?/v2 + (kg + k2 — M/2/v7)/2 < A, where A, ky, k2, m and M
are the parameters in the scalar potential [11].

The like-sign dilepton decays provide clean and almost negli-
gible SM background signatures. Moreover, the branching ratios
depend on the Yukawa couplings gj; (Y;; in our case) which are
strongly linked with the different scenarios for the neutrino mass
generation mechanisms [7,12,16,17].

The differential cross sections for the processes in Eq. (6) are
found to be

dof’ ij\2
=AW HPP, 11
dcos6 ( 1) * (an)

where 6 is the angle between the directions for WW or qq and
same sign leptons,

4716
_ GpMy,

= W = 2= 5Iijlesss.
2 fdz (dy [d
VT z y b%
* (Mw> z y Xpi(x %)
20 z y
x pi<X, Xs)1(5>h(izz), (12)
X X y MP1

with zg = Mlz,l/s. In Eq. (12), h(t) are the normalized cross sections
for the subprocesses of W*W* — Kiiéf, given by

=50 ab,

t(t —4M3, /M%l)

h(t) = , 13
with the total decay width of Pfi as:
I, =) [I(EGtR) + T (GrGR)] + T (WHW™)

i#]

+ M (WEP) + M(WEW*TY), (14)

I(r) is the normalized luminosity (multiplied by r) of W*W¥ pairs
in the two-quark system [18], defined by

I(rN=—0+r)Ilnr—2(1—r), (15)

and pi(x, Q?) are the quark distributions in the proton, which
have the forms:

p+(x. Q%) zxzc]i(x, Q?)

=xU4c+t+d+5+b), (16)
p—(x Q%) =x@+c+E+d+s+b). (17)

It is interesting to note that the angular distributions in Eq. (11) are
uniform on the quark level as there is only the s channel diagram
for each of the processes in Eq. (6).
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Fig. 2. Logarithms of the decay widths (in units of GeV) of Plii as functions of Mp,, where vt =4 GeV and the left (right) figure corresponds to the maximal (small)
mixing of siné = 1/+/2 (0.12), while the solid, dotted, long-dashed, short-dashed, and dot-dashed lines represent Ziikf (i #j), G7eF, wEWE, wEpE wEW*T modes,

respectively.
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Fig. 3. Cross sections of pp — PfTj] — (?K}']] (solid line) and

pp— Py J] — Zi’fj’j] (dotted line) as functions of sind at Mp, = 200 GeV,
where the straight line is the one event discovery limit (DL) at the LHC.

In the numerical calculation of the differential cross sections
in Eq. (11), we use the CTEQ5 parton distributions [19] and take
|Yijl =1, s5 =0.12 or 1/+/2, and vt =4 GeV [11]. We note that
|Y;ij| =1 is just a convenient choice. The constraints on these cou-
plings from the neutrino oscillation data, rare decays, and 0v2p3
decays are studied in Ref. [11], where it is shown that the weakest
upper bound is for the uu production: |Y, | < 3.5. However, due
to Yor <0.2 ({=e, ) and |Y;;| <0.02 [11] as well as the small
branching ratios of T — fv;v,, we shall exclude the productions
with one or two taus in our discussion. Moreover, as the differen-
tial cross section in Eq. (11) is proportional to vr, we only con-
centrate on the cases with vy close to the upper bound, whereas
those with small values of vt are not interesting at the LHC.

In Fig. 3, we show the relation between the cross sections and
the mixing angle § at Mp, =200 GeV for i = j. Note that for i # j
there is an additional factor 2 in Eq. (11). In the figure, we also
give the one event discovery limit (DL) at the LHC according to the
observation criteria in Eq. (5). We find that since the decay widths
depend on the mixing angle in different ways, the maximal cross
section is not happened in the large mixing angle of s; = 1/+/2 but
around ss ~ 0.15. In Fig. 4, we plot the cross sections of Pfi and
the DL at various values of Mp,. The rate for Pf* is about twice
to that of P; ™ as expected based on the larger u-quark content

in the proton at the LHC. In the case of ss = 1/+/2, the processes
via P{ " are unobservable at the LHC. On the other hand, in the
case of ss =0.12, the cross sections drastically decrease as Mp,
is above 420 GeV because the decay channel of W*P* opens up
and becomes a dominant mode as seen from Fig. 2. We can con-
clude that, at the LHC, it is possible to detect the processes in
Eq. (6) via the intermediate doubly-charged Higgs with its mass
in the range from 180 GeV to 400 GeV while the mixing is be-
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Fig. 4. Cross sections of pp — P¥*[] — Ziiejijj as functions of Mp,, where
the solid (dotted) and long-dashed (short-dashed) lines stand for the processes
pp— P{T )] — ¢feF ] ) (€7 €5 J]) with sind =0.12 and 1/+/2, respectively, while
the straight line is the one event DL at the LHC.

tween siné = 0.03 and 0.85. It should be pointed out that one
may tune the parameters to push the decay widths of I"(W*P¥)
at higher Mp, to open up the modes of W* P, then the search-
ing range for Plii may be extended. We stress that the signatures
with only two jets and same-sign dilepton without missing energy
are clean since there is no physical SM background [5-7]. Note that
the processes in Eq. (6) violate the lepton number. Nevertheless,
since the background could arise from the charge misidentification
and fake missing energy could be produced from our real events as
discussed in Ref. [20], a detail analysis regarding some basic cuts
is clearly needed before a discovery reach.

