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Fractionally Charged Particles (FCP)

» All unconfined particles have electric charge as integer multiples of e, which can not been
explained by most theories.
» Search for FCPs relates to many BSM theories like some GUTSs.
» Search for FCPs
 in bulk matters
« from outside the earth

« from collider experiments or particle accelerator and fixed targets
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FCP Search at Colliders

» FCP have been searched in many other collider experiments, mostly in electron-positron

colliders

* For example, OPAL have searched for FCPs at LEP and the upper limits on the production cross-

section of FCPs with +2/3, +4/3 and +5/3e and mass range 45 < m, < 95 GeV varies between 0.005
and 0.020 pb
» LHC provides much higher total energy (13TeV) and can be used to search for FCPs with higher mass
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https://www.sciencedirect.com/science/article/pii/S0370269303006397

FCP Detector Signature

» FCPs are assumed to be heavy, long-lived particles and participate only in EM-weak interaction.
» FCPs can hit silicon detectors and hits from FCPs should have lower dE/dx (if searching for FCPs with
charge lower than e)
» Long-lived FCPs can pass through the whole detector, so they can hit muon system
» There should be nearly no energy deposition from FCPs in calorimeters since they are assumed to have

large mass

» Muon system hits

Inner tracker hits with low dE/dx

Tile calorimeters

. LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker
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Signal & Main Backgrounds

FCP signal:

» Usual assumptions
» Non-integer charge
» Participate only in EM-weak interaction
> Pair production via s-channel exchange of Z()/y*
* Assumed to be the leading production channel
» Have long lifetime and pass through whole detector, reconstructed as “muons” , with
smaller dE/dx

Background:

» Zmumu events should contribute most of background
«  Dimuon production would be main background since FCPs perform like muons and are produced in
pairs in main channel
» High mass FCP pairs tend to large invariant mass
*  Most of high mass muon pairs come from Zmumu in standard model
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Long-lived FCP Search by CMS

> Results of searches for FCPs from CMS 2 [ cMss0flatNs=7TeV:
- Based on 5.0 fb* 7 TeV data, exclude FCPs with 2e/3 charge and mass [ | s |
J°1n0 e 1/3
below 310 GeV observed 95% C.L.

--------- expected 95% C.L.+1c
--------- expected 95% C.L.+2 ¢
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« Basedon 5.0 fb* 7 TeV data and 18.8 fb* 8 TeV , exclude FCPs with &
2e/3 charge and mass below 480 GeV ©
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« Based on 138 fb! 13 TeV data, exclude FCPs with 2e/3 charge and —
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https://arxiv.org/abs/1210.2311
https://arxiv.org/abs/1305.0491
https://cds.cern.ch/record/2841994

Trigger & Events Selection in CMS Search

» Trigger: single muon trigger with a p; threshold of 50 GeV

» Candidate track selection:

» geometrically matched to a muon

*  pr>55GeV, |n| < 1.5 and match the primary vertex of the event

« atleast 5 hits are required overall in the tracker, among which one should be in the pixel detector

« time of track arriving at muon system should be larger than the time from primary vertex to muon
system at speed of light

« the maximum angle between the candidate track and any other high-p; (>35GeV) track or muon is
required to be smaller than 2.8 radians

» Event selection: contain exactly 1 or 2 candidate tracks

» Search & control region:
»  Search region: events with only one track and events with two tracks with invariant mass smaller than
80 or larger than 100 GeV
« Control region: events with two tracks that have an invariant mass between 80 and 100 GeV
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Discriminate FCPs in CMS Search

