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Abstract Non-local extensions of the Standard Model with
a non-locality scale Ay have the effect of smearing the
pointlike vertices of the Standard Model. At energies sig-
nificantly lower than Ay vertices appear pointlike, while
beyond this scale all beta functions vanish and all couplings
approach a fixed point leading to scale invariance. Non-local
SM extensions are ghost free, with the non-locality scale
serving as an effective cutoff to radiative corrections of the
Higgs mass. We argue that the data expected to be collected at
the LHC phase 2 will have a sensitivity to non-local effects
originating from a non-locality scale of a few TeV. Using
an infinite derivative prescription, we study modifications
to heavy vector-boson cross sections that can lead to an
enhanced production of boosted Higgs bosons in a region
of the kinematic phase space where the SM background is
very small.

1 Introduction

Continuing searches at the Large Hadron Collider (LHC)
have shown no evidence of new physics Beyond the Standard
Model (BSM). The success of the SM suggests that the scale
of new physics Ay p must be high enough when compared to
the electroweak scale A gw, so that its effect on the observed
data be small. Modifications of SM cross sections at high
momentum transfers (e.g. modifications of Higgs and W/Z
boson yields), could be the first sign of new physics and new
heavy particles [1,2].

A generic extension of the SM in which the particle inter-
action vertices are smeared is not a new idea [3]. A plethora
of new physics scenaria involving new particles and new
interactions can fit in such an effective description. To give a
few examples: GUT theories [4-6], composite Higgs [7,8],
little Higgs [9-11], and models with vector Z’ [12,13], and
W’ [14]. Independent of the new physics behind this smear-
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ing, one can modify the pointlike behaviour by introducing
higher derivatives in the kinetic terms of the SM Lagrangian
or in the interaction vertices [ 15]. The simplest example is the
smearing of a pointlike source represented by the Dirac delta
function, by the exponential of an entire analytic function of
derivatives:

a2 2
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e 5 §(x) = ea?§(x) =
aﬁ

e 4?2,

Application of this infinite sum of derivatives on the delta
function, leads to the smearing of a pointlike to a Gaussian
source. The energy scale at which smearing effects become
important is A = 1/«. Introduction of higher derivative
terms in the Lagrangian leads to non-local effects that become
relevant at a scale A >~ Ay . Extending the traditional QFT
to a non-local version with a non-locality scale Ay has
several attractive features [15]. There are no new dynamical
degrees of freedom other than the original ones of the corre-
sponding local QFT, and the theory is UV finite. Beyond the
non-locality scale all beta functions vanish, and all couplings
approach a fixed point determined by Ay [16,17].

In practice, the non-local modification of the Lagrangian
is achieved by introducing an infinite series of derivatives in
the kinetic terms of the form:

o _ AR
e =e N, ey

where D, = 9, — igT*Aj is the covariant derivative and
D? = nv D DY . This particular choice e/ (D) where f(D?)
is an entire analytic function, is required for avoiding the
appearance of any extra poles in the propagator [15]. The
fermionic part of the Lagrangian is modified as follows:

D2

L=iye Ny D,y )

In the limit Ay;, — oo the original Lagrangian, in our case
the SM, is recovered.

If we proceed to extend the SM Lagrangian to a non-local
version (NL-SM) by introducing an infinite derivative sum
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in the kinetic terms, shown in Eq. 1, the result is a smear-
ing of interaction vertices affecting relevant measured cross
sections. The Drell-Yan ff — €€ process can set limits to
the non-locality scale, in particular dilepton measurements
at the LHC for dilepton invariant mass My, > 1 TeV [18-
20]. At the very high energies offered at the LHC, the weak
gauge-boson scattering VV — V'V is dominated by the lon-
gitudinal degrees of freedom. So, effectively this scattering
is Higgs-Higgs field scattering. In these processes the VVV,
V'V H vertices may not be pointlike as a consequence of the
new BSM physics. It should be stressed that non-locality in
this context does not mean that the spacetime is discontin-
uous. Here we still consider a continuous spacetime, while
non-locality is introduced through the presence of form fac-
tors due to new interactions appearing at a TeV or multi-TeV
scale.

