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Introduction

The Standard Model is our best current understanding of the fundamental structure of the Universe

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter
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higgs

v Includes all particles so far discovered

v Incorporates three of the four fundamental forces

v Explains the mass of particles

v Agrees with the majority of experimental
measurements

However, it falls short in several places, e.g.

x Why is there more matter than anti-matter?

x What is dark matter/energy?

x How does gravity fit in?

x Do neutrinos have mass”?

We need to explore new phase spaces to search for Beyond the Standard Model physics
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The largest particle accelerator ever built

Large Hadron Collider (LHC)

26.7 km circumference

100 m below the surface of the Swiss-
French border at CERN

Colliding protons together at centre-of-
mass energies up to /s = 13.6 TeV

At full capacity, each beam comprises 2,556
bunches of protons, each containing around

10" protons and undergoing collisions
every 25 ns

When proton bunches cross over, multiple

proton-proton interactions occur
simultaneously (~40 on average in 2017)
» Typically, at most only 1 “event of
interest” per bunch crossing
» Additional interactions referred to as
“pile-up”
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Several detectors positioned around the beamline to
record the products of proton-proton collisions
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The ATLAS Detector

A Toroidal LHC Apparatu$S (ATLAS) is one of two large general-purpose particle detectors
at the LHC

Cylindrical design to cover almost the entire solid angle around the interaction point
Made up of a series of concentric layers, each detecting a different component of the
interaction products:

! Inner Detector (Pixel, SCT, TRT):
measures the trajectories and
momenta of charged particles

) Calorimeters (ECal and HCal):
measures the energy of EM and
hadronic particles, respectively

) Muon Spectrometer: measures
the momenta of muons

) Solenoid and toroid magnets to
curve charged particle trajectories

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Photon-Photon Collisions

One largely unexplored area of particle physics is photon-photon collisions
* At ultra-relativistic speeds (e.g. at the LHC) the EM field around protons is compressed
to resemble a flux of photons

v=0 V~C

* When protons narrowly miss each other at the ATLAS IP, these photons can interact to
yield central production of particles
» Proton guantum numbers are unchanged
» For low-Q? interactions they can remain intact
» Continue down the beam at a scattered angle due to energy loss

22/07/2026 SEARCH FOR MISSING MASS )




Intact and Dissociated Final State Protons

* |f both protons remain intact (elastic interaction), central signature is exclusive
» Contains only centrally produced particles (n~0) and outgoing protons (high-n)
» Leaves rapidity gap in low to mid-rapidity region
» Energy in central production exactly equal to energy lost by protons

If BSM particles are centrally produced and not detected by ATLAS, their mass
will be “missing” from the central energy predicted by the proton energy loss

* Qutgoing protons can become excited and break apart into hadronic showers
» No longer simple to constrain the energy of the central system

Exclusive
process

Elastic-elastic (EE) Single dissociative (SD) Double dissociative (DD)
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Soft-Survival

*  Protons can undergo further interactions following elastic photon exchange
» Produces additional particles at low to mid-rapidity “killing” the rapidity gap
» Probability that this does not happen is parametrised by the soft-survival probability S < 1

* Dependent on momentum transfer Q2 and properties of central system e.g. dilepton mass for
photon-induced dilepton production:

2 2007.12704
]- S T T T T 1 82
P 0.8 Hﬁ\ 0.8 mi_l_‘_l—\—
0.6 F EL — 0.6 -
SD (el.)
SD (inel.) ——
0.4+ DD —— 04+ EL —
SD
DD —
0.2+ 1 0.2 |
—
p
0 sl el . . 1 P C el e |
0.1 1 10 100 OID 100 1000
Q? [GeV? My [GeV]

* Reduces the cross section of exclusive photon-induced processes
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https://arxiv.org/pdf/2007.12704

ATLAS Forward Proton (AFP) Spectrometer

* How do we measure the energy lost by protons which interact via photon exchange?
» Protons are scattered at small angles (O(prad)) proportional to their energy loss
» Position detectors far down the beamline where transverse deflection is significant

A-side ATLAS C-side
sector 8-1 Interaction Point 1 sector 1-2
Q6 AFP Q5 Q4 TCL4 Q3 Q1 Q1 Q3 TCL4 Q4 Q5 AFP Q6
mEmIEeE O 1L
(I J J o
ALFATCL6| TCL5 D2 DI Q2 Q2 D1 D2 TCL5 |TCL6ALFA
FAR station NEAR station NEAR station FAR station
217.909 m 205.824 m 205.217 m 217.302 m
Time-of-Flight Silicon Tracker SIiT SIT Silicon Tracker Time-of-Flight
bar plane plane plane plane bar
3 2 0 P3 P2 P1PO ||P3 P2 P1 PO y PO Pl P2P3|| POP1P2P3 0O .
m ... ? Proton fractional
§N==== X energy loss:
o I AN T s
., / AE proton
v 150 distance i f e\/%% 150 d|stance f e
& 3Pl —
beam 2 diffractive protons beam 1 Ebeam
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Roman Pots (RPs)

* Each station
mounted on
moveable RP

* Allows detectorsto .,
approach with 2 mm
of the beam

etector ™

Time of Flight (ToF)

* Measure arrival time of protons at
O(10) ps precision

» Reconstruct vertex position
atIP

* Cherenkov detector

* L-shaped light-guiding quartz bars

* 4 bars parallel to beam = train

* 4 trains per station

* Light collected by MCP-PMT for
readout

A-side ATLAS C-side 10w
sector 8-1 Interaction Point 1 sector 1-2 g
Q6 AFP Q5 Q4 TCL4 Q3 Q1 Q1 Q3 TCL4 Q4 Q5 AFP Q6 )
I o O o () O M1 M
] Ll . Ll o 10
ALFATCL6| TCL5 D2 D1 Q2 Q2 D1 D2 TCL5 TCL6ALFA
v . v . - 1014
FAR station NEAR station NEAR station FAR statlon 3
217.909 m 205.824 m 205.217 m 217.302m
Time- of Fllght Silicon Tracker SiT SiT Silicon Tracker Time-of-Flight
plane plane plane Iane bar 10"
-.i 0 P3 P2 1 PO ||P3P2P1PO ?y PO 'p1 P2 P3| PO Pl .-.. 3
o™ [32]
- i 1012
o ---- R ---- o
150 distance 'y J\M@f 150 dlstance v
peam 2 diffractive protons peam 1 ST e e e
x [mm]
Silicon Trackers (SiT)
.
ToF LQ-bars SiT » Measure incident proton trajectories
p3 P2 P1 PO

Radiators

* Two stations (NEAR and FAR) per
side

* Four 3D silicon pixel sensors per
station

* Need to withstand upto 3 x 103
ne,/cm? per fb! collected

* 336 x 80 pixels in x-y direction

* 50 x 250 pm? per pixel

* Tilted 14° abouty axis to improve
resolution
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AFP Alighment

Measurement with AFP requires precise alignment of the detector components:

Local (Interplane) Alighment

* Alignment of the 4 sensor y
planes within a given SiT P SITPlanes
station SN

* Eachplane has6d.o.f.: "

* xandytranslationandz B
rotation most important

* |terative procedure performed on
reconstructed tracks

V4

* (Calculate residual between track and cluster

Global Alignment

* Alignment of the 4 AFP stations with the central
ATLAS detector

x(s,t) =

Lpre-align

+ Ltracker +

 Raw track position

Lbheam (S)

_|_

IRP (S, t)

Howeor: (s)

* Beam position—measured in special runs
* Roman pot position — distance of insertion
* In-situ correction - from analysis of dimuon events

Centl‘eS P p § 30? A;‘MSPr;Ii;nin;w G;u;silanﬁt | E
» Perform fit to minimise residuals S T damn " i agme0ns sy
12 = F  « data - background

> Repeat ! g 15 ’ 3
p £ :
5H =
! ¢ oiﬂ JH‘ S e
_52— +H H after alignment correction —i
P P R s S
Xpp = Xy [MM]
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Forward Proton Reconstruction

Proton fractional energy loss:

AE’proton

Coordinates: Interplane Coordinates: Global Tak.e NEAR
charge- linear station x and

alignment

£ =

alignhment
Ebeam

weighted ti regression of ti Ax slope
average of correction cluster correction between

hits applied positions applied stations

) 2 =)

T % T T T T T T
constant § ! ATLAS Simulation Preliminary

Unique mapping

between (x, Ax) and
(p,, €) of proton

 SiT pixel SiT
hits clusters

constant py

Hits recursively  Atleasttwo ~ Tracks in both _ S< RTINS
combined with clusters in SiT NEAR and FAR '
neighbours station combined stations combined

..........