We now study the mechanism to produce dileptons in pp col-
lisions due to the intermediate HMNs [21,22]. The processes in
Eq. (6) mediated by the HMN are illustrated in Fig. 5, where My,
corresponds to the mass of the lightest HMN. The differential cross
sections are given by

pp
doy

—2A ij 21\]13177 18
dcos6 (e7) (18)
with
pi =2 = 8ijluiujl,
My, \? [dz [dy [d
z b%
IW:Gﬂ>f—[l/—MWW
Mw z y X
Zo z y
X pi<X, Xs)l<£)n<izz, cos@), (19)
X X y M
N1

where Zg = 4M§1 /S, ujp are the mixing matrix elements between
the ith charged lepton and the heavy neutrino, and n(t, cos6) are
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Fig. 5. Feynman diagram for the processes pp — Z?Zf]] mediated by a heavy Ma-
jorana neutrino.

the normalized cross sections for the subprocesses W*W=* —
Eiiﬁji, given by

1 —cosé
1—cos@ +2t1

(20)

1+ cos6 2
1+ cosf +2t~1

n(t, cosf) = (

Numerically, we find that these processes cannot be observed at
the LHC with L =320 fb~' even with a lower My,. However, it
is still possible at higher luminosity modifications of LHC [22].
It is interesting to note that the angular distributions in Eq. (18)
given by the HMN mechanism are not uniform in contrast with
the uniform ones in Eq. (11) by the doubly charged Higgs. It
is due to the t-channel neutrino exchanges in contrast with the
s-channel P** ones. Moreover, the produced same-sign leptons in
Fig. 5 are left-handed, whereas those are right-handed in Fig. 1.
However, this difference is beyond the initial stage of the LHC
searches.

In summary, the possibility to observe the same-sign single
dilepton productions at the LHC has been examined based on
the doubly charged Higgs and Majorana neutrino mechanisms.
We have demonstrated that the productions of pp — Ziiéji 7]
(¢i,j =e,u) can only be observed at the LHC in the model with
the doubly charged scalars coupling to the right-handed charged
leptons. In particular, the ranges of doubly charged Higgs masses
and mixings to observe the productions in terms of the one-event
discovery limits have been determined. We have also shown that
the angular distributions of the differential cross sections for the
processes are uniform on the quark level in contrast with the
non-uniform ones due to the Majorana neutrino exchange mech-
anism. However, the difference is hard to be seen at the initial
stage of the LHC. Finally, we remark that we have considered the
processes eTp — Elﬂf]] via the intermediate PTT and HMN.
By using the same method as for the pp collisions we find that
these processes cannot be observed at the near future ep collid-
ers [23].

Acknowledgements

This work is financially supported by the National Science
Council of Republic of China under the contract #: NSC-95-2112-
M-007-059-MY3. We would like to thank J.R. Incandela for helpful
discussions.