While approaching the non-locality scale from a lower
energy, the interaction vertices appear smeared, and the the-
oretical treatment/modeling is typically done using form fac-
tors. This picture is similar to low energy electron-proton
scattering where as the O increases, the non-pointlike nature
of the proton is revealed. Non-local modification approaches
have also been used in nuclear reactions to explain proton-
deuteron scattering data [21]. Theoretical models that can
lead to such form factors have been proposed in the literature
and many are gravity or string motivated [22,23]. In string
field theory @’ = l/A%\,L, is the universal Regge slope. In
the case of gravity, non-locality may appear at a Grand Uni-
fication scale at energies close to the Planck scale, while in
the case of the SM, non-locality in the TeV scale is due to
new particles and new interactions present at this scale. Thus
one still needs to explain the origin of such non-locality, with
compositeness being a good candidate.

New heavy vector bosons with masses close to the new
physics scale Ay appear in many BSM scenaria. In com-
posite models they are expected to be present as the J = 1
poles of a p-like Regge trajectory. In this work, we propose
to study the effects of non-local QFT modification on heavy
vector-boson triplets (HVT). The impact of smeared vertices
on these heavy states is to change their production cross sec-
tion and their mass lineshape. In non-local QFT theories as in
[3,15], the modification enters through an exponential factor
of the usual form: e=2* /431 , where the scale of new physics
Anp can be approximated by the pole mass of the heavy
vector boson. Depending on the sign of the exponential and
the mass of the heavy vector boson with respect to the non-
locality scale, this factor has the effect to increase or decrease
the cross-section predicted by the local theory and change the
lineshape of the resonance. The actual effect depends on the
details of the new physics and only measurements of these
modifications can provide more information about the new
theory.
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In this paper, we first introduce the non-local QFT
approach and summarize the potential impact of recent LHC
results. In Sect. 3 we present an analysis used to search for
heavy vector triplets at the LHC, and we report on the search
potential for anomalous boosted Higgs production in associ-
ation with weak gauge bosons as a function of the luminos-
ity and the non-locality scale Ay . Finally we conclude in
Sect. 4.

2 Signals of non-locality and constraints from data

Non-local modification of the SM leads to modifications of
SM cross sections. The Drell-Yan dilepton cross section may
receive positive corrections of the following general form [3]:

a(s/A%))

ONL-SM =¢€ X OSM, 3)

where s is the square of the dilepton invariant mass, and a is
areal factor that generalizes the £1 factor of Eq. 1. Using the
full datasets from the Run 2 of LHC, one can already place
upper limits to a hypothetical non-locality scale. Dilepton
data from ATLAS and CMS extend out to an invariant mass
of about 2.2 TeV [18-20]. In this work we assume positive
a > 0 and highlight the potential of the DY process in con-
straining the non-locality scale Ay . It should be stressed
that the actual extraction of limits or excesses using data is left
to the LHC experiments. Using Eq. 3, predicted Drell-Yan
modifications are presented in Fig. 1 for @ = 1 and varying
values of the non-locality scale Ay In Fig. 1 the expected
data 1-0 combined uncertainty for an integrated luminos-
ity of 137 fb~! is shown, based on the yields in the same
M, bins presented in [20]. For dilepton masses above 2 TeV
the data statistical uncertainty becomes dominant. Examin-
ing Fig. 1, we see that a single LHC experiment can already
place significant constraints on the non-locality scale Ay,
at the level of a few TeV. The current level of deviation of the
data from expectation is left to the experiments to determine.

