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in the muon chambers of the CMS or ATLAS detectors.
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1 Introduction

All the Standard Model (SM) fermions are chiral, as their left-handed components are
weak doublets, while the right-handed components are singlets. LHC experiments have
essentially ruled out the existence of additional chiral fermions. Thus, if new elementary
fermions exist, then they must be vectorlike (i.e., non-chiral) with respect to the SM gauge
interactions. Searches for vectorlike quarks (Vquarks) at the LHC have been performed
for almost a decade, and have set a lower limit on their masses of about 1.5 TeV [1, 2]. By
contrast, searches for vectorlike leptons (Vleptons) are only now ramping up, due to the
much smaller production cross section for color-singlet particles.

Pair production of Vleptons has been searched for under the hypothesis that the Vlep-
ton decays via mass-mixing with the 7, into Wv, Z7, h%7 [3] (see also [4, 5]). We will refer
to these as the standard decay modes of a Vlepton. Theoretical studies of these standard
modes at the LHC can be found in refs. [6-8]. An alternative decay hypothesis, searched
for by CMS [9], is the Vlepton decay into 757 through an off-shell leptoquark (similar exotic
decays of Vquarks have been studied in [10]).

Here we study the possible Vlepton decay into a new spin-0 particle and a 7. We
focus on a model in which a gauge-singlet complex scalar has Yukawa interactions with
an SU(2)y-singlet fermion whose left- and right-handed components have the same gauge
charges as the SM right-handed 7. The mass mixing of the Vlepton with the SM third-
generation charged lepton leads to a heavy physical lepton labelled 7/ and a lighter physical



lepton identified with the well-known 7 lepton. We consider the case where the complex
scalar has a VEV, and its CP-odd component (a) is lighter than 7. The branching fraction
for 7/ — Ta, competes with the standard decay modes mentioned above. If the Vlepton
mass is due to the scalar VEV, then a, is a pseudo-Nambu-Goldstone and 7/ — Ta, has a
branching fraction that depends predominantly on the VEV, and is typically smaller than
the branching fractions for the standard modes. If, however, the Vlepton mass arises from
Lagrangian terms that do not depend on the VEV, then the 7/ — 7a, branching fraction
may be by far the largest.

Pair production of 7/ followed by 7/ — Ta, decays leads to various interesting signals
at the LHC. Here we analyze the signature arising when each of the two a, particles decays
into two photons. These a, — -7 decays occur at one loop, with the 7/ running in the
loop. For a 7/ mass of order 1 TeV, an a, mass at the GeV scale, and Yukawa couplings of
about 0.1, the typical decay length of a, in the lab frame is in the range of a few meters
to roughly 30 m. As a result, the signal at CMS or ATLAS would be two prompt 7’s and
two energy deposits in the muon chambers. The latter benefit from a highly suppressed
background, allowing for experimental sensitivity to m, of up to about 1TeV. Existing
CMS and ATLAS searches involving long-lived particles (LLPs) which lead to deposits
in the muon systems [11-13] have shown better sensitivity to longer lifetimes than the
well-established searches involving the calorimeters or the tracker [14].

The model studied here is renormalizable and includes only two simple fields beyond
the SM, so it is interesting in its own right. Nevertheless, this model may be the low
energy manifestation of a richer underlying theory. An example is a theory of quark
and lepton compositeness [15, 16] in which vectorlike fermions appear as confined states
of a strongly coupled chiral interaction, and complex spin-0 fields with VEVs appear as
bound states of two composite fermions. The lightest composite vectorlike fermion in that
theory is a weak-singlet Vlepton with the same quantum numbers as the one discussed
here. Another example of theories that automatically include the particles considered here
(while additional new particles could be too heavy for production at the LHC) are U(1)
extensions of the SM gauge group in which the weak-singlet Vlepton is an anomalon, i.e.,
a fermion required to cancel the gauge anomalies,! and the spin-0 particle is part of the
symmetry breaking sector [17]. Electroweak baryogenesis in a model that predicts LHC
signals with a Vlepton decaying into a scalar and a tau is studied in [18].

This paper is organized as follows. In section 2, after we present the model, we derive
the couplings and decay widths of the new particles. Production and various signals at the
LHC are discussed in section 3. The case of a long-lived a, produced in Vlepton decays at
the LHC is analyzed in detail in section 4. Our conclusions are summarized in section 5.

2 Weak-singlet Vlepton plus a complex scalar

Consider an extension of the SM that includes a Dirac fermion £ and a complex scalar ¢,
with a Yukawa interaction ¢ £,Er. The complex scalar has a potential with the minimum

The fermions we study here are vectorlike under the SM gauge group, but may be chiral under some
new gauge groups, as is the case for anomalons.



at (¢) = vy > 0, and can be written as

1 .
¢ = (% NG %) it/ (Ve (2.1)

Here a, is a CP-odd scalar, and ¢, is a CP-even scalar. We assume that the scalar potential
includes some terms with small coefficients that break explicitly the global U(1) symmetry
associated with ¢. It is thus natural that the mass of a, satisfies M, < vy, while the mass
of ¢, is roughly of the order of v.

We focus on the case where £ is a singlet under the SU(3). x SU(2)y gauge group,
and both its left-handed and right-handed components carry hypercharge —1. Thus, £ is
a weak-singlet vectorlike lepton, which can be produced in pairs at the LHC through its
couplings to the Z and the photon. Since £z has the same charges as the SM right-handed
weak-singlet leptons, e%, 7 =1,2,3, gauge invariance allows Yukawa couplings to the SM
Higgs doublet: H ¢} Er, where ¢ = (Ui, ei) is the SM lepton doublet of the jth generation,
with j = 1,2,3. Given the strong experimental limits on violation of lepton universality
from pion decays, the mixing of the Vlepton with the SM electron and muon fields must
be very small, of order 1073 or below [19]. The constraints from lepton universality on
the flavor-diagonal tau interactions are less stringent. Nevertheless, lepton universality
violation of the tau in conjungation with off-diagonal Higgs Yukawa couplings involving a
tau field and an electron or muon field are constrained by limits on lepton-flavor violating
processes such as 7 — ey and 7 — p7y. This indicates the existence of a global symmetry
that prevents the mixing of the electron and muon with the tau, while allowing mixing
of the tau with the vectorlike lepton. An example is an U(2); x U(2)r global symmetry
acting on the electron and muon fields, or alternatively on the tau and £ fields.