References

[1] J. Schechter, J.W.E. Valle, Phys. Rev. D 22 (1980) 2227,
T.P. Cheng, LF. Li, Phys. Rev. D 22 (1980) 2860;
G.B. Gelmini, M. Roncadelli, Phys. Lett. B 99 (1981) 411;
H. Georgi, S.L. Glashow, S. Nussinov, Nucl. Phys. B 193 (1981) 297.
[2] J.C. Pati, A. Salam, Phys. Rev. D 10 (1974) 275;
J.C. Pati, A. Salam, Phys. Rev. D 11 (1975) 703, Erratum;
G. Senjanovic, R.N. Mohapatra, Phys. Rev. D 12 (1975) 1502;
R.N. Mohapatra, ].C. Pati, Phys. Rev. D 11 (1975) 2558.
[3] N. Arkani-Hamed, A.G. Cohen, H. Georgi, Phys. Lett. B 513 (2001) 232;
N. Arkani-Hamed, A.G. Cohen, E. Katz, A.E. Nelson, J. High Energy Phys. 0207
(2002) 034;
N. Arkani-Hamed, A.G. Cohen, E. Katz, A.E. Nelson, T. Gregoire, J.G. Wacker, ].
High Energy Phys. 0208 (2002) 021;
M. Schmaltz, J. High Energy Phys. 0408 (2004) 056.
[4] C. Csaki, J. Hubisz, G.D. Kibis, P. Meade, ]. Terning, Phys. Rev. D 67 (2003)
115002;
T. Han, H.E. Logan, B. McElrath, L.T. Wang, Phys. Rev. D 67 (2003) 095004;
S. Chang, J.C. Wacker, Phys. Rev. D 69 (2004) 035002;
T. Han, H.EE. Logan, B. Mukhopadhyaya, R. Srikanth, Phys. Rev. D 72 (2005)
053007.
[5] J.E. Gunion, J. Kalinowksi, A. Tofighi-Niaki, Phys. Rev. Lett. 57 (1986) 2351;
D.A. Dicus, R. Vega, Phys. Lett. B 217 (1989) 194;
D. Dicus, J.F. Gunion, R. Vega, Phys. Lett. B 258 (1991) 475;
D. Dicus, J.F. Gunion, L.H. Orr, R. Vega, Nucl. Phys. B 377 (1992) 31;
V. Barger, K. Cheung, T. Han, RJ. Phillips, Phys. Rev. D 42 (1990) 3052;
M.S. Berger, M.S. Chanowitz, Phys. Lett. B 263 (1991) 509;
V. Barger, K. Cheung, T. Han, J. Ohnemus, D. Zeppenfeld, Phys. Rev. D 44 (1991)
1426;
V. Barger, K. Cheung, T. Han, D. Zeppenfeld, Phys. Rev. 44 (1991) 2701;
V. Barger, K. Cheung, T. Han, D. Zeppenfeld, Phys. Rev. 48 (1993) 5433;
J. Bagger, V. Barger, K. Cheung, ]. Gunion, T. Han, G.A. Ladinsky, R. Rosenfeild,
C.-P. Yuan, Phys. Rev. D 52 (1995) 3878;
A. Datta, M. Guchait, D.P. Roy, Phys. Rev. D 47 (1993) 961;
H. Dreiner, P. Richardson, M. Seymour, Phys. Rev. D 63 (2001) 055008.
[6] W.W. Armstrong, et al., ATLAS Collaboration, CERN-LHCC-94-43;
G.L. Bayatian, et al., CMS Collaboration, J. Phys. G 34 (2007) 995.
[7] K. Huitu, J. Maalampi, A. Pietila, M. Raidal, Nucl. Phys. B 487 (1997) 27.
[8] D. Acosta, et al., CDF Collaboration, Phys. Rev. Lett. 93 (2004) 221802.
[9] W.M. Yao, et al., Particle Data Group, J. Phys. G 33 (2006) 1.
[10] C.S. Chen, C.Q. Geng, J.N. Ng, Phys. Rev. D 75 (2007) 053004.
[11] CS. Chen, C.Q. Geng, J.N. Ng, ].M.S. Wu, JHEP 0708 (2007) 022.
[12] A.G. Akeroyd, M. Aoki, Phys. Rev. D 72 (2005) 035011.
[13] CS. Chen, C.Q. Geng, D.V. Zhuridov, in preparation.
[14] A. Zee, Nucl. Phys. B 262 (1986) 99;
K.S. Babu, Phys. Lett. B 203 (1988) 132.
[15] E. Richter-Was, D. Froidevaux, L. Poggioli, ATL-PHYS-98-131.
[16] ]. Garayoa, T. Schwetz, arXiv: 0712.1453 [hep-ph].
[17] J.E. Gunion, ]. Grifols, A. Mendez, B. Kayser, F. Olness, Phys. Rev. D 40 (1989)
1546;
T. Han, Bin Zhang, Phys. Rev. Lett. 97 (2006) 171804;
T. Han, B. Mukhopadhyaya, Z. Si, K. Wang, Phys. Rev. D 76 (2007) 075013;
A. Hektor, M. Kadastik, M. Muntel, M. Raidal, L. Rebane, Nucl. Phys. B 787
(2007) 198.
[18] S. Dawson, Nucl. Phys. B 249 (1985) 42;
I. Kuss, H. Spiesberger, Phys. Rev. D 53 (1996) 6078.
[19] H.L. Lai, et al., CTEQ Collaboration, Eur. Phys. J. C 12 (2000) 375.
[20] T. Christiansen, arXiv: 0805.1945 [hep-ex].
[21] EM.L. de Almeida Jr., et al.,, Phys. Rev. D 75 (2007) 075002;
FEM.L. de Almeida Jr., et al.,, Phys. Rev. D 62 (2000) 075004.
[22] A. Ali, A.V. Borisov, N.B. Zamorin, Eur. Phys. ]J. C 21 (2001) 123.
[23] A. Ali, A.V. Borisov, D.V. Zhuridov, Phys. At. Nucl. 68 (2005) 2061, Yad. Fiz. 68
(2005) 2123;
A. Ali, A.V. Borisov, D.V. Zhuridov, hep-ph/0512005.



	Same-sign single dilepton productions at the LHC
	Acknowledgements
	References