XFAR - XNEAR [MM]

4 -0.5 |

Selection: only Selection: x-y Selection: distance
consider neighbours separation of between tracks in x-y 4
in x direction clusters < 0.5 mm plane <2 mm

I ! ! L = 1 ! ! I
14 12 10 8 6 -4 -2 0 2
x position in AFP NEAR [mm]

gl AFP acceptance: 0.02<€£<0.12

22/07/2026 SEARCH FOR MISSING MASS 11



Analysis Motivation

* Forward proton measurements from AFP allow calculation of full four-momentum of
the central interaction in elastic photon-exchange processes
* Compare to central system measured by ATLAS to determine what’s missing
» Could reveal BSM particles not detectable by ATLAS e.g. dark matter, SUSY, etc.
* Perform search for missing mass X produced alongside visible boson-like V decaying

to leptons

» Reconstruct mass of X and perform search for narrow resonance

37.2 b~" (13 TeV)
' b | ' ' ]

| CMS-TOTEM
PP - ppZ(pp)X
150;—

95% CL limit on ogq4 [pb]

0.075
0.050F

0.025f

—— Observed
--- Expected
95% CL
68% CL

P S R
0.000 600 800 1000 1200
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P » ° > P

Equivalent analysis

published by CMS
No significant
excess observed,
limits set on signal
Ccross section

P >
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https://arxiv.org/abs/2303.04596

Missing Mass Method

The missing mass present in each eventis calculated as:

P g 2 —>\2 Improves over
e = (B = Eu)” = (7 = i) _, ATLAS missing

AEPA + AE,, Ly transverse

— 0 _ Py energy as it

0 Pﬁf includes the

| \AE,, —AE,, Py il longitudinal

- v o ~ component

P > AFP ATLAS

where AE,, and AL, are the energy losses of the protons detected on AFP sides Aand C
respectively and we assume that the transverse momenta of the photons is negligible.

Resolution measured to be ~50 GeV across the measured range

22/07/2026 SEARCH FOR MISSING MASS



Signal Simulation

Comparison between two generators using very different assumptions on underlying processes:

* Standalone SuperChic and MadGraph within Athena

(SuperChic: 300 <m, <900 GeV\

MG ALP: 200 < m, < 800 GeV

MG ZH: 100 < m, <800 GeV

¢ = electron or muon

\_ J

I Short-lived

-
-
vy Sl ,,<
-7 s
g TS~ :
Sy Long-lived
L -

-
(SuperChic (Simple dedicated generator):\
New process implemented, simple direct
simulation
. J
> MadGraph (ALP production):
Testing axion-like particle process with two
ALPs: One long-lived (X) and the other (V)
g decaying to leptons
MadGraph (Higgs derivation):
Custom Higgs mass, forced to not decay to
mimic our X particle
- \. y,
Example LO diagram p
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Signal Kinematic Comparison

* Kinematic comparison between signal models with my, = 500 GeV at generator level:

Dilepton p;

> F N L IR T I IR IR
& 0.12F ATLAS Simulation —— SuperChic Z+X
10 - Vs=13TeV MadGraph di-ALP -
> 0.1 Generator-level -
'E' T pp — pV(u“)Xp == - MadGraph Z+H .
© 0.08 .
et C ]
© 0.06f —
5 §
= 0.04 -
© ]
L 0.02F Lo -

e i I .
%950 100

RETE EREEE R R RN B Mt
150 200 250 300 350 400

p,(Il) [GeV]

Fraction of events / 0.005

Proton &

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

II[lllllllIIIIIIIIIIIIIIIIIlIIIlIIIlI

ATLAS Simulation
Vs =13 TeV
Generator-level

pp — pV(uu)Xp

L B L
—— SuperChic Z+X

MadGraph di-ALP
-+-+- MadGraph Z+H'

!IIIIIIIIIIIlllllllIIIIIIIIIlIIIlIIllI

L

8

* MadGraph models have significantly higher dilepton p;

» Balanced by higher skew of proton § distribution

* Dilepton and missing mass distributions well matched with equivalent widths
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Data

* Only 2017 data available for AFP in Run 2
» In 2015, AFP was not yet operational
» In 2016, AFP was inserted only on side C

» In 2018, data was recorded with AFP but was incorrectly synchronised with ATLAS
* 46.9fb" recorded by ATLAS in 2017:

0 = EX =~ EE = X5 = X0

ATLAS GRL AFP GRL gemove low
Vi - . . : efficiency runs

upprescalgd single apd ~« All stations inserted to nominal data-taking positions
dilepton triggers applied * Atleasttwo SiT planes in each station have high voltage on
» DataAcquisition system is fully functional
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Pre-Selection

Define pre-selection to create sample for data-driven background modelling and studies

during the analysis:
* Require at least two same-flavour, opposite sign leptons (e*e" or p™u")

* Require exactly one proton per side
<1 proton on at least 1 side Exactly 1 proton on both sides >1 proton on at least 1 side

P P P

" Reconstruct missing mass
using one proton per side
(assuming they are the
correct protons)

Cannot reconstruct No way to select between

missing mass without
protons on both sides

multiple protons on the
same side
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Signal Selection

Define signal selection to optimise signal-to-background ratio and use for final fits:

Feature Signal Region Criterion
Electrons
L lent Kinematic pr > 18 GeV
OO.SG epton Identification LooseAndBLayer
requirements to
.. - Muons
maximise statistics
Kinematic pr > 15 GeV
[dentification Medium
Dilepton i A
p Impose loose dilepton mass cut
Charge qe, +qe, =0 to remove quarkonia and dilepton
Kinematic pr > 20 GeV
Mass e > 50 GeV p; cut to remove background
Track number Ngf;g}% Mey = 0
corresponds to region where Kinematic 0.035 <& < 0.08
L . NEAR station track z < —3.5 mm
efficiency is well understood Number of stations Double only
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Fiducial Selection

Define fiducial selection similar to signal selection
* Applied at generator-level to simulated signal samples
* Reduces search phase space to the one which our detectors are sensitive to

’@' K ! ' ' |
22 14~ ATLAS simulation icZ+X iteri
S | Vs=13Tev, 1u4é7?b4__51? fﬂ‘;";ec;‘,ﬁ;ﬁﬁijw: Feature Criterion
% 12; pp — pV(uu)Xp —4— MadGraph Z+H' _|
- - Generator-level 1
s | pt > 18 GeV
2 10 5 Electrons
3 8 ]
g
l i pt > 15 GeV
o Muons 54 (Generator level & cut\
i < Z.
4 . U greatly reduces
o _ E Same flavour, opposite charge background from
: I SN : : incorrectly selected
. . _ ey Dilepton system mee > 50 GeV .
00 200 400 600 ,:OC;G;V(}OO o protons (mOI’e InNa
X Pt > 20 GeV

few slides
Fiducial selection efficiency for \ S ) /
each signal model and mass Iwr'