As discussed in the introduction, non-locality can cause
distortions to theoretically motivated broad heavy vector res-
onances. Broad resonances or a continuum of states are par-
ticularly interesting because their decays to dileptons are sup-
pressed and the main decay mode is the diboson V H and V'V
[1]. In particular, the V H channel offers a unique signal of
a very high Pr Higgs produced in association with a weak
gauge boson, with very low SM background expectation. Itis
thus worthwhile to explore the potential of such a search and
develop a method to produce heavy vector bosons with their
lineshapes and cross sections modified by the non-locality
scale. A straightforward approach is to use the HVT model,
[24], that is also employed by the LHC experiments and then
modify the predicted cross sections using Eq. 3. The HVT
model is briefly summarized below.
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Fig. 1 Drell-Yan dilepton cross-section modification with respect to
the SM prediction due to non-local effects for an integrated luminos-
ity of 137 fb~!. The expected statistical and systematic uncertainties
from a measurement at the LHC are also shown [20]. Based on these
expectations, present and future measurements at the LHC can place
constraints in the non-locality scale Axy

HVT is a general phenomenological Lagrangian that can
be used for the modeling of resonances predicted by a wide
range of BSM scenarios. The Lagrangian describing the inter-
actions of these resonances V¥, a = 1, 2,3 with quarks,
leptons, vector bosons and the Higgs boson is shown below:
Lint _ gch Va/— 0 Oq ngF Va/z % Oa ¢

vV = av w qky 2Qk v w kY 2k

0,(1
—gven (Vl‘j/HTTiD“H + hc) ,

where gy and ¢ are the quark and lepton weak doublets, H
is the Higgs doublet and o“ the three Pauli matrices. In this
Lagrangian, the HVT triplet V¢ = (W™, W™, Z') inter-
acts with the Higgs doublet, i.e. the longitudinal degrees of
freedom of the SM W and Z bosons and the SM Higgs,
with a coupling strength gy . In order to allow for a broader
class of models, this coupling strength can be varied by the
parameter cp, so in the Lagrangian the full coupling to the
SM weak and Higgs bosons is gycy. The HVT resonances
also couple to the SM fermions, again through their coupling
to the SM weak and Higgs bosons, g2/gy, where g is the
SM SU (2); weak gauge coupling. This coupling between
HVT resonances and fermions is also controlled by an addi-
tional parameter cr to allow for a broader range of models
to be included, as follows: gch /gv. In this work, we use
the so-called Drell-Yan scenario B, also used by the exper-
iments [25]. This is a strongly coupled scenario as in com-

2
posite Higgs models with gg‘C/F =0.14 and gycy = —2.9.
where the V' resonances are broader than in weakly coupled
scenarios. For |gycy| > 3, the resonance intrinsic width

becomes significant and cannot be neglected. For such large
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Fig. 2 Z' resonance cross sections for the DY production mode after
a non-local modification, as a function of the pole mass M(Z’). The
non-locality scale Ay in Eq.3 has been set at the pole mass M (Z")

couplings, the HVT resonance V H decay mode dominates
while the di-fermion mode is heavily suppressed. The phe-
nomenological implications of V H mode decay dominance
have been discussed in [1].

In Fig. 2 sample Z’ resonance DY cross sections as calcu-
lated from the HVT model and modified by the form factor
of Eq. 3 are shown. The non-locality scale Ay has been
set at the pole mass M (Z'). Due to the presence of the fac-
tor e?¢/ A%VL), the Z’ lineshapes receive significant non-local
modifications and are distorted. This is shown in Fig. 3 where
the HVT model is used, and in Fig. 4 where the non-local
modification is applied (NL-HVT). The potential increase of
the cross section can lead to measurable anomalous Higgs
boson production at very high Pr. One can notice the pres-
ence of long low mass tails coming from the parton density
functions.

The HVT predicted lineshape and cross-section modifi-
cation in the presence of a nearby non-locality scale Ayy,
leads to a rich phenomenology. Depending on the number of
resonances, their masses and widths, the impact on the V H
and V'V production at high momentum transfers could be
significant. Thus, the interesting possibility that LHC phase-
2 measurements could probe energy scales of order 10 TeV,
is worth exploring.