As only one linear combination of £z and e?j% couples to 3, we can use a global U(2)r
transformation to redefine the right-handed fields such that the most general Higgs Yukawa
interaction of the third generation lepton fields and £ is

—y3 HZ% % +He., (2.2)

where y3 > 0 is a Yukawa coupling. In this basis for &g and e?]’%, the Yukawa interactions
of ¢ take the form

—¢ &y, (y,g e’ Ep + y, et e?j%) + H.c., (2.3)
where yg, 9y, > 0 and the complex phases satisfy 0 < ¢, B, < 2m. Mass terms that link &,
to the weak-singlet fermions may also be present, and are generically of the form

—mee €L Er —mes &1 63’% + H.c. (2.4)

These Lagrangian terms and the Yukawa interactions (2.3) give the effective mass terms
—&r (mg Ep + My e%), where

mg:m55+y56iﬂgv¢>0, (2.5)
m(,:m53+yoew"v¢>0. '



The above choice of the mg and m, phases is an outcome of a field redefinition of £g, e%
and £3 that does not affect (2.2) or (2.3).

Putting together all the Lagrangian terms discussed so far, and expanding the complex
scalar (2.1) in a,, the most general Yukawa couplings and mass terms involving the Vlepton
and the SM tau fields can be written as

hO
Y3 (UH + \/§> 0 e?;%

ezﬁo . < 6265 .
3/07 (pr +ia;) me+ Y 7 (pr +iar) R

5

me +

Here hY is the SM Higgs boson and vy =~ 174 GeV is the weak scale. Note that all
parameters that appear in these Lagrangian terms are positive. The 2 X 2 mass matrix can
be diagonalized by the SU(2);, x SU(2)g transformation

B N (2.7)

/
gL,R —SIL,R CL,R TL.R

3
€L.R

where TL g are the left- and right-handed components of a heavy charged lepton, and 7 g
are the left- and right-handed components of the observed tau. The notation used here is
cr,r = cosfr r, sp,r = sinfr, g, where the mixing angles 07 and 0r are real parameters in
the [—m, ) range.

2.1 Couplings of the Vlepton

The mixing angles 67 and 6 are functions of the three input parameters from the mass
matrix: mg, my, and ysvg. There are four relations between these quantities, because the
mass matrix in the physical basis must satisfy

CLCRY3VH + SL(SR Mg —CRMo) CLSRY3VH — CL(SR Mg +SR M) m; 0

SLCRY3VH — CL(SRMe—CRMo) SLSRY3VH + cL(CR Mg+ SR M) 0 my

where m.; is the measured mass of the tau particle, and m. is the mass of the heavy lepton
that will be searched for in collider experiments. Solving for the three input parameters,

we find

CR

me = My —,
CL
SR SL

o = my L —m, L (2.9)
CL CR
CL

ysvg = mr—,

CR

while the fourth equation leads to a relation between 6r and 07, [20], which is useful to

write as:
My

tanfp = tanfy, . (2.10)

T



The off-diagonal couplings of the spin-0 particles a, and ¢, to the physical fermions 7

and 7’ are )
pr +ia . .
77\@ L7 (CL Yo eszOPL + s Ve elﬁng) 7 +H.c., (2.11)

where Pr, p = (1 F75)/2, and the coupling constants introduced here are defined by

yo = YoCR — YE SR ei(ﬁo—ﬁg) )

Ve = yecr + Yo SR ei(Bo—Be) | (2.12)

The diagonal couplings of a, and ¢, to tau’s or tau-primes are given by

—cy, Pr T \—/ng e (yg cr e +y,sp ew") Pr7 +Hec.,

SI ('07\721(17 ?(yo cpePo — Ye SR ei’BS) Pr7T+H.c. (2.13)

There is also an off-diagonal coupling of the SM Higgs boson to 7 and 7':
Y3

V2

The W boson interacts with a 7/ or a 7 and the tau neutrino as follows:

h0?<8LCRPL +CLSRPR> 7 +H.c. (2.14)

g - /
—W v ~A"Pr, (e, 7+ s, 7)+ H.c. 2.15
N AR (cLm+sL7) (2.15)
Since the only partial decay width of W affected by the vectorlike lepton is that into 7v,,
the ratio of branching fractions Rw (7/n) = B(W — 7v,)/B(W — pv,) is predicted to
be Ry (7/p) = 2. The recent measurement of this ratio [21], Ry (7/p) = 0.992 4 0.013,
implies s% = 0.008 £ 0.013, so that it is justified to expand in s%. There is also an off-
diagonal interaction of the Z boson to a 7/ and a T,
_CLSLg
cos by

Z, Ty + He., (2.16)

which together with the other off-diagonal interactions discussed above induces 2-body
decay modes for the heavy lepton.
The diagonal interactions of the Z boson to the 7 and 7’ leptons are

2 2
m&i [T’y“ (—C;PL + sin? 9W> T+ 7y (—SQLPL + sin? 9W> 7'/‘| . (2.17)
This implies that the partial width for Z — 77~ is reduced compared to the SM such that
the ratio Rz (7/¢) of Z branching fractions into taus and into £*¢~ (which is the average of
the ete™ and ptpu~ branching fractions) deviates from the lepton-universality prediction

of 1: L -
B(Z—>TT):1_282 1 — 2sin® Oy

B(Z — (+6-) L1 —4sin? 0y + 8sin? Oy
Using B(Z — eTe™) = (3.3632 £ 0.0042)% and B(Z — p*u~) = (3.3662 £ 0.0066)% [22],
we obtain B(Z — ¢£147) = (3.3647 & 0.0039)%. The branching fraction into taus has a