* Events falling outside fiducial selection considered as additional background component
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Track Veto

High track density resulting from multiple Require a clear

overlapping interactions window (no other Distance of the closest additional inner
detector track to the dilepton vertex

tracks) around

3
dilepton vertex £ 182 'ATLIAslll_IBe{Ckgr(ljundl
g 10 fs=13Tev, 147107 gllgr;::quirement
ee 0 o 51— pp > pVNXp
R A Significant 5 10°
reduction in 2107
non-exclusive 2107

backgrounds
even with small
window size

A R I B BN S B srrerern UL
0O 05 1 15 2 25 3 35 4 4°

Minimum track distance to dilepton vertex [mMim]

" 10

‘ \ > Signal efficiency much higher due to no additional
ATLAS :..... \ L2V ; event components —only loss is due to random

EXPERIMENT 2018-

intercept by tracks from pile-up interactions
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Low-p; Tracks

Standard “high-p;” ATLAS tracks have p; > 500 MeV
* Many background processes have soft tracks below this threshold
* Including “low-p;” tracks could greatly enhance the power of the track veto

New technique now available for track reconstruction down to p; > 100 MeV (described in

ATL-COM-PHYS-2024-270)
*  Computationally expensive and slow process
* Performed on filtered sample with maximum of 15 high-p; tracks within track veto

window

" Projection: Reality:
Up to 5 times improvement in Extremely low statistics in data and
background rejection signal samples
Only 20% additional loss of signal Unstable fitting requiring increased bin

Up to 2 times improvement in widths
sensitivity Degraded any potential improvement ®
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https://cds.cern.ch/record/2897513

Low-p; Tracks

Standard “high-p;” ATLAS tracks have pT > 500 MeV
*  Many backgroundasaans : :
* Including “low 4

k veto

New technique n

aReciiee Huge potential for a

*  Computationa

° Pgrformed on f futu re analysis With n track veto

window

" Projection: a la rger dataset!

Up to 5timesin stics in data and
background reje:

Only 20% additionatiuss Ui sigiiat : = UlIotamte iitung requiring increased bin
Up to 2 times improvement in widths

sensitivity * Degraded any potential improvement ®

eV (described in
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Background Modelling

Dominant background in combinatorial background signal ! ( Background
» Central dilepton systems from SM processes P
wrongly combined with unassociated protons from g AP C

independent pile-up interactions M\ .
p AFP A
P

(Central dileptons come from several SM processes: \ ( (

* [+jets
*  Top quark production: Wt and ttbar Protons originate mainly in single-diffractive
* Diboson production: WW, WZ and ZZ (QCD Pomeron exchange) processes between
* Photon-induced dilepton production: lland WW pile-up protons

( Misidentified (fake) leptons j

" Modelled using data-driven event mixing procedure:
* No simulation required
* No scale factors or corrections
* Only systematics come from normalisation and

statistical uncertainty
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Event Mixing

* Primary background in AFP analyses is combinatorial
» Formed by incorrect combination of protons with uncorrelated central interaction
* Easily and accurately modelled using data-driven approach event-mixing:

1. Select even shifti Per event: Finalstep:
between 1 and N-1

(N — Sample Size) Proton \ fProtonsO Leptons n-1
oty Protons 1 Leptonsn

2. Separate central and

t t Protons 2 Leptons 0

pro on Componen For all Proton Protons 3 Leptons 1 Central
of each event events [EEUUEIE] < Protons 4 Leptons 2 > container

3. Shift central Protons 5 Leptons 3

Leptons

components by i -
positions along the e ner ) \
dataset

4. Recombine shifted
event components
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Background Modelling

Dominant background in combinatorial background signal ! ( Background

» Central dilepton systems from SM processes P
wrongly combined with unassociated protons from 4 AFP C

independent pile-up interactions M\ .
p AFP A
p

(Central dileptons come from several SM processes: \ ( (
* [+jets
* Top quark production: Wt and ttbar Protons originate mainly in single-diffractive
- Diboson production: WW, WZ and ZZ (QCD Pomeron exchange) processes between
* Photon-induced dilepton production: Il and WW pile-up protons

( Misidentified (fake) leptons

J

" Modelled using data-driven event mixing procedure: Can average over several mixed samples
* No simulation required with different event-shifts to create high
« No scale factors or corrections statistics background model
* Only systematics come from normalisation and
statistical uncertainty

Weuse2=i=101 ~1% uncertainty
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Background Validation with MC

Create secondary background model using MC simulation to validate data-driven model
» Simulate central SM processes

» Overlay database of randomly assigned pile-up protons taken from 2017 data

» Model fake lepton contribution using same-sign lepton selection on data

> T LA RN RN RS = AR RRREN LN LR R SRR R RN R
[0} . T £ = . -
15 ATLAS B Z+jets [t = ATLAS WZ+jets  EYI
3 gL - torew a7 HoGoEn B Excellent agreement § T oot TeV, 147" Wotoson. Wing 5
% Ep t_> p:(mtt)Xp + Data-driven model O bserved 8 L _T_p —:(th(uu)Xp ¢ Data-driven model i
G 107 —— Data-driven model 107 e 3
2 C ]
. . . . c C ]
10° validated for use in final fits 2 o2l )
10° - - i i
. . . 1073 =
1P Distributions after track veto are i
normalised due to known
10 . . . 107
mismodelling of underlying event
%1.051,_ T Rttt ] Still good agreement 9 1.21_{ __________ T LX)
£ 2095700 200 300 400 500 600 700 800 900 1000 s 08 700200 300 400 500 600 700 800 600 1000
ol ] m, [GeV] o5 m, [GeV]
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m% = (B, — Eu)* — (b3, — )

1 AE{M +AE:J( El?(
Signal-Induced Background o) (o
- 0 N p;ff
AEPA - AEP(' Pi{
* Significant amount of pile-up protons detected in AFP b —_— <~
* Signal protons can go undetected due to being outside AFP acceptance or AFP ATLAS
detector inefficiency E 16} ATASSoon '-;Aatch'ed ' _
* Pile-up proton detected in its place will be accepted by the selection as a B 1.4F 5= 13;113;,14.7fb" —— Mismatched
signal proton g2 e 3
Enatp /" Matched Protons [ Mismatched Proton/s ) I E

|
ms = Ve

E | PR IR S SR I i
00 100 200 300 400 500 600 700 800 900 1000

my [GeV]
p p > L L L B I B IR R I I
k j \ P / & 1.6 ATLASSImulation [ Matched =
- Causes inaccurate reconstruction leading to significant smearing of the 3 1-‘2‘; e - Mematched - 4
signal peak in the model (values away from signal peak): § [ SuperChic 900 Gev E
= :
- Effect becomes large at extreme values of my, especially high values "o
» More likely for signal protons to fall outside AFP acceptance 0.6¢
0.4
Dominantly occurs for events outside the fiducial selection 0.2
These events are included as an additional background component 05~760"200 300 400 506600 700 80%9%);\?]00
R Ee———m—m—m—eeeeee e X
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Systematics

Dominant systematic uncertainties arise from track veto and AFP in signal simulation:

Uncertainty on signal efficiency h [ Uncertainties in AFP \ Large variation in dominant proton
of track veto simulation systematics across signal mass range
Taken from difference between Proton transport: e.g. proton transport:
estimates obtained using two Modifies beam slope by
different methOdS i50 Urad % : ATLASSimuIation —e— SuperChic Z+X
£ . . . = . 2 | Vs=13TeV, 147" _, 0 ]
3 oo § T Global alignment: S 90 oo VG e
S 85 le- ased metnoda in = L . Rl
5 8% +=ﬂ= f Leptgg vertex efficiency _i Modifies glObal allgnment g
2 06E * 5 3 of AFP stations by +300 3
3 0.5§ - E . i
3 8'35_ ATLAS ### E Hm i x §
L SBE n — . . pe . £
020 V5= 13TeV, 1471 ﬁ%*-g-:it+ E Smearing: Modifies width s
O P2 PP e E of distribution used to @
s 1.2F
25 1if smear truth-level proton
22 VE L et
59 8.g1§— _D_«+:ir * i**—i}# data by £0.05 mm [ |
5900 20 30 40 50 80 70 80 : :
H : ‘ : 800 1000
\ ) K j my [GeV]
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Systematics - Soft-Survival

Estimated effect of soft-survival on signal yield using photon-induced dilepton
events simulated in SuperChic

AY - Only considered for the

(
SS. . L .
P P on Ratio f|ttgd tq linear SuperChic models since
Z S parametrisation

the generator
\ - S =0.9387 - 0.000365 m implements this effect
Scale factor applied as

SS-off « Applied event-by-event : o
P D : systematic variation for
9 to signal

J MadGraph models

. . Uncertaint Effect on event yield
Systematic for SuperChic Y Y

taken from studies of dilepton Signal
exclusive production Signal model SupERCHIC MADGRAPH di-ALP  MADGRAPH Z + H’

(arXiv:1708.04053, arXiv:2009.14537 Soft survival factor 20.0%

20.0%—-38.7% 20.0%—-38.7%
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Statistical Analysis

* Originally used 50 GeV bins across full 0 = m, <1000 GeV range
» Due to low data and signal model statistics in signal region, switched to single bin
approach using mass window around hypothesised signal mass:

Signal mass [GeV] | Signal region [GeV]
100 0-300 /\/ Removed fit % Reduction in \
200 100-500 stability issues sensitivity (up to
0 20040 v Mass window factor of 2)
400 300-500 : ) :
500 400600 reduced signal- * Wider bins
600 500-700 induced required at tail
700 600—800 background to masses
800 700900 \ negligible levels /
900 700-1000
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Control Regions

* Data-driven background model normalised with respect to a control region, to avoid bias

from potential signal contamination in the data:
» Defined as my range outside the signal mass window for each signal model
» ~100 GeV gap imposed on either side for most mass points to ensure no signal contamination
» Controlregion range extended for low signal mass due to low statistics

Signal mass [GeV] [} Signal region [GeV ] Control region(s) [GeV]

100 0-300 300-400
200 100=300 300-400 Simultaneous fit
300 200400 0100, 400-450

400 300-500 600—1000 performed across
500 400-600 700-1000 signal and control
600 500-700 400450, 800—1000 regions

700 600800 450-500, 900-1000

800 700-900 400600

900 700-1000 400-600

* Approach verified using signal injection tests
» Signalinjected into data had no effect on resulting background normalisation
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Results

Perform likelihood fit between observed data and signal + background model
» Simple fits due to single-binned approach

Pre and post fit distributions for each signal model and mass:
» Pre-fit signals are normalised to 50 fb for reference

1] F 1] F [73) E
% - ATLAS <+ Data % - ATLAS - Data T - ATLAS -+ Data
E . Vs-13TeV,147fo!  [HEE Signal E . Vs-13TeV,147fo!  [HEE Signal E - Vs=13TeV,147fp' [ Signal
o t  SuperChic Z+X Background o - MadGraph di-ALP Background i ©  MadGraph Z+H' Background
[s) - pp—pV(IhXp Uncertainty [s) - pp—pV(IhXp Uncertainty =) - pp-pV(Xp Uncertainty
“ B Z - 0 E
8 E E B E 3 T my=100GeV Pre-fitE
O mx=300GeV Pre-fite __+ = Q my=200GeV Pre-fite = Q Post-fitt
‘B Post-fitE- = ‘B Post-fitf E @ my=200GeV Pre-fitt
2 my-400GevPrefitt E 2 my=300GeV Preit| E 2 Post-fitE
° Post-fith- o = ° = S my=300GeV Pre-fit:
S\ my=500GeV Pre-fit|- 5 S my=400GeV Pre-fi E <3 Past it I
T Post-fit E T Post-fi E T mx=400GeV Pre-fitg
my = 600 GeV Pre-fit E my =500 GeV Pre-fi E Post-fitg
Post-fite = Post-fitf E my =500 GeV Pre-fit£
my =700 GeV Pre-fit|- E my =600 GeV Pre-fit| E = 600 GeV Pro itk
Post- E Post-fitf E
my =800GeV Pre- —; my =700 GeV Pre-fi 3 my =700 GeV Pre
Post- - ; —
my =900GeV Pre- E my =800GeV Pre-fi = my =800 GeV Pre
Post-fitf 7 . ‘ ‘ . = / ‘ . =
0 20 30 40 50 60 40 50 60
Events Events

Equal number of cases with excess and lack of observed data compared
to background prediction — no significant sighal observed
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Results — Signal Cross Section Upper Limits

No significant deviations from SM so upper limits are set at 95% CL on the signal fiducial
cross section for each model with CL, method

T I lllllllll I ||||||||| | ||||||||| I T
- ATLAS ——Observed |

| (s=13TeV, 14.7 ib" --- Expected
_pp - pV(IXp [168%CL
- MadGraph di-ALP [ ]95% CL

I IIIIII I ||||||||| | IIIIIIIII I IIIIIIIII I IT:
- ATLAS —— Observed -

| Vs=13TeV, 14.7 fb" --- Expected
pp — pV(lI)Xp []68% CL
— MadGraph Z+H' []95% CL

IIIIIII ‘II||I\Il\lllll\lllll\lllll\
— ATLAS —— Observed

- s=13TeV, 14.7 0" --- Expected
“pp — pV(I)Xp []68%CL
| SuperChic Z+X [ ]95% CL

—_
o
N

—
o
no
—
()
[A¥]

lIlIIl
lllll

—
o
wW

—

o

N

I T T 111
I

—
o
IIIII| T T TTTTIT

95% CL limiton o [fb]
95% CL limiton o, [fb]
95% CL limiton o [fb]

l vl
—
o
|||||
—_
o
T

a 1 ?

400 600 800 200 400 600 800 200 400 600 800
m, [GeV] m, [GeV] m, [GeV]

Very similar limits around O(10) fb obtained for each model
despite significant difference in kinematics
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Results - CMS Comparison

Compare to limits from similar CMS analysis

» Use SuperChic Z+X model - designed to be

'3‘ B L I T T T I T T 1T T T"1 [
= ol —e— Observed a
« CMS have larger dataset (37.2 tb™' vs 14.6 fb) 2 10°F ?;TLAS 4 -~ Expected E
: .. 3 - \s=13TeV, 14.7 tb [ 68% CL ]
e CMS CT-PPS detector has much higher upper limit S _ ‘pp s pV(I)Xp H ] 95% CL N
on proton ¢ than AFP (0.20vs 0.12) . 10 __é.uperChic Z.X ¢ ===+ No Track Veto __
> Much higher missing mass limit ~1.6 TeV S =1 % : aEs= B SDiSAEL B
+— % ' No Vetoor SS 7
£ N B : —4— CMS Limits i
. o 1El N E
equivalent to the CMS model - s =
» Scale ATLAS limits to CMS’s fiducial region o - i

» Compare results with no soft-survival included 10~

BRSNS

T Illllll
L | IIIIIII

* Improvement in sensitivity observed for several
common mass points 107
» Mainly thanks to track veto selection
* Limits obtained at lower signal masses e e Lo 1y