The diphoton system opening angle AR and transverse
momentum Pr are key variables sensitive to non-local
effects. In Fig. 5 the Higgs yields as a function of the dipho-
ton Pr are shown for Z’ masses of 2, 3,4 and 5 TeV. The SM
Higgs prediction is shown in yellow and demonstrates that at
high transverse Pr, its contribution becomes very small. The
Higgs yields as a function of the diphoton AR are shown in
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Fig. 3 Leading order Z’ resonance differential cross sections
do/dM(Z') as predicted from the HVT model
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Fig. 5 Z' — ZH — (lyy Higgs yields with respect to diphoton
transverse momentum dN /d P}’ Y in fb, as predicted from the non-
local form factor in Eq. 3 with @ = 1. The expected SM Higgs yield for
the same selection is overlayed in yellow
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Fig. 4 Leading order Z’ resonance differential cross sections
do/dM(Z') as predicted from the HVT model modified by the non-
local form factor of Eq. 3 witha = 1

Figures 6 and 7 before any transverse momentum selection
and after a Pr > 800 GeV cut, respectively. Although the
opening angle between the two photons originating from the
Higgs decay is typically small, we can see that even for higher
Z' masses, the photons are still separated by AR > 0.15.
Such levels of angular separation allow the reconstruction of
two close-by high- Pr photon clusters in the electromagnetic
calorimeter. The presence of a pair of high- Pr photons in the
detector with an invariant mass close to 125 GeV, is a signal
for new physics.

@ Springer
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Fig. 6 Z/ — ZH — (lyy Higgs yields with respect to AR,,,
dN/dAR,,,in tb, as predicted from the non-local form factor in Eq. 3
with a = 1. The expected SM Higgs yield for the same selection is
overlayed in yellow

3 Sensitivity of a search at LHC

The observable that can serve as an early signal of non-
locality at the LHC is the anomalous production of Higgs
bosons at very high Pr. Although the H — bb is a poten-
tially powerful decay channel for measuring such anomalous
production, for Higgs Pr > 1 TeV the sensitivity drops due
to the merging of the two b jets in a single jet. The efficiency
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Fig. 7 Z/ — ZH — {lyy Higgs yields with respect to AR,,,
dN/dAR,,, in fb, after a diphoton transverse momentum cut of
Pr > 800GeV, as predicted from the non-local form factor in Eq. 3
with a = 1. The expected SM Higgs yield for the same selection is
overlayed in yellow

of identifying small opening angle bb pairs falling into a sin-
gle fat jet drops fast with the transverse Pr. In addition, for
a single bb jet, the QCD background is quite significant.

In the case of the diphoton channel, although the branching
ratio H — yy is 213 times lower than the H — bb, the pho-
ton pairs are potentially separable even at very high Higgs Pr
while the diphoton identification efficiency is very high. The
expected small continuum background from diphoton pairs
at 125 GeV, the very small SM Higgs yields, and the excel-
lent diphoton mass resolution lead to a competitive sensitivity
when compared to H — bb. We argue that the observation
of even a single high Pr diphoton pair with invariant mass
close to the Higgs mass, would be statistically significant.
Considering that the anomalous Higgs production could be
produced by a broad heavy resonance or a continuum, one
can proceed with the reconstruction of its full invariant mass
distribution. However, this would require a large number of
signal events. The search we propose has a SM Higgs back-
ground expectation that is at least one order of magnitude
lower than the signal, aiming in observing at the LHC phase
2 the first signs of new physics by looking for events that
have very small likelihood to be SM-induced. In this work
we propose a search for boosted Higgs bosons decaying into
two photons in association with a weak gauge boson.