Because of their lower ionization, or stopping power, FCP tracks

have a larger number of tracker hits with low dE/dx with respect to 9 Ot
particles with charge e. N B T
2ofp O o T - S P
5103 | .
To discriminate signal from background muons, they count the " Vo
N,
. ) 3 B F
number of track hits with a low value of dE/dx (N/QW dE/dX ) =i
35 o5k T o bl || |
0 2 4 6 8 10 12 14 1:;’:?;1‘189“ 0 2 4 6 8 10 12 14 12";’&1‘:‘35'dx
Thresholds of “low dE/dx” are chosen layer-dependent to enforce e P e
an equal average binomial probability for each tracker layer due to sl Y, | 310 R,
different instrumental effects and in particular radiation damage. 5w ] B B
T . TN
In bins correspond to Nfl]?tvsv de/dx _ 56, 7,8 and = 9 for the L ] e—
l Nm;TEidx 0 2 4 6 8 10 12 14 12’m1dsadx
early 2016 data set, and N, oW dE/dx hits = 4, 5,6, and = 7, for the
hits low dE/dx .

late 2016, 2017, and 2018 data sets, the number of observed and Distribution of Nyt M the search and
control regions
expected tracks are counted.
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Result from CMS Search

Early 2016  Late 2016 2017 2018
. . Nobserved 0 1 0 1
The existence of fractionally charged <pecied 001 009 02 0.0
: : Background : ' - )
particles is excluded up to a mass of 636 Fit function +3771% +159% +231% +19%
Gev for a S|gna| Of Charge Q — 2/3 e Fit rantgde +30% +0.3% +14% +28%
Nignal 602 988 2720 3622
L1 trigger inefficiency 5.0% 5.0% 5.0% 5.0%
Energy loss sim. in muon system +3.8%-2.7% +3.8%-2.7% +3.8%-2.7% +3.8%-2.7%
138 10 (13 TeV Muon detector inefficiency 3.0% 3.0% 3.0% 3.0%
S e R Luminosity 2.5% 2.5% 2.3% 2.5%
5 ool CmsS f’ reliminary Upper limits at 95% CL 7 Selection 2.0% 2.0% 2.0% 2.0%
'LEB E = — Ef,fj;’j;’ E dE/dx corrections 3.8% 1.1% 2.3% 1.7%
> 08f o = Limited signal sample <1% <1% <1% <1%
= 2 [ Jz2c .
o 07f \ =
a - RN A : ]
S5 o6 v = Number of tracks observed, expected for background events, and expected
05 . = for signal events, in the highest Ntlw(i)tvsv dE/dx bin, as well as corresponding
g ' 8t (48 Tev) 7 . - expected .
04 « mzi?(fnﬂ V- systematic uncertainties. sigFr)1aI comes from FCP with 100GeV mass and
R S e 2/3e.
50 200 400 600 800 1000
Mass (GeV)

Exclusion region (hatched) at 95% CL in the FCP
charge-mass plane for the considered signal

model.
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Strategy of ATLAS

» There have not been an search for long-lived FCPs in ATLAS experiment, and we are working
on the first search of this kind in ATLAS (currently at the R&D phase).

> Difference between ATLAS and CMS in FCP search

» Performance of ATLAS inner tracker is not as good as CMS, which means we may have lower trigger
efficiency and dE/dx sensitivity than CMS

» ATLAS have generally better and larger muon system than CMS, they can play a more important role
than CMS muon system. ATLAS muon system can provide TOF/speed with better resolution, which is

important especially in high mass FCP search.
«  With the help of multiple sensitive variables, the sensitivity can be competitive.
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Simulation Studies

» As first step, we have finished some simulation studies of FCP performance in ATLAS, and results are
now shown in an ATLAS pub note.

» Events of FCP production through Drell-Yan process are generated with different FCP charge and mass

» Events are generated by MadGraph5_ aMC@NLO v2.3.3 with Al14 tune and LHAPDF for parton distribution
functions and PYTHIA for hadronization

» FCP mass points are set to 30, 100, 200, 500 and 1000GeV, and charge points are set to 1/3, 1/2, 2/3 and 4/5e

» FCP truth & reconstructed kinematic attributes, reconstructed dE/dx and some trigger efficiencies are
simulated

» dE/dx comes from pixel detectors, TRT and MDT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-SOFT-PUB-2023-001/