500 1000 1500
m, [GeV]

T IIIIIIII
1 IIII[II
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https://arxiv.org/abs/2303.04596

Results — Model Independent Limits

Additionally obtained model-independent upper limits at 95% CL on the visible cross-section

* Visible cross-section = cross-section x acceptance x efficiency for BSM processes

*  Generic signal model used with 50 GeV width in single-bin fits

* Limits obtained both with and without the track veto applied, to allow for non-exclusive signals

— lIIIIIIIIIIIIIIITT]]IIITTTIII|IIIIIIIII|ITTT]]III — —lIIIIIIIIIIIIIIITT]]IIITTTIII|IIIIIIIII|ITTT]]III—
é 103 ATLAS —— Observed - é ATLAS —— Observed
F  Eis-13Tev,147f" - Expected 1 2 10E(5_13Tev,147f"  --- Expected
“pp — pV(Xp [ 168% CL ] " pp — pV(Xp [ 168% CL ]
s . Model-independent []95% CL i s - Model-independent []95% CL 7
o ©° (@) i © _ - ¢
E 102  Without track veto | E  With track veto | Exclusive limits
= : 1 = obtained down to
—J N § —J 1_— -
O B 1 O - g below 1 fb!
32 - - 32 5 - . e
% jok ) % : ] High level of sensitivity
: ] ! | to a wide range of
: - 1071k i potential BSM physics
1= E : : S
:IIIIIIlll|IIIIIlltI|IIIJJlIII|IIlllIIII|IllLIIIII: _IIIIIIlll IIIIIlltl|IIIJJlIII|IIlllIIII|IllLIIIII_
0 200 400 600 800 1000 0 200 400 600 800 1000
m, [GeV] m, [GeV]
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Paper in JHEP Coming Soon!

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

@)

ATLAS y 7%

EXPERIMENT

Submitted to: JHEP CERN-EP-2025-284
24th March 2026

* Full analysis team:

Missing-mass search in forward-proton-tagged

Adrien Auriol®, Maura Barros®, Peter Bussey®, Nuno Castro®, Dave Charlton¢, leproneyEnts Wit e AL LAS dersctor

Aleksandra Dimitrievska?, Andrew Kirk{, Josh Lomas?, Viktoriia Lysenko®, Paul

. The ATLAS Collaborati
Newman?, Ferhat Ozturk!, Andre Sopczak®, Rafal Staszewski!, Marek Tasevsky?® ¢ SR

A search is conducted in proton—proton collisions at the Large Hadron Collider for photon-
induced production pp — pp + yy, (yy — VX) of a visible particle V decaying into a pair
of same-flavour charged leptons (e*e™ or u* ™) and an undetected invisible component X.
Measurements of the outgoing proton energies by the ATLAS forward proton spectrometer
allow the full photon—photon four-momentum to be reconstructed. By subtracting the visible
four-momentum of the central system measured with the ATLAS detector, the ‘missing mass’
of any event components not detected in the central region can be reconstructed, enabling the
reconstruction of X without knowing its properties, thus allowing the search to be model-
independent. A search for a narrow resonance is performed in the missing-mass spectrum
between 100 GeV and 900 GeV. The analysis uses data collected in 2017 from proton—proton
collisions at a centre-of-mass energy of Vs = 13 TeV, corresponding to an integrated luminosity
of 14.7 fb~!. No significant excess over the Standard Model expectation is observed and upper
limits at 95% confidence level are set on the fiducial cross sections for three different signal
models in the range between 128 and 2.5 fb. Additionally, model-independent limits are set on
the visible cross section of BSM processes, for two sets of selection criteria. Both individual
lepton flavour decay channels of the visible boson and a combination of the two channels are
considered.

aLaboratoire de Physique de Clermont-Ferrand (LPC), ®Laboratério de Instrumentacdo e Fisica Experimental de
Particulas (LIP), “University of Glasgow, ‘University of Birmingham, *IEAP CTU in Prague, "Institute of Nuclear
Physics Polish Academy of Sciences, Institute of Physics of the Czech Academy of Sciences

arXiv:2603.20837v1 [hep-ex] 21 Mar 2026
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https://arxiv.org/abs/2603.20837

y4

A-side ATLAS C-side
sector 8-1 Interaction Point 1 sector 1-2
Q6 AFP Q5 Q4 TCL4 Q3 Q1 Q1 Q3 TCL4 Q4 QS5 AFP Q6
BB ) 1
o L |
ALFATCL6| TCL5 D2 D1 Q2 Q2 D1 D2 TCL5 [TCL6ALF
\J Y \J ]
FAR station NEAR station NEAR station FAR station
217.909 m 205.824 m 205.217 m 217.302 m

Summary

The first ATLAS analysis to search for
BSM physics by reconstructing the
missing mass spectrum using AFP
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* Three independent signal models tested, with varying kinematics
* Very high background suppression achieved using track veto
selection to significantly improve sensitivity
* Data-driven background model using event mixing of central
(ATLAS) and proton (AFP) event components - validated using MC
* Dominant systematics from AFP and background normalisation
* Obtained O(10 fb) upper limits on signal cross section for all models
» Additional model-independent limits on the visible cross
section for BSM physics obtained down to ~1 fb

Paper now publicly available in arXiv! [2603.20837]

Accepted by JHEP in June and awaiting publication!

95% CL limit on o, [fo]

95% CL limiton o, [fb]
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L e
TATLAS‘ | - Observed |
F {s=13TeV, 14.7 b’ --- Expected -
[ pp — pV(I)Xp []68% CL
SuperChic Z+X [ ]95% CL
o b b b0

400 600 800
m, [GeV]
IIIIIIIII [IIII|TTII|III11]TII|IITTTIIII|1TT!IIIII—
ATLAS —— Observed
F(s=13TeV, 14.7 b --- Expected
Cpp — pV(Xp []68% CL
| Model-independent [ ]95% CL

| With track veto
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0 200 400 600 800 1000
m, [GeV]

* Up to 280 fb! of data recorded in Run 3 for a future version of this analysis!

22/07/2026

SEARCH FOR MISSING MASS

37



https://arxiv.org/abs/2603.20837

Back-up
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AFP Simulation

* Dedicated fast simulation developed separated from central ATLAS simulation:
» Simulates transport of truth-level protons through LHC beam optics to AFP
» Kinematic smearing applied to simulate reconstruction resolution in AFP

» Can be simulated down to silicon hit clusters or tracks
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Signal Kinematic Comparison

Fraction of events / 5 GeV

* Kinematic comparison between signal models with my = 500 GeV at reconstructed level:

Proton &

Dilepton p;

F L B B L R B ELERLE
0.14F ATLAS Simulation —— SuperChic Z+X
- Vs=13TeV Al ]
0.121= Reconstructed-level MadGraph di ALP—:
0.1 PP — pV(up) Xp -+=-- MadGraph Z+H" 7
0.08 E
0.06 =
0.041 =
0.020 | ool T 3
O:J_ré"i-';—ul L .‘-:-‘TIT‘-FI-Q_U el ]

0O 50 100 150 200 250 300 350 400
p.(Il) [GeV]

Fraction of events / 0.005

o
w

IIIIIIIIIIIIIIllllllllllllllllll

0.25

o
\S)

0.15

o
a

0.05

T | T T T | T T T
ATLAS Simulation
Vs =13 TeV
Reconstructed-level

pp — pV(uw)Xp

r

T | T T T | T T T
—— SuperChic Z+X

- MadGraph di-ALP
-+-+- MadGraph Z+H'
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* Proton ¢ range highly restricted by reconstructed-level selections
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Object Selection

Selections applied to physics objects used in analysis:

Feature Electron/Muon Event Criterion
pr > 18/15 GeV
7| < 247/2.4
[dentification Loose
Isolation Loose

[ Track-to-vertex ]{ dUBL| Jo (dy) <5/3

association cuts AzP sin 9| < 0.5

Proton quality Medium
Proton & 0.02 <& <0.12
Proton reconstruction Single or double-station

Single-station reconstruction is less precise
proton reconstruction used when there is only a
single track in the FAR station
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Background Validation with MC

Create secondary background model using MC simulation to validate data-driven model
» Simulate central SM processes

» Overlay database of randomly assigned pile-up protons taken from 2017 data

» Model fake lepton contribution using same-sign lepton selection on data

%107IIIIIII\I|I\II| IIIIIIII |I\III\IIIIIIIIlI_\III\III %107IIIIIII\I|I\II| IIIIIIII |I\III\IIIIIIIIlI_\III\III
10} ATLAS lzfjets [t 0] ATLAS lzfjets [t
B L 15=13TeV, 147 10" =g!b°|50t" =17'L B L 15=13TeV, 147 10" =g!b°|50t" =17'L
~ ingle top arKes ~ ingle top aKes
% PP = pV(1)Xp ¢+ Data-driven model % Pp — pV(ee)Xp + Data-driven model
0>J 5 No track veto 0>J 5 No track veto j
@ 10 @ 10 Excellent agreement
100 100 observed
i i Data-driven model
validated for use in
10° 10° . .
final fits
10 10
o 1.05 o 1.05
= 1 = 1
%;’ 0.95 160 200 300 400 500 600 700 800 900 1000 %;’ 0.95 160 200 300 400 500 600 700 800 900 1000
[alS m, [GeV] [alS m, [GeV]
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Background Track Veto Effect

Estimated effect on the background composition after applying the track veto

» Quark-induced backgrounds with additional underlying event activity are heavily suppressed
» Exclusive photon-induced backgrounds become as large as Z+jets

» Distributions are normalised due to known mismodelling of underlying event

- AARN LRRRE RRARE RARRN RRRR RAARNRARRNRRRRNRARRN RRRR - AR AR RR AR AN RN RAARNRARRNRRRRNRARRN RRRR
S [ ATLAS Mzdes Wl 1 B[ ATLAS Bziets W]
;C, /s =13TeV, 14.7 b =t[i)iboson =§inkgletop§ f E /s =13 TeV, 14.7 b =t[i)iboson =§inkgletop§

akes B akes
8 "I)'p _:( th(uu)Xp ¢ Data-driven model - 8 _T_p _:( th(ee)Xp ¢ Data-driven model . 4
O 4 rack veto N o 41l Track veto | / .
210 ] 20 ; Good agreement still
€ . I= - .
] - o - e
T 102 1 &L ? observed

] - 1 Comparison is less
10° . 107 E direct due to

modelling issue

1

10 10
o 1.2 . o 1.2 ya
= 1 e S N S B B S * = 1_;.. +¢“._..,.._ ...... o 2. % e g
| S . °°* . S v
e 0.8y 160 200 300 400 500 600 700 800 900 1000 £Q 0.8 160 200 300 400 500 600 700 800 900 1000
© = © =
o] m, [GeV] 0o m, [GeV]
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Track Veto Signal Efficiency Closure

* Comparison between closure study in muon and electron channels

Muon Channel Electron Channel
= 1: Trrrr rrrrrrrrrrrrrrrrrrr g = 1:' Trrrr rrrrrrrrrrrrrrr1rrrr g
S 0.9E ¢ Data (uy) = S 09F 4 ¢ Data (ee) =
2 08E % Pile-up based method in MC 3 2 o8E % Pile-up based method in MC 3
b= 0_7§_ Bne Lepton vertex efficiency = £ 07 ; -, Lepton vertex efficiency =
©  0.65 . © 0.6 .
> = o = =4 o
g o5 - ([ 50.6 £ 0.3% g os] . ([ 50.4.+0.3% |
Q AE EnS —= o AET - =
4 0.3E ATLAS - = 4 0.3El ATLAS L =
0.2E Vs=13TeV, 14.7 fo *e g | = 0.2E' Vs=13TeV, 14.7 fo '?_g__qi_ =
0.1E- pp— pV(up)Xp ¢ = 0.1E- pp—> pV(ee)Xp =
0—. | T SN S S N TR TN SR S N TR T N SR N T SO N | |- M 0—. P I S S T T T T R
> E > E
o 1.2 o 1.2 4
et 1 |12%| 2% 11 ¢ jﬁ:ﬁ H l16%l
o S Qo =
2> -t = = = e w *%ZH% ....... 25 A R ? *ir*{} T 9 ...
8Q 09E | + E= 09 ~+
o8t | I . ¢ 0.8E R
10 20 30 40 50 70 80 10 20 30 40 50 60 70 80
u u

* Higher uncertainty observed in electron channel
» Attributed to Bremsstrahlung emission from signal electrons and larger effects from track-to-vertex
matching requirements, due to poorer ee vertex resolution
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Systematics - Central

Several systematic uncertainties relating to the central event are considered

Uncertainty Effect on event yield [ Uncertainty on Signal efficiency \
Signal of track veto
Signal model SuperCHiIc  MaDGrapPH di-ALP  MaDGrAPH Z + H’ Taken from difference between
Track veto signal efficiency 16.1% 16.1% 16.1% estimates obtained USing two
Pile-up reweighting 3.1%—4.6% 3.6%—4.4% 3.7%—4.4% ]
Luminosity 1.2% 1.2% 1.2% different methods
( Electron energy scale 4.0%-5.3% 3.9%—5.8% 3.6%—4.5% ‘~C>" 091§ | ¢I Data () | | | _E
Electron resolution 3.9%-5.3% 3.9%—-5.8% 3.6%-4.5% é 83; <+~_a_ 4 Egg;gﬁ 5:‘;:3 g;ﬁé?::cg] MC :g
\ Electron trigger efliciency 0.6%—0.7% 0.6%—0.7% 0.6% g 0:62 _i_—a—_i_ _E
All standard Electron isolation efficiency 0.6%—0.7% 0.5%—0.7% 0.5%—-0.6% % 82 é_ _i_-ﬂ-_a_ :é
electron/muon Electron trigger scale factor 0.6%-0.7% 0.5%—0.7% 0.5%—-0.6% ) 0:3 g_ ATLAS . _U__H__g__?_-n- _g
uncertainties Electron reconstruction efficiency  0.0%-0.7% 0.1%—0.7% 0.1%-0.6% %21%: Fﬁ: 1p:3\/-(r$$=>(:)4'7 fo ° '9‘_2_ * :%
] < Electron 1D efficiency 0.0%-0.7% 0.0%—0.7% 0.0%—0.6% 0E— . L L . L . 3
relatl.ng to MC Muon energy scale 3.9%-5.2% 3.8%—5.7% 3.690—5.5% = % 11..215: . _¢__¢__§J__JE_
considered for Muon resolution 3.8%-5.27 3.80-5.7% 3.690-5.7% &%é 09E "+:¢_" D ""‘:ﬁ'ﬁfik' """"""
KSignal sam plesj Muon momentum scale 3.8%—5.2% 3.8%-5.7% 3.5%-5.5% 0.8E 10° 20 30 70 50 60 + 70 80
Muon trigger efficiency 0.2%—0.7% 0.0%—0.7% 0.0%-0.7% \ " )
Muon isolation efficiency 0.3%—0.6% 0.0%—0.6% 0.0%-0.5%
\ Muon reconstruction efficiency 0.1%—-0.5% < 0.5% < 0.5%
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Systematics - Forward

Several systematic uncertainties relating to AFP and forward proton reconstruction are considered

Changes to proton
reconstruction methodology

[Trackmatching: decrease \
maximum transverse distance
between proton tracks to 1
mm.