To evaluate the expected signal yields for a broad range
of masses and widths, we rely on Monte Carlo samples gen-
erated with MadGraph5, [26], interfaced to PYTHIA [27].
To simulate the response of an LHC-like experiment, realis-
tic resolution and reconstruction efficiencies for electrons,

muons, photons and jets were applied with the Delphes
framework [28]. The specific cut-based event selection was
based on a simplification of the cuts performed by LHC
experiments on SM V H searches with H — yy [29]:

— We require at least two photon candidates with the two
leading candidates having P%/ b my, /3 and P%/ 2 s
myy /4.

— The diphoton invariant mass must be in the range 120 <
my,, < 130 GeV, called the signal region.

— Two opposite sign leptons with P}l > 30GeV and Pf >
30 GeV are required for the Z H case, and a single lepton
with P;l > 30 GeV for the W H case.

— For the Z H mode, the dilepton invariant mass is restricted
to be close to the Z pole mass: 80 < m,y < 110 GeV.

The difference between this selection and the SM dipho-
ton reconstruction is that in our case the two photons have
a small opening angle, so any photon isolation cuts have
to be relaxed in order to preserve high reconstruction effi-
ciency. An important additional requirement is a W'/Z’
mass-dependent cut on the transverse momentum of the yy
system, Pr > My /3, that selects highly boosted SM Higgs
candidates. For such high diphoton Pz, both photons and lep-
tons are also of very high transverse momentum and the event
topology is really spectacular: two relatively small opening
angle high Pr photons and two (one) high Pr leptons for the
Z' — ZH (W' — W H) channel. For such high Pr objects
the single-object reconstruction efficiency is above 95% and
most of the efficiency losses come from the event selection.
The expected signal and background yields in units of fb
are shown in Table 1. In the calculations shown in Table 1,
the continuous background ££yy expectations are shown
for a diphoton transverse momentum cut, P}/ V'~ M v/3.
A potentially significant background is the ¢¢y production
with an additional fake photon, which is also included in
the analysis. Fake rejection can only be estimated with full
detector simulation and data, thus the £y prediction from
the fast simulation is not realistic and results to an overes-
timation of this background. The final study and further cut
optimizations are left to the LHC experiment groups.

Based on the results of Table 1, we conclude that for very
high diphoton Pr, the SM Higgs production and the contin-
uum background dominated by Z/W + yy, are the domi-
nant backgrounds. Their contribution in the signal region of
120 — 130 GeV is rather small. The proposed analysis starts
becoming sensitive for yields in the range of a few 1073 fb.
This means that with an integrated luminosity of 300 fb~!
from the LHC phase 1, we should start observing very high
Pr Higgs candidates recoiling off a dilepton or a single lep-
ton. The High Luminosity LHC phase 2, is definitely in a
better position to probe the NL-SM phase space, since we
expect an integrated luminosity of 3000 fb—!. However, sig-
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Table 1 Non-local anomalous Higgs production yields for a = 1 in tb, compared to SM Higgs and continuum SM background yields for searches