Ry(7/0) = (2.18)



slightly larger central value, B(Z — 7777) = (3.3696 & 0.0083)%, so that Rz(7/¢) =
1.0015 + 0.0027. Comparing this value with the theoretical prediction (2.18), we find
52L < 1.4%x 1073 at the 95% CL. This upper limit is more stringent by an order of magnitude
than the one set by the W measurement mentioned earlier, and it implies the following

95% CL upper limit on sp:
s, < 0.037. (2.19)

2.2 Decays of the Vlepton

Due to the off-diagonal couplings derived above, the physical heavy lepton 7/ has decay
modes into a tau and a neutral massive boson (a,, ¢,, h°, Z), as well as into Wv. The
tree-level width for the vectorlike lepton decay into Ta, is given by

9\ 2
' Myt (9 2 2 2 M
I'(r"—7a;) = . (CL | Vol® + s7 | Ve ) <1 — mi) . (2.20)
The width for 7/ — T, is obtained from the above result by replacing M, with the ¢,
mass M, due to the different phase-space.

The width into a tau and a Higgs boson is

2
m M2
r (T' — Tho) = oir v (C%s% + S%C%) (1 - m2h> . (2.21)

Eq. (2.10) and the last equation in (2.9) imply

2 2
s (C%S% + 8%02) = CLQSL (mz/ + mi) , (2.22)
Y

so that to leading order in s% and in m2/m?2, the 7' — 7h® width can be written as

2.3 M2 2
U (7 = 7h0) = 2L (1 _ ) 2.23
<T T ) 647rv%1 mz, ( )

The remaining 2-body decay widths of 7" into SM particles are, again to leading order

in s7 and in m2/m?,, given by

2.,3 4 6
, 0\ _ STy _ M7 M
F(T —>7‘Z>—647m)?{ (1 3m3,+2 §/> ,
_ s2m?T’, M2 M
L(r—v,W") = 35m%{ 1 —3mfg +2 g" : (2.24)

For m,/ > My, the widths for 7/ — 7h?, 7Z° vW are in the ratio 1: 1 : 2, as expected [23,
24] based on the Goldstone equivalence theorem [25].

The ratio between the decay width for 7 — 7a, and the sum of the SM widths
(7" = 7h%, 7Z° v, W ™) is given in the limit s < 1 by

R,

(2.25)

L(r'—ra;) V2 (1Vol?/5% + |Vel?) L M? 2
("= SM)  4m2, — 2M? + O(M;}/m?) m2, |

,7—/



Within various regions of parameter space R, > 1 so that 7/ — Ta, is the dominant
decay mode. For illustration, if y, ~ yg =~ 1, 5, — B¢ =~ =, and mz, > M}%,Mg, then
R; ~ (cp+c%/sr)? v¥ /(4m2) ; thus tan 0 in the intervals (—3.2, —1.7) U (—0.8,5.7) yields
R: = 100.

2.3 Nambu-Goldstone limit

In the mge = mgg = 0 limit the Yukawa interactions have a global U(1) symmetry that
is spontaneously broken by the ¢ VEV. In that limit, a, is a pseudo-Nambu-Goldstone
boson, with its small mass (M, < m,) originating from U(1) breaking terms in the scalar
potential. The S¢ and 3, phases in that case can be set to 0 by a redefinition of the £ and
&r fields. Thus, me = yg vy and my, = Yo vy, so from (2.9) and (2.10) follows that Yukawa
couplings are

CR My
Ye = s
CL V¢
2 2
m /7 T m
Yo = SpcR ———T . (2.26)
Vgp Mt

As a result, the ratio of the 7/ — 7a, width and the sum of 7/ widths into SM particles is
given, in the Nambu-Goldstone case, by

U%{ f% 4, 4
R, = U (14 Ma ot ms, 2.2
4”33 ( + 2m?, + O(My /m, )> (2.27)

to leading order in the small quantities s? and (m,/m,)?. This shows that a measurement
of R; would represent a measurement of the ¢ VEV in the case where the a, pseudoscalar
has approximately the couplings of a Nambu-Goldstone boson.

From the first two equations in (2.9) follows that

m?_/

Y2 + y2

U(% = {1 +0(s3)+0 (mz/mzl)} , (2.28)

SO we can write

9 2
00 GeV> (2.29)

~ 2 2
Ry 2019 (32 +12) < —
for mf, > M ,% Given that the Yukawa couplings yg and 3, cannot be larger than about 2
without the theory becoming nonperturbative at a scale near vy, (2.29) implies an upper
limit on R, which decreases from 1.5 at m, = 200GeV to 0.061 at m,» = 1TeV. Note
that the exotic branching fraction satisfies B(7" — 7a,) = R;/(1 + R;), so it decreases
from 60% to 6% when m,. varies in the 0.2-1 TeV range (for ys = y, = 2). For the rest
of the paper we assume that B(7' — 7a;) = 70 %, which happens for certain ranges of

parameters away from the Nambu-Goldstone-boson limit, as discussed after eq. (2.25).

2.4 Decay modes of the spin-0 particles

The diagonal couplings (2.13) of the spin-0 particles to 7/ can be rewritten as

1 — 1 _
V2 (Rey, ar +Imy, o) i T'ys7 + 7 (Imy, a; — Rey, @) 7'7, (2.30)



where the effective Yukawa coupling is
Yr = Yo sr € +yscpel. (2.31)

Note that in the limit where y,- is a real number a, has only the pseudoscalar coupling to 7’
and is a CP-odd particle, while ¢, has only the scalar coupling and is CP-even. Given that
the phases S¢, §, are in the [0, 27) interval, the CP symmetry is generically violated. Thus,
ar and ¢, have both the pseudoscalar and scalar couplings to the fermions even when the
tree-level potential for ¢ is CP invariant. However, the CP-violating terms in (2.30) are
typically suppressed, so for simplicity we will refer to a, as a “pseudoscalar” and to ¢, as
a “scalar”.

