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The ionisation energy loss (dE/dx) of
charged particles traversing a material
depends on By

We can use this property to look for
massive, long-lived particles

Massive particles will travel more
slowly (smaller By) than light SM
particles for a given momentum

According to the Bethe-Bloch
relationship, slower particles will ionize
more (larger dE/dx)




What are we looking for? g

target m~2
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p q /
nacnonize and trave q  Because the Bethe-Bloch relationship is
through the detectorin governs all charged particles, the analysis is

relatively model-independent

targetin L
m~g1 Tes et e Have broad sensitivity to charged, long-
_ lived, massive particles with lifetimes of ~ ns
p > o7 to stable
X1 (LLP) )20
I e With the full Run-2 dataset, targeting long-
; ived gluinos, charginos, sleptons
~F X1 C : w
D X1 (LLP) N e Analysis is designed to be sensitive to a
> large range of masses and lifetimes
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Measuring pr and dE/dx

0.6 -
ATLAS Inner Tracker i
........... _ 050 Cartoon of Landau
./‘/./ ....... ~. . i
/’/ /'/" - =
./'/ /‘// LT .
S T y 04
A .
./ ,/ ./. /7
A Y S
A iy - i
i Ay N S|
P I'i 43 5 R 0.3~
IR LS/ P I
[ U W \ N2 i I -
VL = j J o i
N K l ; /
AN \‘\ \\. y ; /./ A O 20
NN N S PR AN i
AN \ \. N~—_— . —_ R 4 /'
A \'\-\ _- e L
. \,\\ ....... ././. /‘/ i
'\.\ N - ‘/,/‘ 01 L
\'\.\ ’./'/ [
B-field :

A = energy loss

e \We use the ATLAS Inner Detector to measure pr, and the four innermost layers, the Pixel Detector,
to measure dE/dx per layer

e The innermost layer (IBL) has an overflow bit which helps us further distinguish highly ionizing particles

e To condense the pixel layer dE/dx measurements to a track dE/dx, we apply a truncated mean
algorithm

e After measuring the dE/dx (which probes By) and momentum of each track, we can reconstruct the
mass of the track, m = p/By
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Special treatment of dE/dx
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Using the dE/dx measurement requires a

lot of custom analysis work, including:

Data - Fit

dE/dx MPV [MeV g™ cm?]

" dE/dx correction for radiation damage
_and detector effects

' data-driven dE/dx template replaces
~ MC simulated values

=
dE/dx to By calibration allows us to
_reconstruct mass of candidate tracks
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Event selection

Event selection Track selection Select highest
pt track which
passes
Trigger on MET pr>120 Isolation & jet vetos, requirements
—» GeVn|<1.8 mr > 130 GeV » | SR-Inclusive
Offline MET >
170 GeV Good track dE/dx > 1.8
quality MeV g1 cm?
Detailed event & track selection
(- ) e (Categorize tracks by
g

( SR-Mu-IBLO_Low )( SR-Trk-IBLO_Low )

e Muon ID

( sR-mu-Lo Hign ) ( sR-TreiBLO High ) e Hitin IBL overflow?

Exclusion
regions

( shmuBt ) (  SsRmkBLL ) e dE/dx in[1.8, 2.4] or [2.4,c9]

« 6 exclusive signal regions

¢ |nstead categorize tracks by

f 3 added sensitivity for
( Shrinclusive tow ) low mass signals o dE/dxin [1.8, 2.4] or [2.4 ]

Discovery
regions

<+«—— more sensitive

( SR-Inclusive_High ) - 2 exclusive signal regions

e Also easier for re-interpretation
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Missing Transverse Energy

Background estimation

Background consists of SM particles which leave well-isolated
tracks, combined with high-tail Landau fluctuations in dE/dx —>
very difficult to model in MC

Therefore, we use a data-driven technique to predict the
expected mass distribution in signal region

t £\
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kin-
Control
Region

170
GeV

1.8
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Signal
Region

dE/dx-Control Region
binned in N

T T

dE/dx

\_

/ Define two control regions: \

, dE/dx-CR

Randomly draw p = (1/prt, n) and
dE/dx values from distributions in
these regions

Combine p and dE/dx (8y)
sample to get mass, where m =
/By, of each toy track

Repeat O(10) million times

Normalize distribution to low mass
region in data J




Validation regions

We estimate the background and check our estimation in two sets of validation regions,