targeting resonance masses of 2, 3, 4 and 5 TeV

Process qqg — V' — yy o x BR [fb] Axe [%] Yield (P}” > My /3) [fb] My [TeV]
7 — ZH — tyy (2 TeV) 1.90 x 1073 40.8 6.8 x 107* 2
7 — ZH — tyy (3 TeV) 1.97 x 10~4 34.4 5.3 x 107 3
7 — ZH — tyy (4 TeV) 2.99 x 1073 29.9 5.1 x 107° 4
7' — ZH — LLyy (5 TeV) 6.36 x 107° 29.4 3.8 x 1077 5
W — WH — fvyy (2 TeV) 1.26 x 1072 54.1 6.0 x 1073 2
W — WH — tvyy (3 TeV) 1.33 x 1073 46.7 48 x 1074 3
W — WH — lvyy (4 TeV) 1.99 x 1074 423 48 x 1073 4
W — WH — tvyy (5 TeV) 420 x 1073 43.8 5.4x%107° 5
SM ZH — ilyy 0.20 13.3 3.8 x 1073 2
SM ZH — tlyy 0.20 13.3 3.4 x 1070 3
SM ZH — tlyy 0.20 13.3 5.1 x 1077 4
SM ZH — tlyy 0.20 13.3 7.0 x 1078 5
SMWH — lvyy 1.01 352 2.7 x107* 2
SMWH — tvyy 1.01 35.2 2.5 %1073 3
SMWH — tvyy 1.01 35.2 3.3 %1070 4
SMWH — tvyy 1.01 35.2 3.7 x 1077 5
SM continuum ££y y 638.2 0.21 2.7 x 107 2
SM continuum ££y y 638.2 0.21 1.6 x 1072 3
SM continuum ££y y 638.2 0.21 2.8 x 1076 4
SM continuum ££y y 638.2 0.21 5.6x 1078 5
SM continuum £vy y 654.4 2.9 52 %1074 2
SM continuum £vyy 654.4 2.9 4.1 x 107 3
SM continuum £vyy 654.4 29 3.4 x107° 4
SM continuum £vyy 654.4 2.9 1.6 x 1077 5

nal yields are still in the sub-femtobarn level, thus requiring
significant amounts of luminosity to observe a single event
in the signal region.

The sensitivity of a search for non-local effects using high
Pr Higgs as a probe, is presented as a function of the inte-
grated luminosity and the scale of new physics in Figs. 8 and
9 [30]. To fully scan the parameter space, we allow for the
parameter a in Eq. 3 to vary. The case a = 0 corresponds
to the pure HVT model, i.e. absence of non-local modifica-
tions. From these results, one can see that the boosted Higgs
V H leptonic mode can prove a powerful probe for anoma-
lous high Pr Higgs production. For the high luminosities
expected in the phase 2 of LHC the sensitivity of the search
is expected to reach 4-5 TeV fora ~ 1.

4 Summary and conclusions
In this work we explored the potential of observing early

signs of non-local SM effects at the LHC. We have assumed
that the non-locality scale is of order of a few TeV, and that at

@ Springer

this scale heavy vector bosons are present. The heavy vector-
boson cross section is modified by the presence of a non-local
scale, leading to significant modification of their lineshape.
Assuming the general case of resonances with finite width
we calculate their cross sections using a simple model (HVT)
that is modified by ~ ¢/ ANL) factors. Although the non-
locality scale does not have to match the vector boson pole
mass My, observing that in the case of QCD the p mass
is very close to the QCD transition scale, we have assumed
My = Anp.

Possible modifications of dilepton invariant mass contin-
uum at high Q2 already place constraints on non-local QFT,
however the modifications of new heavy resonance line-
shapes or their continuum could have more dramatic conse-
quences due to their proximity to the new physics scale. The
first signs of the presence of non-locality could be through
the V H channel with the W/Z as well as the Higgs boson
displaying TeV-level transverse momentum. This channel
leads to very clean searches with small expected SM back-
grounds. Although, in this work we focused on the single lep-
ton and dilepton channels, the Z — vv channel and the Z/ W
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measurements of anomalous Higgs production from a Z’ resonance.
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Fig. 9 95% Confidence Level limits in non-locality scale Ay as a
function of the parameter a and the integrated luminosity, based on
measurements of anomalous Higgs production from a W’ resonance.
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hadronic channels may significantly improve the search. In
particular the Z — vv channel can offer a spectacular sig-
nature of a boosted Higgs recoiling off a TeV-scale missing
Er.

Based on our results and due to the limitation of the LHC
centre-of-mass energy, we only expect to probe non-local
effects if the relevant scale is not much higher than 5 TeV. At

the LHC, a programme aimed at measuring Higgs production
at very high Pr has already started, and the upcoming data
from run 3 and LHC phase 2 are expected to probe locality
at new record small distance scales.
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