The diagonal couplings (2.13) of the spin-0 particles to 7 leptons are suppressed by
the small mixing sy, and can be written in the same form as (2.30) with y,s replaced by
the effective Yukawa coupling

Bo

Yr = S, (yo cre —yesp e’ﬂg) ) (2.32)

For 2m, < M, < m, + m,, the process a, — 777 is the only 2-body decay at tree level
of a,. Its width is
|2

ly m2\*?
+ -\ _ 1I7 T
F(aT—>TT)—167rMa<1—4M3> . (2.33)

The interactions in (2.30) and the analogous ones involving taus induce at one loop
the decay of a, into a pair of photons (and also into Z~ for M, > Myz). Both a 7’ loop
and a 7 loop contribute to this process, with the dominant contribution depending mainly
on the relative size of sy, and m,/m., but also on 5, and fg. If the 7 loop dominates
and 2m, < M, < my + m;, then the tree-level decay a, — 777~ has by far the largest
branching fraction. If the 7/ loop dominates, then the partial width for the decay a, — vy
is given by -

T (ar = 77) = M (Reyr)” + g (Imy)*| (2:34)
to leading order in M?2/(2m..)>2.

Let us analyze the range of parameters where the a; — v decay has the largest
branching fraction. Clearly, this is true for M, < 2m,. For larger M,, the ratio of partial

widths can be written as
Plar —vy) _ o@®Mip

U(a; = 7H77)  8m2m?2, s2

(2.35)
where p is a function of y,/ye, spm./m, and the phases f¢ and f3,, given by

_ (cos Be + (Yo/ye) spm7r /M cos 50)2 + % (sin Be + (Yo/ye) spm7r /My sin 60)2
. ° . (2.36)

!yo/yg — Spmyr/my ei(Be—Po)

Consider, for simplicity, the case where s;, < (m/m)ye/yo, and |Bg| < 1, so that

Tlar 2 <9 x 1074 Mate )2 (2.37)
I'(ar = 7t77) My Yo S, '



Thus, if s;, < 1073(M,/ms) ye /Yo, then a, — v is the dominant decay mode even for

~

2m,; < M, < 2m,. In this case, |y,/| = ye and the proper decay length of a, is given by

0.1\ /2 GeV\? me o\
L~ 4.0 . 2.38
CT o (\yﬂ) < M, ) (500 GeV) (2.38)

As we will see in the next section, the above proper decay length may be large enough,

when combined with the boost to the lab frame, to lead to a, decays a few meters away
from the interaction point.

Tree-level mixing between ¢, and the SM Higgs boson is induced by a A|¢|>?HTH term
in the scalar potential, where H is the SM Higgs doublet and A is a dimensionless coupling.
Furthermore, a mixing between the ¢, and a, particles is induced at one loop by their
couplings (2.30) to 7’ and 7. Thus, besides the couplings to 7" and 7 discussed so far, the
physical spin-0 particle that is mostly a, acquires the couplings of the SM Higgs boson
times an overall factor e. As the measured properties of the observed Higgs boson of mass
near 125 GeV fit well the SM predictions, a stringent upper limit on A can be derived. This,
combined with the loop factor, implies € < 1, and given the small h? couplings to light SM
particles we conclude that the a,-h" mixing can be ignored in what follows.

The ¢,-h° mixing, though, could be large enough (if A is not much below its upper
limit) to lead to prompt ¢, decays into bb and other final states associated with the SM
Higgs boson. Nevertheless, it is more likely that the prompt decay ¢, — arar is the
dominant one, due to the |¢|* term in the scalar potential, which induces a sizable ¢,a,a,
coupling.

3 Pseudoscalar signals at the LHC

The LHC phenomenology of our model is dominated by the pair production pp — 7/17/~
of Vleptons which subsequently decay via 7/ — Ta,, vW, 7Z, or ThY. In this section we
first discuss various signal topologies that remain to be searched for at the LHC. Then we
compute the production cross section, and the a, decay length in the lab frame, in order
to determine which detector systems are most suitable to search for the a, signals.

For the region of parameter space where the B(7/ — Ta;) branching fraction is the
dominant one, i.e., R; > 1 where R; is the ratio of widths defined in eq. (2.25), the main
process is pp — 777 = a7 ar. If ar decays predominantly to 7777, the process of
interest is shown in the first diagram of figure 1, and leads to a striking 67 final state. If
the a, decay into photons has a large branching fraction, as analyzed in eqgs. (2.35)—(2.37),
then the most relevant final state is 777~ 4 4+; this is shown in figure 2, and is studied in
detail in section 4.

If B(7" — 7a;) is comparable to the 7/ — vW branching fraction (which itself is
approximately twice the branching fraction for 7Z, or 7hY), i.e., R, = O(1), then it is
preferable to consider the processes where only one of the Vleptons decays into ta,, as
shown in the last three diagrams of figure 1. In these processes, the 777~ pair arising from
an a, decay may be displaced, depending on the proper decay length of a, [see eq. 2.38)] and
the a, boost, while the other final state particles are prompt. For the range of parameters



Figure 1. Vlepton pair production at the LHC leading to various final states: 67, 37+ Wy, or
47+ Z/hP. Only processes involving at least one pseudoscalar a, are considered here, and only the
dominant decay modes of the SM bosons are shown. Similar diagrams with one (or both) of the
a, — 7777 decays replaced by a; — 7y are important for the range of parameters where the vy
branching fraction is large [see eq. (2.35)].

where the a; — 77 branching fraction is large, which follows from eq. (2.35) especially for
the case of lighter a,, the 777~ pairs produced by a, in the diagrams of figure 1 are each
replaced by a pair of nearly collinear photons. The case where B(7' — Ta;) < 1 is covered
by existing searches [3] for the standard decays of Vleptons.

If 2M, < M, < m; — m,, then the cascade decays of Vleptons into 7y, followed by
pr — arar give rise to remarkable final states:

+

g =177 = (TJF(,OT)(TT,OT) — 7T +4a,, (3.1)

where the 7 pair is prompt, and the four a;’s may have displaced decays into photons or
7’s. Note that the most likely final states include 107 or 777~ + 8. The process in which

one Vlepton decays into 7@, and the other one into 7a, may also have a sizable rate, and
leads to 7777+ 3a,.

