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Investigating hidden sectors at future e*e™ colliders
through two-particle angular correlations
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Abstract. Exploring long-range angular correlations among emitted particles in
high-energy collisions provides an opportunity to uncover physics beyond the
Standard Model like Hidden Valley (HV) models. We focus on a hidden QCD-
like sector, where the interplay between HV matter and QCD partonic cascades
could enhance azimuthal correlations between final-state particles. Our investi-
gation, performed at detector level, specifically targets the detectability of these
phenomena at future e*e™ colliders, yielding a cleaner experimental signature
as compared to the Large Hadron Collider (LHC). Remarkably, the observa-
tion of ridge structures in the two-particle correlation function may suggest the
existence of New physics.

1 Introduction

This study investigates potential irregularities in azimuthal and rapidity correlations to ex-
plore the possible presence of New Physics beyond traditional QCD parton showers. Specif-
ically, the focus is on two-particle angular correlations as indicators of beyond the Standard
Model (BSM) physics at future high-energy e*e™ colliders. In this analysis, the thrust refer-
ence frame is employed, thus rapidity y and azimuthal angle ¢ are defined relative to this axis.
The observables of interest are the rapidity and azimuthal differences, Ay and A¢, between
two final-state charged particles. The two-particle correlation function is defined as:

S(Ay, A¢)

CP(Ay, Ap) = Boy. Ag)’

ey

where S (Ay, A¢) and B(Ay, Ag) are the same-event and mixed-event pair densities, respec-
tively. Of particular interest is the azimuthal Yield Y(A¢), defined by integrating over a range
of rapidity differences:

[ S (Ay, A¢) dDy
Y(A9) = T : @)
o B(Ay, Ag) dAy

where the integration limits y;,¢ and y,yp specify the rapidity range of interest.
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2 Theoretical framework

The New Physics (NP) scenario considered in this study is the so-called Hidden Valley (HV).
In many HV models, like those discussed in [1], the Standard Model (SM) gauge group Gsm
is extended by introducing a new gauge group, Gy, under which a new class of particles,
called v-particles, are charged, while remaining neutral under Gsy;. Conversely, SM particles
are neutral under Gvy. To allow communication between the SM and HV sectors, additional
particles known as communicators are introduced, which have charges under both Ggy and
Gvy. Communicators can be massive vector bosons, labeled as Z,, or hidden partners of SM
quarks and leptons, collectively called F,. For this analysis, F, is assumed to be the spin-%2
fermionic mediator, while v-quarks from the Hidden Sector, g,, are considered to be scalar
particles.

The HV and SM sectors can interact through several processes. One possibility is a tree-
level interaction such as ete™ — Z, — ¢,§,, leading to hadron production. Alternatively,
communicators can be pair-produced through the SM y*/Z interaction, resulting in an F,F,
pair. This process gives rise to both visible and invisible cascades within the same event and
this channel is found to dominate within the energy ranges of interest in our study.

In certain regions of the HV parameter space, communicators can decay rapidly into a visible
SM particle (f) and a hidden sector particle (g,), via the process F, — fg,. The mass of g,
plays a significant role in determining the kinematics of the event, particularly in the visible
cascade leading to SM final states. The mass of g, is not yet constrained, ranging from close
to zero to the mass of F,. Different values of this mass are assumed in our analysis to explore
its impact on observables.

This study focuses on how the presence of the hidden sector alters the behavior of partonic
cascades producing final-state SM particles. Both visible and hidden cascades share the total
event energy, which affects the phase space available to each sector. We consider a QCD-like
HV scenario, where the hidden sector consists of g,-quarks and g,-gluons, with an effective
strong coupling constant «,. For simplicity, «, is fixed at 0.1, as variations in this value do
not significantly impact the results.

3 Detector-Level Analysis

To assess the detectability of the HV signal in e*e™ collider environments, we utilized the
PytHia [2] Monte Carlo event generator, which already includes HV production mechanisms.
Fast detector simulations were conducted using the SGV package [3], with the detector ge-
ometry and acceptance based on the ILD [4] large model for the International Linear Collider
(ILC) [5]. The simulation outputs followed the same event model as the ILD concept group
and we used tools from ILCSort for event reconstruction. This reconstruction, based on the
Particle Flow method, aims to identify all particles in the final state using pattern recognition
algorithms, resulting in Particle Flow Objects (PFOs).

