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1. Introduction

The Standard Model (SM) has been completed with the disgafehe Brout-Englert-Higgs
(BEH) boson [1] at the Large Hadron Collider (LHC) [2]. Bes] the outstanding performance
of the machine and of the LHC experimental collaborationglaso allowed to translate the non-
observation of any significative departure from the SM priains into stringent limits on New
Physics (NP). What, in particular, implies that if NP is gpito show up at future runs, it must
predict relatively small cross-sections into final statesaaly scrutinized. Obviously, small cross-
sections can be always obtained banishing the NP scalehiethémergies or coupling it to the SM
weakly enough. The relevant question is if there is roonfegfhew interactions near the TeV scale
with effective couplings of at least Electro-Weak (EW) sgth. What also brings to the question
of whether NP can manifest at the International Linear @eli(ILC) if no departure from the SM
can be established at the LHC.

Specific SM extensions can predict some new particles to peaictice invisible at the LHC
even if their masses are near the EW scale. Indeed, the LH©Owis/ reach can be reduced
allowing these heavy particles to decay into new channdls laiger backgrounds, making in any
case them wider and eventually undetectable. Their pramycand then their detection, can be
also made more difficult if they are constrained to be pasdpced by imposing the corresponding
selection rule. There are many of these examples in thatiter. For instance, stealth gluons [3]
provide an example of the first case, and supersymmetric Is\edt R-parity [4] of the second
one. Often these properties reducing the LHC discoverynpialeare also retained at the ILC, not
being then thig"e~ machine an alternative for these NP searches. Althoughctalesensitivity
for a given process will depend on which circumstance playsie important role, its lower Center
of Mass Energy (CME) or its cleaner environment, and evdigttlze available beam polarization
at this leptonic machine [5].

One can be more drastic, however, and assume that the nealgsado not couple to quarks
and gluons, nor to EW bosons, but only to SM leptons, at leestart with. Trying in this way to
reduce as much as possible the LHC discovery reach, butadt@one. Nonetheless, even in this
extreme scenario the LHC seems to be able of partially sgtthe question, whenever electrons
(positrons) are not relevant. A detailed study of the LHC #r&ILC potential for the discovery
of these leptophilic interactions is presented in Ref. {8 summarize the main results presented
there in Section 2, but concentrating on the particular cdissn extra gauge boson coupling to
muon minus tau Lepton Number (LNJ;, . [7], as example. We then compare the LHC and ILC
potentials with the potential of a Future Circular hadrorli@er (FCC) with a CME,/s = 100
TeV [8] 1 in Section 3. Although such a leptophilic gauge boson tendsix little with the SM
Z boson, the kinetic mixing can be large in generic models gt then, theZ;,_, contribution to
the Drell-Yan processyq — ZL?T — 11, could be eventually sizable at a large hadron collider. We
discuss this scenario in Section 4, finding that the limitshencomplementary process at the LEP
2,efe — Z;’kr —1I, already constrain the kinetic mixing to be small for refaly low vector
boson masses of few hundreds of GeV. However, Drell-Yanymioh at the LHC (FCC) provides
the most stringent bound on such a mixing, especially fajdlamasses of the order of the TeV.

IFuture Circular lepton Colliders have also deserved cematibn [9], as well as a Large Hadron electron Collider
(LHeC) [10] with different options.
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Figure 1: Leading diagram foZ;, _, production at the LHC, for negligible kinetic mixing.

Thus, four-lepton production in Fig. 1 is the only leptophilinal state available for vanishing
kinetic mixing butqq — y,Z,Z;,_, — Il allows to set quite strong limits on these interactions for
large kinetic mixing. Final comments are collected in then€uosions.