Track finding (distance):
decrease maximum cluster
separation in track to 0.4 mm
Track finding (clusters):
increase minimum clusters in
trackto 3

Uncertainty

Effect on event yield

Signal

Signal model

AFP proton transport

SurerCHIC

8.8%—70.3%

MapGraprHa di-ALP  MapGrapu Z + H’

15.7%—43.1%

13.3%—49.8%

AFP global alignment 5.7%—63.5% 12.2%—43.3% 11.2%-53.9%
AFP smearing 4.8%—37.7% 8.7%—-22.0% 7.6%—24.8%
AFP reconstruction efficiency 3.2%-3.7% 2.7%—-3.7% 3.4%-3.7%
AFP track matching 1.2%-2.5% 1.3%—1.8% 1.3%—1.6%

AFP track finding

0.6%—1.2%

< 0.5%

0.5%

Cluster neighbouring: expand
search for neighbouring hits to
Q\Cludeydirection

Large variation in dominant
proton systematics across

signal mass range
e.g. proton transport:

Verified expected
effects on data

I ATLAS Simulation —e— SuperChic Z+X
| Vs=13TeV, 147" .. MadGraph di-ALP

401" pp - pV(lXp —e— MadGraph Z+H'

30

Systematic effect on signal yield [%]

10~

Uncertainties in simulation

N

[Proton transport:
Modifies beam slope by
+50 yrad

Global alighment:
Modifies global alignment
of AFP stations by 300
MM in x

Smearing: Modifies width
of distribution used to
smear truth-level proton
data by £0.05 mm
Reconstruction
efficiency: measured at

\92i2%

J

% 200

400

600

800

1000

my [GeV]
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Systematics — Modelling

* Several sources of background modelling uncertainty considered:
o Statistical uncertainty estimated with bootstrapping = 1%
o Pile-up distribution - negligible
= Variation in interactions per bunch crossing across the dataset
o Single-diffractive backgrounds - negligible
= Effect on mixing strategy (single vs double-sided) on background shape
o Pile-up variation in event-mixing - negligible
= Difference in pile-up between each component of mixed background

* Signal modelling uncertainties
o FSR, parton showering — negligible
o Soft-survival probability (next slide)
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Data and Background Model Comparison

. 10 Trrprorrorr e e e e e e e e T 10 Trrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrror
* Comparison between data S oL ATLAS e Data 3 o[ ATLAS e Data
O =13 TeV, 14.7 fb" mem Background o =13 TeV, 14.7 fo” memm Background
S 10° fs=13Tev. 1477 [ Signal (o = 50 fb) S 10°f fs=13Tev.147f07 TR Signal (6 = 50 fb)
and background model 2 107 B PV 7 Signal x 10000 2 07 B PV 7 Signal x 10000
. o 10° ' o 10° ’
o Only preselection £ £ 10°
. . 2 2 10
requirements applied o W g
o S app i
o Dilepton pair p;, dilepton 10
1
mass my, proton § and 10"
faal B 1.02F B 102
missing mass my e PO — £ 14,_.4._-+._4.._,_.,_.,_.,_.__._.._.¢._.+__f_._+_-*._-l___T_-_+_i__
= 098F S 098F
o Compared to £ 070 20 30 40 50 60 70 8 90 100 & 0 20 40 60 80 100 120 140 160 180 200
. Q ) [GeV &)
expectations for a 500 P, {GeV] M 1GeV]
GeV SuperChic Z+X § 133 ATLAS KN Data E 182 ATLAS KN Data
: ; 5 s =13 TeV, 14.7 fb” . n Vs=13TeV, 14.7 o . n
S|gnal with a cross % 182 ;;;:;}ﬁ?V(II}Xp — g;gggl 5(01605801%) § 182 g?;i$V(u)xp — %igﬂ% §<<r16 058 0fb)
section of 50 fb 5 2 108
(+additional overlay with ~ * g o
. 2 2
signal scaled up by a A "
1 1
factor of 10,000) - 10
B 1.02 B 1.02
,;IL_J 1 --.--o-~o—-o--o--o--o---o--o--o--o-o—-0--.--&--&-0--0--+- g 1—*--i--+--*---.----.---&--;-a.--.--‘--o--O--.--.--0--&--.--'--0-
— 0098 =~ 098
£ 002 003 004 0.056 0.06 0.07 0.08 0.09 01 011 0.12 o 0 100 200 300 400 500 600 700 800 900 1000
a g al my [GeV]
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Data and Background Model Comparison

° Comparison between data 108 _AmtAs 4 Data
s=13TeV, 14.7 0" — E%ana VFGL";C‘E,O o) s=13TeV, 14.7 0" — E%“nka r?él r;d50 fb)
and background model po-> pV(IXP Z Signal x 100 pp-> PVIINXP Z Signal x 100

o All signal region
requirements applied
o Dilepton pair p;, dilepton

10°

Events / 10 GeV
Events / 10 GeV
=Y

mass my, proton § and . 10
. . o o
MIssing mass m L aeeem et eeeemeeememannnn * ______________ I ___________ R O W GG I SR SR
& X = ogf R = ogf +++"+++TH
o Compared to £ 0% 70 20 30 40 50 60 70 8 90 0 & % 20 40 60 80 100 120 140 160 180 200
O O

p. (1) [GeV] m, [GeV]

expectations for a 500

GeV SupeI‘ChIC Z+X § 10° - ATLAS . Bat?( . E 10° ATLAS . Bat?( g
. ; : Vs=13TeV, 14.7 10 lm— backgroun Vs=13TeV, 14.7 10 mmmm Backgroun
signal with a cross S 10 E g v e Slgndl (0,780 S g o Sgnel (05500
. n 5, Predit ~  qd L Predit
section of 50 fb g 10 2
e @ . (WH] 2 ] 102
(+additional overlay with 10 &
. 10 10
signal scaled up by a 1 1
o 2 ko) 2
¢ . o £
o = rereseesangngyee T R RN
— 05 o LU -~ 05
£ Qo2 003 004 0.05 006 0.07 0.08 0.09 01 0.11 0.12 £ 0100 200 300 400 500 600 700 800 900 1000
= =

g m, [GeV]

22/07/2026 SEARCH FOR MISSING MASS

49




Acceptance x Efficiency

* Acceptance times efficiency for each signal model with respect to the full signal selection,
including the track veto and mass window, relative to events passing the fiducial selection:
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Mismatched Signal Proportions

* Proportion of simulated signal events within the mass window applied at each hypothesised
signal mass, which fall outside the fiducial selection:

Muon Channel Electron Channel

Combined Lepton Channel
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Mismatched Signal Proportions