We focused our analysis at /s = 250 GeV, coinciding with the first phase of ILC operation as
a Higgs factory and further extended our study to higher energies up to 500 GeV and 1 TeV
at particle level. Beam polarization effects will be investigated in future work.

The HV signal involves the process e*e™ — D,D, — hadrons, where D, is the hidden sec-
tor partner of the d-quark. Our benchmark parameters include @, = 0.1, mp, = 80, 100 and
125 GeV, and various v-quark mass scenarios. Additional configurations and 7, T, production
were considered at higher +/s.

We present the HV signal and SM background cross-sections in Table 1, alongside the selec-
tion efficiencies. The selection cuts significantly reduce the background while maintaining a
substantial fraction of the HV signal. In our analysis at /s = 250 GeV, the primary back-
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Table 1. Cross-sections for e*te™ — D,D,, e*e™ — qg and WW — 4q processes at /s = 250 GeV,
with different assignments for the mp, and m,, masses. Efficiencies of the selection criteria described
in the main text, average charged-track multiplicities and their RMS, are shown.

opymnng  Efficiency

Process [pb] (%] (Ncp)
e*e~ — D,D, mp,
mg, = 0.1 GeV 125 GeV 0.13 36 124 +3.7
mg, = 10 GeV 125 GeV 0.12 36 124 +3.7
mg, = 50 GeV 125 GeV 0.12 42 11.4+£3.5
mg, = 100 GeV 125 GeV 0.12 42 6.5+2.1
my, = 50 GeV 100 GeV 1.29 42 11.1 +3.4
my, = 40 GeV 80 GeV 1.54 36 18.0+49
e*e” — qg with ISR 48 < 0.01 99+34
WW — 4q 74 < 0.001 -

ground originates from e*e~ — ¢g, which includes all SM quark flavors except for the top
quark, which production is below threshold.

In a previous study [6], the signal and background were investigated at particle level with-
out including Initial State Radiation (ISR), though ISR plays a crucial role in this type of
analysis, as will become clear. Four-fermion production, dominated by ete™ — WW, was
also excluded in that study. Here, we extend the analysis to detector level, now including the
effects of ISR and ee™ — WW — 44q. The cross-sections for both HV and SM processes,
as computed using PyTHia, are shown in Table 1. Given the small cross-sections for HV
production, specific cuts are necessary to reduce the background while preserving as much
of the signal as possible. This analysis focuses on prompt decays of v-particles, excluding
displaced vertices from long-lived particles, as we are primarily concerned with the prompt
decays leading to SM final states.

Following a similar approach to Ref. [7], we impose constraints on the number of neutral and
charged PFOs, with upper limits of 22 and 15, respectively. Additional cuts are applied to the
ISR photon angle (| cos €y, | < 0.5) and energy (E,,,, <40 GeV), while the di-jet invariant
mass m;; is constrained to values below 130 GeV. The energy of the leading jet is further
limited to 80 GeV. These selection cuts drastically reduce the SM background, as seen in
Table 1, while having a smaller effect on the HV signal.

For the computation of B appearing in Eq.1, we require a thrust value greater than 0.95, while
maintaining the same constraints on PFO multiplicities as used for S .

To explore the potential for distinguishing HV signals from SM background, Fig. 1 presents
the yield Y(A¢) (as defined in Eq. (2)) for the rapidity interval 0 < |Ay| < 1.6, as it turns
out to be particularly relevant . The yield is shown before and after cuts. Various HV signal
masses mp, and m,, are compared with the SM background and a standalone SM analysis is
also presented. In the range 0 < |Ay| < 1.6, a prominent peak at A¢ ~ & characterizes the
HV case, while this feature is absent in the SM-only scenario. This clear difference in shape
could serve as a useful signature of a hidden sector, providing a complementary approach to
the conventional searches.

An outlook at higher energies (/s = 500 GeV and 1 TeV) was conducted, as detailed in [8].
In this analysis, we investigate two extreme cases: the lightest communicator D, and the
heaviest T,, which decays into g,z. Our findings indicate that intermediate masses yield
intermediate results. A part from the gg and WW — 44 backgrounds, we also take into
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Figure 1. Yield Y(A¢) for both HV signal in association with SM and for pure SM background (red
line) for the 0 < |Ay| < 1.6 before (left) and after cuts (right) .

account f production, which becomes increasingly relevant at these energies. We observed
similarly encouraging prospects for the HV signal.

4 Prospects on the experimental sensitivity

A study assuming different scenarios for the foreseen statistical and systematic uncertainties
was performed.