3.1 Vlepton production

Production of SU(2)y-singlet Vleptons at the LHC proceeds mainly through an s-channel
photon or Z boson. We simulate leading-order 777/~ production and the subsequent
decay chain 7/ — Ta,,a,; — 7y with MadGraph5_aMC@NLO 2.6.4 [26] using a UFO model
generated with FeynRules [27] and the NNPDF23_lo_as_0130_ged PDF set [28]. Decay
positions for the long-lived pseudoscalar a, are generated in MadGraph using the decay
width given in eq. (2.35). We use Pythia 8 [29] to simulate showering and hadronization,
which can lead to additional ISR jets modifying the 7/ production kinematics. Finally, we
pass the generated events to Delphes 3 [30] for detector simulation using its CMS card.
Since all couplings relevant for the 7/77'~ production process are fixed by SM gauge

charges, the cross section depends only on the mass m, of the Vlepton. Figure 3 shows the

~10 -
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Figure 2. Electroweak production of Vleptons at the LHC, followed by cascade decays that give
the 777~ + 4~ final state analyzed in section 4. The photons are displaced when the pseudoscalar
a, is long lived (see figure 5).
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Figure 3. LHC cross section for pair production of weak-singlet Vleptons at different center-of-
mass energies. NLO corrections increase the cross section by 25 to 50%.

pair production cross section at leading order for SU(2)y singlet Vleptons as a function
of their mass m,» for LHC center-of-mass energies of 13 TeV, 13.6 TeV and 14 TeV, which
correspond, in turn, to the completed Run 2, the current Run 3, and the future high-
luminosity runs. While the cross section drops rapidly with increasing mass, it can be
larger than 10fb for m,» < 300GeV, and larger than 1fb for m,» < 600GeV. Hence,
hundreds or even thousands of events with final states shown in figures 1 or 2 could be
produced by the end of the LHC Run 3.

To give an estimate of the size of next-to-leading order (NLO) corrections, figure 3 also
shows the NLO cross section for 7/ 77/~ production simulated with MadGraph5_aMC@NLO
version 3.4.2 [26] using the UFO model of ref. [31] and the NNPDF23_nlo_as_0118_qged
PDF set [28]. The renormalization and factorization scales are set to the invariant mass
of the 777/~ pair. We find that NLO corrections increase the cross section by 25 to 50%
depending on the 7" mass and the LHC energy.

- 11 -



100
71 — mp =200 GeV —— m, =200 GeV
N --=- my =500 GeV --=- mp =500 GeV
------- my =800 GeV e My =800 GeV
S :
551 5 1071
5 7 2
T4 Ah &
S H H L % It LIt
X3l 0 5 i '
- - _ Lita,
8 24 :_I _.: Ib 1o~ o LS
_1 Lo LTy
] __ =r
i -
o - il -
ol T -
_l ——taa_ .
] Ll T
Q +L=e=s T T T T T 103 T T T T T
0 100 200 300 400 500 600 0 5 10 15 20 25 30
Ya dgec [m]

Figure 4. Distributions of the boost (left panel) of a,, and of the distance dgec of a, decays
from the interaction point (right panel) for M, = 2 GeV and different values of m,. at the LHC at
/s = 13.6 TeV. For the dge. distribution we assumed that B(a, — 77) is nearly 100%, and that
the Yukawa coupling present in eq. (2.38) is y,» = 0.1,

3.2 Pseudoscalar decay length in the lab frame

The fact that a, is produced via the decay of a heavy particle shapes its kinematic dis-
tributions. In particular, a,’s produced this way are typically highly boosted. The full
distribution of boost factors 7y, at the 13.6 TeV LHC is shown in the left panel of figure 4
for M, = 2GeV and three values of m,.: 200 GeV, 500 GeV, and 800 GeV. Note that the
average boost scales as (7y,) ~ M, !. The large pseudoscalar boosts that can be reached
via this production mode result in a substantial enhancement of the decay length in the
lab frame (shown in the right panel of figure 4) over the proper decay length derived in
eq. (2.38). Hence, we find that the majority of a, decays can easily occur several meters
away from the interaction point. LLP decays in this distance range would be missed by
searches for displaced decays in the tracker or calorimeters and would instead manifest

themselves as activity in the muon chambers of CMS and ATLAS.

The muon system of CMS consists of cathode strip chambers (drift tubes) in the
endcaps (barrel) alternating with layers of steel. This design makes it possible to use the
CMS muon system as a sampling calorimeter, where electromagnetic or hadronic showers
starting in the steel layers can be identified in the detector layers. In this way, CMS can
have excellent sensitivity to both the 777~ and the v~ final state of a,, with the efficiency
being slightly larger for hadronic taus.

The muon system of ATLAS, on the other hand, contains less high-density material in
which photons can convert to charged particles and start an electromagnetic shower. Hence,
the v~ final state may be more challenging to detect at ATLAS, while we expect sensitivity
similar to CMS for decays into 777~. Thus, it would be useful if both collaborations
performed searches for the final states shown in figure 1.
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Figure 5. Median decay length in the lab frame of an a, produced in the decay of a 7’ of mass
200, 500 or 800 GeV, at the 13.6 TeV LHC. The decay length dgec is computed here for y,» = 0.1,
and changes for different Yukawa couplings as |y,/|~2.

4 LHC sensitivity to highly displaced a, decays

In this section we study in detail the sensitivity of prospective and existing LHC searches to
pseudoscalars produced in the decays of Vleptons, focusing on the process shown in figure 2,
which leads to a 777~ +4~ signal. That process is the most important one at the LHC when
the branching fractions for 7/ — 7a, and a, — 7 are large [see eqs. (2.25) and (2.35)].

The pseudoscalar a, has a sizable lifetime throughout large parts of parameter space
[see eq. (2.38)] and is, additionally, produced with a large boost factor (see section 3).
Hence, as shown in figure 5, for m,» ~ a few hundreds of GeV, the median decay length of
a GeV-scale a, in the lab frame is several meters. Therefore, we mainly focus on searches
for LLP decays in the muon system, which covers distances from the interaction point in
the range of approximately 4 m to 12 m in CMS [32], and to 17 m in ATLAS [33]. Thus,
the signal is two pairs of collimated photons produced in the muon system, and two prompt
taus that can be used for triggering. Complementary constraints from searches for decays
inside the calorimeter and for missing energy, which are relevant for shorter and longer
decay lengths, respectively, are discussed in section 4.2.