2. Limitson Z),_; attheLHC and thelLC

As we have recently argued in Ref. [6], the only leptophilartitie coupling to SM lepton
pairs in a renormalizable way is a new neutral vector bagonlf this boson was a scalar, it
would have to be the component of a multiplet transformintha88EH one or including a doubly-
charged component, too (see Ref. [12] for a detailed dismusd the lowest order couplings and
production mechanisms for such a scalar). Thus, implyingitimer case that it would couple to
SM gauge bosons with EW strength and hence, it would not bptaghilic particle. (Although
at the end, leptophilic additions are expected to partiakbg their character because higher order
effects may result in a small mixing between the differemt@e of the theory, thus coupling to
EW gauge bosons and to quarks, too, but with suppressedirgsplBosons with spin higher than
1 do not have renormalizable couplings to lepton pairsgeeitiihe generic Lagrangian describing
the corresponding vector boson interactions reads:

Lo =—(g Ly'LiL + o) TirV*1R)Z;, (2.1)
whereg’L”;R are arbitrary dimensionless couplings to the SM Left-HanddaH) and Right-Handed

ViL

(RH) lepton multipletsL; = andlir, respectively, with = e, u, T labeling the charged-

liL
lepton family. Even though we allow for arbitrary flavor anliral interactions, the EW gauge
symmetry remains unbroken because the new couplings oftthehlarged leptons and their neu-
trino counterparts are equal. However, the Yukawa cougl@iging masses to the charged leptons
in the SM do not need to preserve such a hypothetical gaugmeym As a matter of fact, if a lep-
tonic Yukawa term has to be invariant under the new symmitteyscalar field coupling to the pair
of LH and RH leptons must have a commensurate charge addirgydowith the lepton charges.
Thus, in general, the existence of a new leptophilic intéwacdescribed by Eq. (2.1) requires
non-minimal scenarios with a non-standard lepton massrgtoe and/or extra scalar multiplets
for the model to be realistic.

An example of the first scenario, without extra light scalaultiplets and hence, without
Yukawa terms involving leptons (because the SM BEH doublestrbe a singlet under the new
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symmetry in order to quarks get SM masses), is the composigshinodel with tau custodians in
Ref. [13]. In this case, once the extra heavy vector bosoesept in the model acquire a mass,
lepton Yukawa couplings are generated at higher ordersrinnbation theory.

A prime example of a model with an extra leptophilic intei@ctand possibly extra scalar

doublets is the combination of muon minus tau LN, +L., 2 with diagonal couplingg"f "

given by the charges
VL VrL
Lu ( " ) HR Lt ( 1 ) TR 2.2)

Charge | 1 1 -1 ~1

Multiplet

times the gauge coupling constagit This is the only gauge addition to the SM with vanishing
couplings to electrons and anomaly free in the absence i@ fetmions [7]. On the other hand, this
model also allows for a good estimate (which can be alsoyeasitapolated [6]) of the LHC (and
the ILC) potential for the discovery of leptophilic intetams. Its reach appears to be relatively
reduced (in either case) because the two-lepton signakafielv resonating vector boson must in
principle emerge from a four-lepton sample. This meansweamust deal with relatively small
cross-sections of few fb at the LHC fgfs= 14 TeV (and similarly at the ILC) and hence, that there
is only enough sensitivity for an eventual discovery whemtlew gauge couplings are relatively
large and/or th&’ masses are somewhat small. This then excludes possibteoalsgnals if the
limits from LEP 2 must be fulfilled [14]. Assuming univerdg]i for these limits do not show a
large flavor dependence, the corresponding 95 % Confidengal [@€.L.) bounds read [15] (see
also [16]):

9°k

7

being too stringent for observing a leptophilic vector bogoa four-lepton final state at the LHC
(ILC). We assume that the model gauging £ L; also includes a SM singlet scalar giving a
relatively large mass to the new gauge boson. The origimaliyposed realization addressed the
possibility of a relatively IightZL_T. In our case, the extra vector boson can be made arbitrarily
heavy. We will advocate for the extra scalar doublets t@nsing non-trivially under the new
gauge symmetry only to generate an appreciably mass mixitigtihe SM gauge bosons, when
needed. Neutrino masses are very tiny and we assumed thggreeated at higher orders in a
non-minimal scenario. In any case, in the following the paaters used to fix the model in the
Monte Carlo simulations shall be only the new gauge cougdirand the heavy vector boson mass
MZ;H; while the total width writes:

<0.12,0.16 Tev !, (2.3)

/2
rz/ = g—Mz/

= Mz (2.4)

where we neglect an&;l_r decay into new scalar pairs.
The LHC and ILC limits on a generic leptophilic vector bosamyacoupling to muons and taus
are throughly discussed in Ref. [6]. Let us review here tfw«:ﬁthezil,r above. In general, such

2In order to give a large enough mass to the new gauge bosomatiel must also include at least one extra scalar
field transforming trivially under the SM gauge symmetry bat under L, — L.
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Figure 2: Discovery and exclusion limits faf;,_, as a function of its mass at the LHC wiifls = 14 TeV.
On the left (right) we plot the bounds obtained from Blus missing energy {4 events. We also draw the
bounds from neutrino trident production (straight lin®y, lomparison (see the text for details).

a vector boson will show up in the four-lepton final states.aAsatter of fact, the best limits at the
LHC can be generally derived from th@ plus missing energy events. Although for this model the
bounds from 4 are somewhat similar. In Fig. 2 we plot the correspondingalisry and exclusion
bounds for the B plus missing energy (left) ang4(right) samples. As explained in Ref. [6], these
curves can be obtained from the plots in this reference piyitig by the appropriate factors. In
particular, the exclusion bound can be read from Fig. 3 itk g;/g] = 1 there multiplying
the corresponding coupling constant for a gimmass byy/2, to take into account the effect of
the extra vector boson decay channel into taus. The eveera@n (codes used) and selection
(applied cuts) are described in that reference, too. Fopeoison, we also show the bound from
the neutrino trident production (straight line) [17], tagiinto account CHARM-1l and CCFR data.

Whereas only signals involving muons can emerge at the LH1(thﬁ)Z,’1,r cross-sections at
hand, as pointed out in Ref. [6], the ILC could observe theemighannels with tau leptons. Thus,
in Fig. 3 we show the corresponding discovery and exclusiitd but for 4u and 2u21 events,
respectively. Again, the bounds can be read from that neéereln particular, the limits obtained
from 4u events can be read from Fig. 7 (right) there multiplying tloeresponding coupling
constant for a give@’ mass byy/2, to account for the extra decay channel into taus. Detaith®
event generation and selection cuts are given in the samenee.

As emphasized in Ref. [6], the LHC can be sensitive &), a, with a mass up te- 1 TeV for
g of order 1; while the ILC is sensitive TZ)L,T masses below 300 GeV but it can eventually allow
for a direct measurement of the couplings to tau leptons.

3. Limitson Z,_; at afuture hadron collider with \/s=100TeV

As already pointed out, the LHC and the ILC will improve thailis on a new leptophili@’
unmixed with the SM, but for relatively large coupling caarstis and relatively small vector boson
masses. Their reach will be appreciably enlarged at a l4&r@gmon collider with a CME of/s =
100 TeV, however. Similarly as for the LHC in the previoustsst, in Fig. 4 we plot the discovery
and exclusion bounds for thetJlus missing energy (left) ang4(right) samples. The codes used
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Figure 3: Discovery and exclusion limits faZ,, . as a function of its mass at the ILC wit}is = 500 GeV.
On the left (right) we plot the bounds obtained fropn @1127) events. The constraint from neutrino trident
production (straight line) is also shown for comparison.
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Figure 4. Discovery and exclusion limits faz;,_, as a function of its mass at the future hadron collider
(FCC) with \/s= 100 TeV (thick curves). On the left (right) we plot the bourtdgained from Bt plus
missing energy (&) events. We also draw present bounds from neutrino tridesdyztion (straight line)
and the LHC limits for,/s= 14 TeV (thin curves), for comparison.