* Systematic ranking plots for each signal model with m, = 500 GeV, in the combined lepton channel
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» Soft-survival, track veto efficiency and AFP optics and alignment consistently highest ranked
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Soft-Survival - Uncertainty

arXiv:2009.14537

arXiv:1708.04053
e | - Di-lepton + AFP paper
; 0.3 L T 1T I L ‘ LI B | L | LI B | I 1T 17T I T T 71 i & : ’ ATLAS \5 = 13 TeV’ 12 <m . < 70 GEV:
o - ATLAS ] b 1 3F o CMSis=7TeV,m_ > 115GeV TABLE 1. Fiducial cross sections from the combined HERWIG
% 0.251- j_ Is=13TeV,32f" - ¢ - ATLAS b ATLASIs=7TeV,m_ >20GeV a and LPAIR predictions with Sy, = 1 and Sy, estimated using
= . ¢ Daa ] gb ’ 2:_ y ATLASIs=8Tel.m,, >45GeV 4 Refs. [33,34] as described in the main text. SUPERCHIC 4 [97]
2020 L I Stat. uncertainty - “E — EPA Té':"t:‘s'ze camectian ] predictions include fully kinematically dependent Sg,.. Uncer-
£ : 3 £ Stat. ® syst uncertainty ] T P qtat unce rainty B tainties of 7% (17%) are assigned for predictions of the exclusive
< o5 = con 7 E F Stat. @ syst. uncertainty - (single-dissociative) processes [98]. The bottom row displays the
3 C ----- SuperChic2 ] 1= Theo. uncertainty = measured cross sections with statistical and systematic uncer-
0-1:— ssszsw —— EPA + finite-size correction C i ofis e ] tainties combined.
L L Theory uncertainty C ]
0.051 . 0.9 B S oS4 (fb fid.  (fh
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© Coo1 L1 L1 ! [N B S B 0.8:_ % —: SSLII'V — 1 15_5 :I: 1_2 13_5 :I: 1_1
5 1of S - : Sy Using Refs. [33,34] 109 £0.8 9.440.7
3 1-] G g e e 0.7 E SUPERCHIC 4 [97] 122409 10.4 £ 0.7
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section measurements around 20% across the
- Maximum deviation of around 20% two channels
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CMS Fiducial Selection

CMS also set their limits relative to a fiducial volume defined by the following selection:

Table 1: Combined CMS+CT-PPS fiducial volume selection criteria in the Z and 7 analyses.
The leading- and subleading-pt leptons, where pr is transverse momentum, are labelled as ¢
and ¢,, respectively. The Z boson mass is noted as miy.

Selection/analysis Z—ete /Z—putu Y

>2 same-flavour leptons (e or y)
opposite electric charge
Leptons/photons pr(€y) >30GeV, |n(¢,)] <24 17y within |7 ()| < 1.44
pr(Ly) > 20GeV, [n(ty)] < 2.4
im(4q,¢,) —mz| < 10GeV
Boson py pr(Z) > 40 GeV pr(y) > 95GeV
Protons 0.02 < 8" < 0.16 and 0.03 < " < 0.18

In our original comparison we were using a much wider fiducial volume (no cuts except & <
0.15) so our results look worse by comparison —we can calculate the conversion
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CMS Model Comparison

- The models are based on equivalent parameterisations:

SuperChic

The signal is generated using a simplified model in which a system ZX is produced in an elastic photon-
induced process, where X is an invisible particle with mass mx. This process is implemented in SupErCHIC
version 5.1 and jt was hadronised using Pytuia8 version 8.310. The mass of the VX system is generated
proportional t{ he model takes as input myx and 7. mx is varied between 300 GeV and 1000
GeV and 7 is defined as 0.04 GeV~!. This value of 7 follows what was done in the CMS published
analysis CMS-PAS-EX0-19-009 [3]. However, it was verified that the exact value of 7 does not significantly
influence the process’s kinematics. Z decays into electrons and muons are considered. The tauonic decay is

CMS Model

The signal is simulated using a simplified MC model that uses as main inputs the mass of the
X particle, my, and the p, spectrum of the VX system, where V = Z, . It is assumed that the
vector boson V is produced isotropically in the VX frame, and that the leptons from the Z decay
are also produced isotropically in the Z reference frame. Samples are produced for a range
of my values, with the requirement that the corresponding mass of the VX system (1yy) falls

within the acceptange of CT- areach event, the myy is generated assuming an exponential
spectrum, myyx =fmy + € + 100 GeV fwhere ¢ is a randomly distributed variable following

an exponential probability distibation function with decay constant T = —0.04GeV !, The

- CMS generator-level distribution (applied corrections to account for detector inefficiency):

37.2 7 (13 TeV)

. In fiducial

— Qut fiducial

1400-CMS-TOTEM

- Simulation
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= o
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o CMS signalin/outside of
fiducial volume

Smeared tail due to
insertion of pile-up protons
(similar to our simulation)
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Model Independent Limit Tables

Model-independent limits for a range of generic signals, both with and without the track
veto selection applied:

Without track veto With track veto

Signal region [GeV]  Data Expected | Ovis [fb] Sgl':is 52,;‘}’,5 po(Z) Signal region [GeV] Data Expected | Tyis [1D] Sg]ff SQ;(';S po (Z)

mx € [25,75) 1349 1437+ 16 2.8 42 81*L 050 (0.0) mx € [25,75) 1 0.39 +0.11 0.25 37 3.0%8 0.21 (0.8)
my € [75,125) 2994 3014 +33 7.7 14 12677 0.50(0.0) my € [75,125) I 083+023 | 026 38 36%% 043(02)
my € [125,175) 4982 492554 148 217 17593 0.26 (0.6) my € [125,175) 1 L14+035 | 025 37  39%7  0.50(0.0)
my € [175,225) 7410 7311+82 | 210 309 23442 0.20(0.8) mx € [175,225) 2 1.68+0.61 034 49 457% 042002
myx € [225,275) 10499 10660+ 120 | 15.1 222 308%35  0.50(0.0) mx € [225,275) 4 319103 | 046 68  597F  035(04)
mx € [275,325) 15746 15360+ 170 | 49.6 730 4117, 0.03(1.8) mx € [275,325) 4 278094 | 048 7.0 5677  0.28(0.6)
my € [325,375) 23142 23260250 | 337 496 5697750 0.50(0.0) my € [325,375) 5 3.62x1.11 053 7.8 62'1%  0.28(0.6)
my € [375,425) 34478 34410 +360 | 575 845 799*% 0.50 (0.0) mx € [375,425) 8 5.89 +1.59 068 100 78" 0.25(0.7)
my € [425,475) 44813 45390470 | 469 689  991*11°  0.50(0.0) my € [425,475) 6  1082+1.70 | 037 55 8945 0.50(0.0)
my € [475,525) 53807 53870560 | 774 1138 1180*%7  0.50(0.0) my € [475,525) 6 1374 +2.44 0.35 5.2 9.91?59 0.50 (0.0)
my € [525,575) 58189 58380610 | 795 1169 128715 0.50 (0.0) myx € [525,575) 5 1252+2.84 0.35 5.1 95153 0.50(0.0)
mx € [575,625) 55107 55010580 | 882 1296  1229*[79°  0.44(0.2) my € [575,625) 10 12.80+2.91 057 83 10.5*%8  0.50(0.0)
mx € [625,675) 45876 45720500 | 768 1129 1025*112%  0.39(0.3) mx € [625,675) 13 6.53 +1.65 1.11 163 877 0.04(1.8)
my € [675,725) 35959 35850370 | 603 887  815*L30  0.40(0.3) my € [675,725) 4 421101 | 041 6.0 63*%  0.50(0.0)
myx € [725,775) 26635 26300+270 | 595 875 6I18*5)  0.15(L.1) my € [725,775) 10 342£070 | 103 151  6.2')%  0.005(2.6)
my € [775,825) 17448 17300+ 180 | 36.7 539 433*90  0.25(0.7) my € [775,825) 3 277+£047 | 037 55 525 045(0.0)
myx € [825,875) 9066 9200 + 94 12.9 189 26353%  0.50(0.0) myx € [825,875) 3 1.19£021 045 6.6 4070 0.09(1.4)
mx € [875,925) 2901 3006 + 31 5.0 73 124%3 0 0.50(0.0) myx € [875,925) 0 058+0.01 020 3.0 3.0  0.50(0.0)
mx € [925,975) 178 165 +2 2.6 38 2743% 016 (1.0) myx € [925,975) 0 0.05 +0.02 0.20 3.0 3.0%0 0.50 (0.0)
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