4.1 Prospective search for a, decays in the muon system

Both ATLAS and CMS have recently carried out first searches for displaced decays in their
muon chambers [11-13]. The CMS analysis presented in ref. [11] is particularly sensitive to
light LLPs in a wide range of different final states (see, e.g., [34, 35]) as it searches for elec-
tromagnetic or hadronic cascades in the muon system instead of reconstructing displaced
vertices. In the following we propose a search for LLPs decaying in the muon system and
discuss its sensitivity to long-lived pseudoscalars produced in Vlepton decays. Since we will
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base the muon system efficiencies and some selection criteria on the existing CMS search for
displaced decays in the muon system, we begin by briefly summarizing those requirements.

At the trigger level, ref. [11] selects events if they have missing transverse energy
Emiss > 120 GeV. At the analysis level, this requirement is increased to ES > 200 GeV.
In addition, the analysis requires at least one jet with pp > 50 GeV and |n| < 2.4. These
selection cuts are motivated by the benchmark signal model considered by CMS, where
LLPs a originate in the exotic decays h — aa of the SM Higgs boson and, hence, highly
energetic LLPs are typically only produced in association with an ISR jet.

LLP decays are detected if they lead to showers in the cathode strip chambers (CSCs) of
the endcaps of the muon system, located at logitudinal distances |z| between 6.7 m and 11 m
and radial distances r < 7 m from the interaction point and covering pseudorapidities |n| <
2. To be selected each event must have at least one reconstructed shower at an azimuthal
angle distance A¢(shower, pi%) < 0.75 from the missing momentum vector. This require-
ment is motivated by the fact that particles decaying outside the calorimeter appear as miss-
ing energy even if they go on to decay in the muon detector. In addition, the shower must
lead to at least 130 hits in the CSCs. For recasting purposes, this requirement is accounted
for in efficiencies, parametrized in terms of the energy of the LLP, provided by CMS [36].

The existing CMS search for clusters from LLP decays in the muon system features a
number of analysis choices that are motivated by the benchmark signal of ref. [11] and are
suboptimal for other LLP models with comparable lifetimes. In particular, the Vlepton
model studied in this work differs from the CMS benchmark in a couple of essential aspects.
In particular, the a, particles are produced in association with taus, which can be leveraged
for triggering. Thus, the trigger requirements can be satisfied even in the absence of an
additional boost caused by an ISR jet.

In the following we explore the efficiencies of different trigger configurations for our sig-
nal. Since we are interested in the regime where the a, decays beyond the calorimeter, the
LLP itself is counted as missing energy even if it goes on to decay visibly in the muon sys-
tem. Hence, the final state objects available for triggering are missing transverse energy and
— depending on the decay products of the 7 leptons in the event — hadronic taus or leptons.

Possible trigger conditions at CMS [37-39] using different combinations of these final
state objects are summarized in table 1. Efficiencies of these triggers for signal events where
both a;’s decay outside the electromagnetic calorimeter are shown in figure 6 assuming full
efficiency for hadronic 7 identification. All triggers considered here become more efficient
for larger m,. However, the efficiency of the E{Fiss trigger continues to grow while the
triggers involving taus approach plateaus set by the hadronic or leptonic branching fractions
of the 7 lepton. For m. < 200GeV, we find that the double T trigger has the highest
efficiency, while for larger masses the ER 7 trigger is more efficient. For even larger
masses, m,s > 1.2 TeV, the latter is eventually overtaken by the pure EWS trigger, which
is not limited by 7 branching fractions. Nevertheless, for most of the mass range that we
are interested in the EWS r configuration is the most efficient and dominates the total
trigger efficiency that is obtained by requiring at least one of the different trigger conditions
to be satisfied. This total efficiency is labeled as any trigger in figure 6.
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Trigger Condition

Emiss Emiss > 200 GeV
€ Th one e with pr > 24 GeV and one 7, with pr > 30GeV, |n| < 2.1
T, one pu with pr > 20GeV, |n| < 2.1 and one 7, with pr > 27GeV, |n| < 2.1
Emiss o EXss > 100 GeV and one 7y, with pp > 50 GeV
single 7, one 1, with pp > 180 GeV and |n| < 2.1
double 7, two m,’s with py > 40 GeV

Table 1. Possible trigger configurations for our displaced signal arising from the 7+a,7~a, inter-
mediate state. Hadronically decaying 7’s are labelled T,.
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o o o
= o o
Q

Trigger efficiency

o
()

0.0
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Figure 6. Efficiencies of the triggers listed in table 1 for events (at the 13.6 TeV LHC) where both
a;’s decay beyond the electromagnetic calorimeter, and thus are treated as missing energy. The
black line labelled “combined” represents the efficiency obtained by requiring at least one of the
trigger criteria to be fulfilled.

Another aspect in which our model substantially differs from the CMS benchmark is
the centrality of the LLP decay positions in the detector. The current CMS analysis only
extends to the endcaps of the muon system and excludes its barrel region. This choice still
leads to reasonably good geometric acceptance if the LLP signal is strongly peaked in the
forward direction. However, the a, is produced in the decays of Vleptons with masses of
several hundreds of GeV, which leads to a rapidity distribution that is much more centrally
peaked than that of LLPs from Higgs decays.