for the event generation are the same as in Ref. [6]. Thetg®iecuts applied to the (B plus
missing energy sample must be optimized, however, to oltaiitar limits to those derived from
the 4u channel. This is necessary to get rid of the background svernhat case, too. Thus, we
increase the basic cut on the muon transverse momentum lie Tabthe previous reference from
50 to 100 GeV; and the cuts on the missing transverse enedhygrathe transverse mass from 100
to 150 GeV and from 110 to 140 GeV, respectively. As a reshé, RCC bounds on the gauge
coupling improve by almost a factor of 5 those at the LHC fav ZL_T masses; whereas its mass
reach is near 2.5 TeV fay ~ 1.

4, Z;J,T kinetic mixing with the SM and di-lepton versus four-lepton signals of a
leptophilic vector boson

There is a wide literature on the implications of the kinetixing between abelian gauge
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factors [18] in SM gauge extensions [19]. We will follow REE1] because it emphasizes our main
observation in this section concerning the size of the kdmaixing of an extra abelian interaction
with the SM: the effective mass mixing between a néand the SMZ boson must be rather
small, as required by present data, but the kinetic mixing lwa relatively large because it only
enters alone in th&’ interactions. Indeed, all deviations from the SM prediusidor processes
involving only SM particles and, in particular, testing thdoson interactions are proportional to
the former and hence, it must be tiny (below the per mille l)elvecause no significant departure
from the SM has been observed. While a non-vanishing kimatiding modifies theZ’ current
adding an extra term to it, linear in the mixing and propardibto the SM hypercharge, allowing to
constrain its size in an independent way in processes egaitathe new vector boson. In the case
of theZL_T it means, for example, that although this gauge boson ispéyiic to start with, it also
couples to quarks because they have non-zero hypercharggtbicouplings suppressed by the
kinetic mixing. The relevant question is then how small thiging must be on phenomenological
grounds.

Let us be quantitative. Following (the notation of) Ref. Jiie effective mass mixingé,
rotating the current eigenstate gauge bosons to the heasy aigenstate basis, can be written
(note that we used before to specify the R’ couplings in Ref. [6]):

M2 +siny sy M2
2 )
M2,

H—T

tanZ ~ -2

(4.1)

wheredM? is the mass term mixing the gauge boson current eigenstadesirg the corresponding
kinetic mixing (ands, the sine of the EW mixing angle),
Fhising ~ SM? 2,7 Zg % 7%, Boy . 4.2)

We only keep the leading terms in the limit &fand x small (fields are in the physical basis). We
will concentrate on the casg < x, besides, which can be the result of a large mass hierarchy
M2 < MzH, as we have formally required when deriving Eq. (4.1), or padial cancellation of
the two terms in the numerator of this equation, or of bothai§éz;, , mass can be generated by
a large vacuum expectation value (vev) of a scalar field toamsng trivially under the SM gauge
symmetry; whereas the mass mixing cancelling the kinetim tean be obtained from a scalar
multiplet transforming non-trivially under both the SM atie extra abelian gauge symmetry and
developing a vev of the appropriate siZe.

The new gauge boson interactions with the SM fermions areritbes! by the Lagrangian

Ly

H—T

%

' . e
(g9 —sin 9 27

= _[(g/""SinXi)(VﬁlLVGV#L+HLVUI1L)+(g/+3inX£)HRVoMR
2 Cw Cw

3Many phenomenological analyses neglect kinetic mixinga§, as, for instance, when determiningZiZ& mixing
at the LHC [20]; or the mass mixing generated by the vev ofesd&lds transforming non-trivially under both abelian
factors, as in Higgs-portal studies [21]. Although the kimenixing can be large and the effective mass mixing small in
specific models [22].
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Figure 5: On the left we plot the total cross-section fop — Z,,_, for different values of si (see the
text) as a function of the new gauge boson mass at the LHC atte &CC. On the right we show in the
g - MZ,’H plane the excluded (upper) regions by the LEP 2 and ATLAS Hs\isee the text).