Events

Events

Simulation Performance
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B is reconstructed via time constants and TOF from
MDT and RPC detectors

FCPs with larger mass tend to have smaller {3

B reconstruction generally have good performance

pr ~ 1/Q * muon P+

FCPs with larger mass tend to have larger p;
P, reconstruction have good performance except in
very high region.
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Performance of dE/dx

L DL B

& i ]
i 10000~ ATLAS Simulation Preliminary .
- Vs=13 TeV coens Zmumu ]
8000 — — 2/3 8, 30 GeV
i e 236,200 GeV ]
6000 v 2/3 €, 1000 GeV
4000 |
2000 |
O=80 60 40 20 0 20 40 60 80
MDT dE/dx
1/3 e 1/2¢ 2/3e
1000 GeV | (97.44 £ 0.29)% | (96.90 £0.15)% | (97.95 = 0.09)%
200 GeV | (98.1£0.4)% | (95.87 £0.27)% | (96.40 = 0.13)%

30 GeV (98.47 £ 0.35)% | (97.54 £0.32)% | (96.80 £ 0.13)%
Efficiencies of valid MDT
dE/dx for FCP tracks
1/3 e 1/2¢ 2/3e
1000 GeV | (48.6 £ 0.9)% (758 £0.4)% | (86.98 £0.21)%
200 GeV | (488 % 1.6)% (739£0.6)% | (16.51 =0.20)%

30 GeV

(51.63 £ 1.41)%

(68.52 + 1.00)%

(71.35 £ 0.30)%

Efficiencies of valid TRT
dE/dx for FCP tracks
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TRT dE/dx is based on mean ToT of hits and MDT
dE/dx use the mean ADC counts of ionization charge.

Pixel dE/dx have best resolution and tracks always
have valid pixel dE/dx.

MDT dE/dx also have good resolution and high
efficiency for FCP tracks.

TRT dE/dx perform worst in discriminate FCP from
muons, and it have low efficiency especially for
low mass and charge.
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Simulation Performance

Requirements

HLT musi at least one muon with py > 50 GeV

HLT 26 _ivarmedinm at least one muon with py = 26 GeV

and isolation “medinm”

100 GeV

2.70 +0.14)%

(19.55 = 0.34)%

1/3 e 1/2 e 2/3 e
1000 GeV | (136 £0.07)% | (8.66=0.17% | (13.64 = 0.21)%
200 GeV (243 £0.12)% | (17.73£0.29)% | (3L.7£0.4)%
(

(34.6 = 0.0)%

30 GeV

(3.754 £ 0.097)%

(253 =0.5)%

429+ 0.5)%

HLT om0 mgonly L1LATE-MULOLIG00 | at least one MuGirl muon with pp = 10 GeV
in the next bunch crossing of L1150
(L1 trigger with requirement p of one

jet = 50 GeV)

RPC L1 trigger efficiencies (with lowest py

HLT mul0mgonly LILATE-MUL0_XE40 | at least one MuGirl muon with py > 10 GeV
in the next bunch crossing of LI_.'":H-H_I
(L1 trigger with requirement pp of BT

= 40 GeV)

HLT _j420 at least one jet with pp > 420 GeV

threshold)
1/3 ¢ 1/2 ¢ 2/3 e
1000 GeV | (3.66 £ 0.13)% | (7.86 £ 0.19)% | (17.75 £ 0.27)%
200 GeV (0.88 £ 0.08)% | (2.57 £0.26)% | (17.86 £ 0.34)%
100 GeV (0.22+£0.05)% | (0.93£0.09)% | (18.1 £0.4)%
30 GeV | (0.018 £ 0.006)% | (0.48 £0.00)% | (22.2+0.5)%