The pseudorapidity distribution for pseudoscalar LLPs in our model is shown in the left
panel of figure 7. Clearly, the distribution becomes more central for larger m.,,, which leads
to more LLPs decaying in the barrel region of the muon system rather than its endcaps.
This is reflected in the right panel of figure 7, which shows the ratio of events with at least
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Figure 7. Left panel: a, pseudorapidity distribution for different Vlepton masses m, and fixed
pseudoscalar mass M, = 2 GeV. Right panel: ratio of events with at least one LLP decay within the
geometric acceptance of the muon system barrel to events with at least one decay in the endcaps
(shown for y,» = 0.01, with the value of M, at each point following from eq. (2.38)).

one decay within the geometric acceptance of the barrel to events with at least one decay
within the geometric acceptance of the endcaps. We take the sensitive region of the barrel
to be at |z] < 6.6 m and 4.6 m < r < 7.4 m. As expected, the benefit of including decays
in the barrel is greater for larger m,. In addition, we find that it grows with increasing
proper LLP decay length c7,. This makes it imperative to also include the barrel region of
the muon system alongside the endcaps in the analysis.

We are now in a position to investigate the sensitivity of a prospective search for LLPs
that decay in the muon system and are produced in association with tau leptons. Following
the discussion above, we require events to pass at least one of the triggers listed in table 1.
Moreover, we require at least one LLP decay per event in either the endcaps or the barrel of
the muon system. For our projection, we approximate the cluster reconstruction efficiency
in the barrel as identical to the endcaps. Otherwise we assume the same selection criteria
as the existing CMS search, with the exception of the original ER requirement, which is
superseded by trigger requirements from table 1.

With these selection requirements we expect backgrounds to be negligible, at least
before the HL-LHC run. Hence, assuming that no events in the signal region are observed,
the projected 95% CL exclusion extends to signal parameter points that predict an ex-
pected number of signal events Ny, > 3. The resulting projected sensitivity is shown in
figure 8 for integrated luminosities of 137 fb~! (corresponding to LHC run 2) and 300 fb~!
(corresponding to the end of LHC run 3) for center-of-mass energies of 13 TeV and 13.6 TeV,
respectively. In addition, we show a projection for the HL-LHC run with 3 ab~! and a
center-of-mass energy of 14 TeV. Since it is not clear if the negligible-background assump-
tion will be accurate at 3 ab™!, the corresponding projection in figure 8 constitutes only
an upper bound on the realistic expected sensitivity. These sensitivities as well as all pro-
jections and constraints discussed in the following are calculated based on Monte Carlo
events simulated at leading order as described in section 3.1.
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Figure 8. Projected sensitivity of a prospective search for displaced a, — 7 decays in the muon
system in association with prompt taus (blue lines). Shaded regions are ruled out by our recasts
of existing CMS searches for displaced decays in the muon system [11] (orange), and for tau pair
production in association with missing energy [40] (green). All constraints and projections are
shown for y,» = 0.01 (with the value of M, at each point following from eq. (2.38)).
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Figure 9. Projected sensitivities (corresponding to Ny, = 3) of a prospective search for displaced
a, decays in the muon system in association with prompt taus at the 13.6 TeV LHC with 300 fb~!
of data, for different values of y,, (with the value of M, at each point following from eq. (2.38)).
The search is sensitive at the 95% CL to each region to the left of the corresponding line.
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The search is sensitive to Vlepton masses above 500 GeV already at a luminosity of
137fb~!. Moreover, it covers several orders of magnitude in the LLP proper decay length,
from approximately 20 mm to more than 10 m. Note that the LLP is typically produced
with substantial boost (see also figure 4) and, hence, proper decay lengths of e.g. 20 mm
generally correspond to much larger decay lengths in the lab frame. For higher integrated
luminosities the sensitivity is improved further, especially to longer decay lengths and larger
masses. Thus, the reach of the search extends up to nearly m,» = 700 GeV at 300 fb~! and
to approximately 1.1 TeV at 3 ab™!.

In figure 8 we set y,» = 0.01. Projections for different values of y, (at 300fb~! and
/s = 13.6 TeV) are shown in figure 9. As y,» changes, the sensitivity projections shift with
respect to ¢7, as the corresponding mass, and thus typical boost, of a, changes. However,
the reach in m, remains unaffected.

For comparison, figure 8 also shows the constrained derived from a recast of the existing
CMS search [11] for displaced decays in the muon system with an integrated luminosity of
137fb~!. The selection requirements are summarized at the beginning of section 4.1. In
contrast to our expectation for the prospective search proposed in this section, the existing
search is not free of background. The dominant background sources are punch-through jets,
muon bremsstrahlung and long-lived SM hadrons. With the selection cuts described above,
2 + 1 background events in the signal region were expected and 3 events were observed.
To derive an approximate exclusion limit on the number of signal events, we construct the
Poisson likelihood N

I— )\(N}\‘?!B) o Mw08) —0%/2 (4.1)
Here N denotes the number of observed events in the signal region, fp is a Gaussian
nuisance parameter accounting for the background uncertainty, and \(u,0p) = uS+ B(1+
(AB/B)6p), where B is the expected number of background events and S the expected
number of signal events for a given signal hypothesis. Using pseudoexperiments we find
that signal hypotheses predicting S > 6.1 signal events are excluded at 95 % CL, which is
the bound we use for the recast of the search shown in figure 8.

4.2 Complementary constraints from existing searches

While searches in the muon system have unique sensitivity to LLPs that decay several
meters away from the interaction point, there are several existing LHC searches that are
sensitive to longer or shorter decay lengths. In the following we discuss constraints on our
model of pseudoscalars from Vleptons based on the most relevant such searches.

Longer a, lifetime. If the a,; has a very long lifetime, most of its decays occur outside
the LHC detectors and only manifest themselves as missing energy. Additionally, since the
visible energy in a collision is calculated based only on the momenta of particles detected
in the tracker or calorimeter, LLPs that decay in the muon system are also still counted as
missing energy despite becoming visible inside the detector. Hence, any signature consisting
of displaced decays in the muon system +X is also at the same time a E¥SS 4 X signature.
For the model discussed in this work the associated missing energy signature is E:‘Fiss +7T.
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The currently strongest constraint on this final state is provided by the CMS search for
supersymmetric stau pair production, followed by the decay ¥ — 7X° to taus and invisible
neutralinos, in 137 fb~! of data [40].