+(—g + SiNY o) (Ve YoV + TLYoTL) + (— +SiNX— ) TrYeT
ZCW LYo V1L LYo lL ow RYo IR
+sinxi(VeLv Ve +8LY, eL)+sinx3‘eRv er (4.3)
20w ’ ? ow '
: e a v.d . 2e _ : e dovd o
_sInXm(ULVaUL‘F LYo L)—SmXﬁURVaUR‘FS'nXﬁ RYoOR+...] Z” ¢,

where the dots stand for the same quark couplings as for gddimily but for the other two quark
generations. Thus, a non-vanishing kinetic mixing modifmzil_r current, adding an extra
contribution linear in siry and proportional to the SM hypercharyes= Q — T3, with Q the electric
charge and3 the third component of isospin. Therefore, it adys , couplings to electrons and to
quarks, implying a new contribution to Drell-Yan productiat the LEP 2¢'e” — 7, —Il,and
atthe LHCqq— Z;,_ — Il. Inthat case, present limits on the former also restricatimved size
of the kinetic mixing because no departure from the SM pté&xis has been observed but only for
relatively IowZI’lfr masses. In fact, the limits in Eq. (2.3) translate into (ggfre couplings in Eq.
(4.3)):
|sin|d |sinx|

vz <007 Tev? (eeup), M, < 0.45TeV'! (eeeg. (4.4)
Z[,J—r U—T

These bounds apply to the RH operators, which provide the stosgent limits due to the chi-
rality dependence of the hypercharge couplings. The léptauplings in Eq. (4.3) are also non-
universal, but lepton universality was assumed in ordeetivd Eq. (2.3). In this sense, although
it is a rather good approximation, the quantitative analiysiapproximate. We also neglect higher
order terms in sily. In any case, although these bounds result in small gaugadicgs to quarks
for small gauge boson masses, the dilﬁplr production cross-section can be still sizable at the
LHC if the LEP 2 limits on siry are saturated. As a matter of fact, these bounds becomdrigires
tive for large vector boson masses. To be quantitative, weiplFig. 5 (left) the total new vector
boson production cross-section(pp — Zj, ), which is proportional tgsiny|?, at the LHC and
the FCC for siry = 1 (dashed lines) and for sinsaturating the first inequality in Eq. (4.4) with
g = 0.25 (solid lines). (Obviously, we always requirginy| < 1.) The second inequality, which
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is independent of , is less restrictive in this case, and the correspondingedigs in between the
other two lines plotted. As it is apparent, the exclusionvad-lepton cross-sections below the fb
by the LHC and the FCC will provide quite stringent limits dretkinetic mixing as well as on the
mass and coupling of &, ;. As a matter of fact, the limit reported by the ATLAS Collahtion

at the LHC with,/s= 8 TeV on the production cross-section of a new neutral gangerbdecay-
ing into two muonso (pp— Z') Br (Z' — u*u~) [23] is already more restrictive, for a generic
Z,,_r — Uy~ branching ratio of 1/3, than the LEP 2 one, as shown in the gzatere (lowest
curve). It must be again emphasized that this figure is onlylltsstration, because we assumed a
small enough kinetic mixing when deriving the Lagrangiatem (4.3), for instance, but draw the
curves for arbitrary siy. Similarly, the gauge boson branching ratio into muons ne&graller
than 1/3 for non-zero kinetic mixing. In fact, the ATLAS balidefines a band depending on this

branching ratio (neglecting fermion masses):

1+1.5x+0.625%2 siny e
which ranges from 0.01 to 0.45. With the same warning, onitite¢ panel we show the excluded
(upper) regions in thg' — MZ;H plane by the first LEP 2 inequality in Eq. (4.4) for girsaturat-
ing the second inequality in the same equation (lowest dakhe) and for two other illustrative
values of siry = 0.1,0.01. The smaller the kinetic mixing is, the larger the allowegion in the
g- MZ,’H plane is. We also draw the ATLAS Collaboration limit (solidd) on muon-pair pro-
duction mediated by a new neutral gauge boson [23] satgr#imfirst inequality of Eq. (4.4), for
illustration. Obviously, the observation ofz, . resonance in four and two-muon events would
allow for a determination of both parametegsand siny, once fixed the gauge boson mass.