Combined HLT efficiencies

1/3 ¢

1/2 ¢

2/3 e

1000 GeV

(0.160 £ 0.016)%

(4.47 £ 0.08)%

(14.22 £ 0.14)%

200 GeV

(0.0050 = 0.0029)%

(0.635 + 0.032)%

(7.00 £ 0.10)%

100 GeV

(0.0033 £ 0.0024)%

(0.094 + 0.011)%

(8.72+0.12)%

30 GeV

(0.00 + 3.07¢ — 3)%

(0.075 £ 0.011)%

(3.86 £ 0.07)%

Final efficiencies
(ratio of final reconstructed particles and
truth FCPs number)
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List of HLTs

ATLAS have low reconstruction efficiencies for FCPs,
especially for low charge ones. Even for FCPs with 2/3e,
trigger efficiencies are very low. This means only if we
achieve high signal efficiency as well as high Zmumu
rejection, we can have sensitivity comparable to CMS.

MEPA 2023 Workshop 14



Preparation of ATLAS Data Analysis

» Pixel dE/dx, MDT dE/dx and B are selected as sensitivity variables to discriminate FCP in preliminary
fitting research

» Distribution of these variables from simulation have discrepancy with data and should be calibrated
»  Much of the discrepancy of pixel dE/dx may come from radiation damage out of assumption

» Invariant mass region of muon pairs near Z mass can be used for calibration since almost all events in this region are
Zmumu. Off-Z-peak region can be used for validation, with large pixel dE/dx cut for MDT validation and large
MDT dE/dx cut for pixel validation, this can also avoid signal region.

Calibration region: Validation region:

Muon selection: Muon selection:
pr > 30GeV pr > 30GeV
In| < 2.5 In| < 2.5
z, sinB < 0.5, significance of dy < 3 z,5INO < 0.5, significance of dy < 3
quality: loose quality: loose
type: combined muon type: combined muon

Event selection (Zmumu control region): Pixel dE/dx > 1 (only for MDT dEdx & Beta(T) )
leading muon p; > 35GeV MDT dE/dx > -10 (only for Pixel dEdx)
number of muon = 2 Event selection (Zmumu control region):
80GeV < mass(mu, mu) < 100GeV leading muon p; > 35GeV

number of muon = 2

mass(mu, mu) > 100GeV
20 October 2023 MEPA 2023 Workshop 15



Pixel dE/dx Calibration
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muons

—

A modification
tool for
radiation
damage
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Significance of modified pixel dE/dx by eta bins from MC and
data fits well in calibration region.

Performance in validation region is generally good near central
region. For low dE/dx region, the performance should be
checked in another region with more samples.
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MDT dE/dx Calibration
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Double gaussian modification by phi bins significantly reduced
the discrepancy between data and MC.

Just like pixel dE/dx, this modification performs well near peak in

validation region, but more samples are needed for checking
performance in low dE/dx region.
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B Calibration
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Gaussian modified {3 Gaussian modified &

reweighted 3

Gaussian modification (mostly for peak region) and reweighting
works well in validation region.
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Events (MC16d only)

Performance of Sensitive Variables

Muons (MC16d only)
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500GeV and 95.1% for 1000GeV.
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A preliminary statistic-only fitting research with
simple BDTs have been implemented.

BDTs are trained in 4 different muon pair invariant
mass region, with inclusive FCP samples with
different mass as signal and Zmumu as background.

There have been some overtraining shown in the
BDT results, which indicates further tunning is
needed and final performance could be a bit worse.

Upper limits from statistic-only fitting with bins of
muon pair invariant mass and this early BDT

discriminant.

Upper limits of FCP production cross-section can be
level of 0.1fb (comparable to CMS)
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Conclusion

» Search for FCPs is important for many new physics theories.
» LHC is very suitable for search for long-lived, heavy FCPs.

» CMS has searched for FCPs based on data with different mass and luminosity, and the latest
result has exclude FCPs with 2e/3 charge and mass below 636 GeV.

» There has not been this kind of search in ATLAS. ATLAS should have some unique advantages
in searching for FCPs with better Muon System.

» We are currently working on FCP search with ATLAS 13TeV data. Taking advantage of
multiple sensitive variables, we expect to get results generally comparable to CMS.
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