This signature looks the same as events in our model where both LLPs decay after the
electromagnetic calorimeter. The kinematics are also identical, besides small differences
due to the different spins of the decaying particles and their decay products. We can use
this observation to derive a conservative constraint on our model based on the limits from
the stau search without fully recasting it. To this end, we estimate that a parameter point
in our model is excluded if

d .

o finy = oE (4.2)
Here, o2/ °d is the 7' production cross section, fiy is the fraction of events in our model
where both LLPs decay after the electromagnetic calorimeter, and alfig‘ is the limit on

the production cross section of right-handed staus set by ref. [40]. Note that this way of
deriving a constraint is conservative, since a small fraction of events where only one LLP
decays after the calorimeter may also fulfill the selection criteria of the stau search. Here
we neglect this contribution.

The result of our reinterpretation of the stau search in terms of our model is shown
in green in figure 8 on top of the constraints and projections discussed in section 4.1.
Note that the constraint ends at m.» = 500 GeV since this is the largest mass for which
ref. [40] provides a limit. Comparing the reinterpreted limits from the stau search to our
projections for a prospective LLP search in the muon system, we find that the stau search
is more sensitive to long LLP decay lengths. This is of course obvious for very long decay
lengths, where both LLP decays typically happen outside of the detector (including the
muon system). The LLP search, in contrast, has greater reach to shorter decay lengths.
Importantly, the LLP search also has far lower background than the corresponding missing
energy search and is therefore expected to scale more favorably to higher luminosities.

Shorter a, lifetime. For sufficiently short lifetimes of the a,, it typically decays inside
the calorimeter. There are a number of existing ATLAS and CMS searches for photon
signatures that become relevant in this regime. LLPs decaying into photons within the
radius of the electromagnetic calorimeter can give rise to a delayed photon signature. CMS
has carried out a search for this signature in association with at least three jets in ref. [41].
The search is sensitive to delayed photons that are detected in the calorimeter with a delay
At 2 1.5 ns with respect to a particle produced at the interaction point and moving at
the speed of light. In our model, photons produced in a, decays are rarely delayed by this
much since the a;’s are typically highly boosted. In particular, for distances < 3 m, a
< 2, which is only the case in a negligibly small fraction

~

delay of At = 1.5 ns requires 7,
of events in our model (see figure 4). Therefore, we do not consider this search here.

Due to the large typical boost factors our model also only very rarely produces a
signal with three or more separated photons in the calorimeter, which is a signature that
ATLAS searched for at /s = 8 TeV with 20.3fb~! of data [42]. Concretely, to be resolved
separately the three photons have to be pairwise separated by at least AR, 2 0.3. Since
AR, ~ 2/v,, where 7, denotes the boost of the decaying a, this requires v, < 6, which
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is only the case in a tiny fraction of events in the mass ranges of 7" and a, that we focus
on here. For this reason, in addition to the lower c.o.m. energy and luminosity, we do not
expect this search for three photons to set a competitive bound on our model.

A highly boosted a, decaying into photons with AR, < 0.01 would instead manifest
itself as a collimated photon jet. ATLAS has carried out a search for this signature at
Vs = 13TeV in 36.7ftb~! of data [43]. However, this analysis targets a heavy resonance
decaying into two photon jets and therefore searches for a bump in the spectrum of the
di-photon-jet mass 1m.,~,. Since our signature of two Vleptons each decaying into a pair
of collimated photons and a tau does not produce such a bump, this search is not sensitive
to our model. However, we emphasize that a search for collimated photons in association
with tau leptons could have excellent sensitivity to this model and complement the muon
system search discussed in this work in the parameter space with shorter a, decay lengths.

5 Conclusions

Vectorlike fermions are a major target for LHC searches, and the data sets accumulated
by the ATLAS and CMS experiments have recently become large enough to allow the
exploration of interesting mass ranges even for particles produced solely via electroweak
interactions, like the Vlepton discussed here. However, the decay modes of such fermions
are model dependent, and may lead to final states that could escape generic searches. It is
thus imperative for theoretical studies to cover as many decay modes as possible, and for
the experimental collaborations to perform dedicated searches for each of these possibilities.

The model studied in this paper is particularly simple, as it includes a single complex
scalar besides the Vlepton and the SM. These particles may be motivated by models of
compositeness, larger gauge symmetries, or other theoretical constructions, but from a
phenomenological point of view they may be treated independently of their origin. The
complex scalar field includes two physical particles, a pseudoscalar a, and a scalar ¢,
which have Yukawa couplings to 7’ and 7.

We have shown that the standard decay modes of the Vlepton, 7/ — vW, 7Z, or 7h?,
are the main ones when the pseudoscalar a, is a pseudo-Nambu-Goldstone boson, while
the more exotic 7/ — Ta, decay may dominate if vectorlike masses are included in the
Lagrangian. Electroweak production of a Vlepton pair can lead to a variety of signals at
the LHC, including 777~ + 4, 67, 47 + hY, and several others discussed in section 3.
Depending on the a, and 7/ masses, and on some dimensionless parameters (especially the
mixing parameter sz, and the Yukawa coupling y,/), the decay length of a, in the lab
frame (see figure 5) may vary from microscopic distances to hundreds of meters.

For a decay length of several meters, which naturally occurs for a range of parameters,
the muon system of the detector can be used to search for the energy deposited by the
decaying a,. This is true at CMS independent of the decay mode, while at ATLAS it easier
to search for a, — 77 than for a, — vy due to the smaller average density of the detector.
As shown in figure 8, we estimate that a dedicated search at CMS for a signal with two
prompt taus and two pairs of displaced photons (see the diagram in figure 2) would probe
Vlepton masses above 600 GeV after Run 3, and above 1TeV after the high-luminosity runs
of the LHC.

—90 —



Longer decay lengths of a, may be probed at proposed LHC experiments dedicated to
LLP searches, like MATHUSLA [44] or CODEX-b [45]. Shorter a, decay lengths can be
probed at ATLAS and CMS with future searches for displaced collimated photons in the
electromagnetic calorimeter, using again the prompt taus as triggers. In fact, even for the
range of a, decay lengths most suitable for an analysis of the energy deposited in the muon
system, like the one discussed in section 4, the sensitivity would be improved by including
events where at least one a, decays in the calorimeter.
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