The previous discussion is based on phenomenological dscamd hence, a final comment on
the expected size of the kinetic mixing is in order. As thelitd model is renormalizable, quantum
corrections can be actually calculated, being in genemtd¢hnormalization of the kinetic mixing
quite small and below the per mille level. Thus, a relativalgge mixing as the one saturating
Eq. (4.4) requires a similar value at the matching scaleréfbee, although Drell-Yan production
overcomes four-lepton production except for rather smialktic mixing, the latter provides the
most stringent model-independent limits for gauge bosossembelow a few TeV.

(4.5)

5. Conclusions

We have reviewed the LHC and ILC discovery potential fordgpilic interactions, which are
characterized by their negligible coupling to quarks and B&ons [6]. In particular, we have
discussed in detail the case of an extra gauge boson couplihg — L, as it also provides a
good estimate of the reach of these machines. If it only @supppreciably to muons and taus,
as assumed, it can be only observed as a resonance in theodidistribution of four-lepton final
states. Then, the corresponding Monte Carlo simulatiowshbat the best LHC (ILC) limits can
be derived using @ plus missing energy {4) events. We have found that the LHC can be sensitive
up toZL_T masses near the TeV fgf of order 1. The ILC can be only sensitivezg_r masses
below 300 GeV but it could eventually provide a direct meament of the vector boson couplings
to tau leptons. Similarly, we have studied the correspantiounds for the FCC, finding that it is
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sensitive to gauge boson masses-d®.5 TeV forg ~ 1. and to gauge couplings almost 5 times
smaller than at the LHC for lowe#;, , masses.

All these results, however, assume a vanishing kinetic ngixif the new vector boson with
the SM (hypercharge). Otherwise, the current coupling ¢oetktra vector boson gets a new term
proportional to the kinetic mixing and to the hypercharge aence, the new vector boson also
couples to electrons and to quarks but with couplings sgspk by the kinetic mixing and ratios
fixed by the SM hypercharges. What implies new contributimnBrell-Yan production mediated
by the new gauge boson, improving appreciably the LHC anddisCovery potential due to their
sensitivity to lepton pair productiomp — y,Z,Z" — Il andete™ — v, 2,2 — I, respectively. In
fact, the new contributions are in both cases proportiam#iie kinetic mixing square. Limits from
LEP 2 force this mixing to be at most of few per cent for relelymow ZL_T masses~ 300 GeV)
but leave it essentially unconstrained for gauge boson esasfsthe order of few TeV. In contrast,
the LHC data already provide the strongest bounds on thigxgyikeaching the per mille level if no
departure from the SM is observed with the full expectedgnand luminosity. This limit could
be eventually improved by another order of magnitude at tb€.F

Few comments are in order to conclude. This study enforeesi¢led to give experimental
results specifying the flavor in the sampling, and to proviiéts as model independent as possible
on the corresponding cross-sections [23]. Although thetigmmixing may receive small quantum
corrections, its size can be large at low energy due to thehimg with a more fundamental
theory at high scale, hence making the phenomenologicdysssaompulsory. Finally, the SM
extension with an extra gauge boson coupled,te-lL ; has been recently invoked to explain small
discrepancies in Higgs ari®ldecays [24], although the proposed models include extréematd
assumptions beyond the phenomenological analysis pegtbtrare. Leptophilic interactions have
been also considered to produced and annihilate dark njaBrin any case, many approaches
corner NP in the heavier families, especially when dealiity e lepton sector [26].
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