To estimate the statistical uncertainties, we assume a collected luminosity of 100 fb~!, which
roughly corresponds to one year of data taking of ILC in the H20-staged scenario [9]. We
have identified two primary sources for the systematic uncertainties: the modelling of detec-
tor performance and uncertainties related to fragmentation, specifically the final hadroniza-
tion process of the partonic cascade. Due to the current state of knowledge, our estimates for
both sources are largely educated guesses.

For the detector performance modelling uncertainty, we evaluate it through a bin-by-bin com-
parison of yield distributions at the particle level and detector level, taking the absolute differ-
ence as the uncertainty. This analysis must consider kinematic resolution, including angular
measurements, as well as acceptance effects. It is essential to emphasize that this method
likely overestimates experimental uncertainties, representing a worst-case scenario.

In a similar fashion, for fragmentation uncertainty, we utilize a comparable methodology,
comparing yield predictions at the particle level generated by two distinct fragmentation mod-
els implemented in PytHia and HerwiG [10, 11]. The overall uncertainty is calculated on a
bin-by-bin basis, combining the statistical uncertainty for the anticipated number of events
with the systematic uncertainties of Yy, in quadrature, as only PyTHia accounts for Hidden
Valley production. The summary of these findings is presented in Fig. 2, with oy denoting
the estimated uncertainty as outlined.

Taking all the aforementioned points into consideration, calculating the sensitivity of the ob-
servable becomes straightforward by comparing the predictions of Hidden Valley (HV) and
Standard Model (SM) for Y against the anticipated uncertainties. Even with a collected lumi-
nosity of 100 fb~!, sensitivity is primarily constrained by systematic uncertainties, with the
systematic errors associated with detector performance being the most significant. Neverthe-
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Figure 2. Expected experimental sensitivity for Hidden Valley models along with the SM background
after collecting 100 fb~! of integrated luminosity, for yield measurements in the range of 0 < |Ay| < 1.6.
With systematic modelling uncertainties obtained from current state of the art (left) and assuming an
improvement of one order magnitude on the modelling uncertainties evaluation (right).

less, the discovery potential remains largely unaffected, particularly around the pronounced
Y peak at A¢ ~ & within the range of 0 < |Ay| < 1.6.

To illustrate this, we compare the estimated sensitivity to a more optimistic scenario, wherein
we enhance our understanding of systematic uncertainties by an order of magnitude relative
to current estimates, assuming considerable advancements in detector performance-related
uncertainties. Furthermore, dedicated investigations into the fragmentation modelling of HV
processes would be essential for a deeper comprehension of these aspects. With such an
improvement, we would expect a substantial increase in sensitivity, enabling the discovery
potential across a significant portion of the available phase space. However, we must stress
that this is merely an informed projection, intended to underscore the importance of striving
for the optimal design of future collider detectors and advancing Monte Carlo tool develop-
ment to reduce modelling uncertainties.

5 Conclusions

Studying particle correlations in high-energy collider experiments provides crucial insights
into the behavior of matter under extreme conditions, reminiscent of the early universe before
quarks and gluons combined into hadrons. This method can serve as a complementary tool to
traditional searches, offering the potential to detect new phenomena, including physics BSM,
as proposed in Refs. [12, 13] and explored in this work.

Inspired by experimental findings of unusual angular correlation patterns in hadronic col-
lisions, we investigated the potential for detecting hidden sectors at future e*e™ colliders
through two-particle angular correlation studies at the detector level. Our focus was on
a QCD-like HV model, which includes v-quarks and v-gluons interacting with the SM via
communicators with masses typically below 1 TeV. The analysis concentrated on D,D, pair
production at /s = 250 GeV, around the expected mass of the lightest communicator in this
scenario, with a brief extension to higher energies (up to 1 TeV), where we observed similarly
encouraging prospects [8].
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In summary, the results demonstrate that two-particle azimuthal correlations at a future e*e™
Higgs factory could be an effective tool for uncovering new physics, assuming it is within
the accessible kinematic range. Although this study focused on a specific HV model, other
hidden sectors would likely produce comparable signatures. Additionally, we cannot rule
out the possibility that collective effects, unrelated to BSM physics, could contribute to the
observed correlations. These correlation-based approaches, which detect diffuse signals dis-
tributed across numerous final-state particles, should be considered complementary to stan-
dard methods, thereby increasing the likelihood of discovering new phenomena at future
collider experiments.
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