VR-LowPt and VR-HiEta
2.5>|n|>1.8
110> pr>50Gev / \\ or > 50 GeV
dE/dx > 1.8 dE/dx > 1.6
O 3.5F | | | | | | | = T 3.5F | | | | =
o} : ]
g 3_ ATLAS dE/dx > 1.8 MeV g cm2_2 % 3_ ATLAS dE/dx > 1.6 MeV g™’ cmz_E
2 F VR-LowPt pi* €[50, 110] GeV, i < 1.8 ] L © VR-HiEta pi* > 50 GeV, 1.8 <Ml <2.5 ;
L>Ij 2 5:_ Vs =13 TeV, 139 fb™’ [ Total Uncertainty_; L>|J< 25;— (s =13 TeV, 139 fo™’ [ Total Uncertainty_;
g 2 g 2
o \ s = ‘ =
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Track Muon Inclusive Track Muon Inclusive
Region Bins Region Bins

VR-LowPt contains tracks with 110 > pr
> 50 GeV subdivided into track & dE/dx

o Observed vs expected yield
categories in an analogous way to the SR €d Vs EXpeCted yIelas

show good agreement within

VR-HiEta checks background estimation the background uncertainty

method for high momentum tracks 8



Results
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Observed mass distributions in SR-Inclusive_Low agrees with prediction
SR-Inclusive_High has an excess of observed tracks at high mass

Mass distribution for other regions (which are subsets of these two regions)
INn backup
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What'’s the significance’
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Highest deviation observed is in the

mass window from [1.1,2.8] TeV, in

SR-Inclusive_High, where we see
7 events and expect 0.7 +/- 0.4

® Short lifetime

Local (global) significance is 3.60 107 o Logiteime 3
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dE/dx [MeV g’ cm?]

What’s In the excess”?

ATLAS SR-Inclusive (Low-+High)
4.5 g —— ]
4 f Of the 7 tracks: \ —
2k i) 6/7 have a jet back-to-back E
' with signal track (1,2,4-7) =
3 5/7 matched to muons (1-2,5-7) B
ave two muons in the .

2.5 ]

1000 2000

These tracks were examined
for evidence of detector
effects such as anomalous
pixel clusters, poorly isolated
tracks, and other systematic
effects —> None were found
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Track Momentum [GeV]
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107"

Expected Events / GeV / (MeV g~ cm?)

Evidence of these tracks coming from

slower particles (3~0.5) was not

confirmed by the available calorimeter /

muon timing information

Time of flight measurements showed that
the track (3 values are consistent with 1
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gluinos, mx = 100 GeV
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Limits are computed in the pyht framework
using toy experiments, using a multi-bin fit
over all of the exclusion regions

Metastable gluinos are excluded up to ~2.3
TeV for t=20ns fora 100 GeV LSP
(compressed scenario in backup), while stable
gluinos were excluded up to ~2.1 TeV

Charginos were excluded up to ~1.05 TeV for
T = 30 ns, and staus were excluded from
220-360 GeVatt=10ns
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https://pyhf.readthedocs.io/en/v0.6.3/

Summary

e A new search with the ATLAS full Run-2 dataset was conducted to look for
heavy, long-lived charged particles in LHC pp collisions

e Many analysis improvements were made from the previous search with 36
fo-1:

e |mprovements to the dE/dx calibration and modeling & higher dE/dx
threshold

e New use of IBL pixel information to discriminate signal vs background

e Multi-bin exclusion strategy and improved track quality cuts

e A new validation region and better systematic uncertainty estimation
e Competitive limits were set on gluino, chargino, and stau models

o A 3.30 excess was observed, and cross-checks were conducted. The existence
of slow particles suggested by the excess was not confirmed using time of flight
measurements from the muon and calorimeter systems.
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More about the signals g

target m~2
TeV q p
q target £ (LLP)_ 4 G
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Iong-l!ved gluinos
Gﬁiﬂ;"h”ﬁi Goteotor '] 1
rhadrons gluino scenarios: decay to 100
_ GeV LSP, or dM = 30 GeV
targeting
m~1 TeV e chargino scenarios: mixed C1C1 +
D //’ C1N1 samples, with C1 —> pi +
)Zli(LLP) ~0 N1, dM ~ 160 MeV
X1
stau scenarios: massless gravitino
~0
X3 @wp) . X1
p N
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Density [a.u.]

Signal kinematics
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Calculating dE/dx

n m | Removed clusters | IBL overflow? | Conditions
2—4 |1 A" No
5+ | 2 A" AP No
2 1 Ap1 oF Yes
3,4 | 1 Arpr oF Yes non-18L, < (J1BL OF
3,4 | 2| AfgnsL: AL or Yes non-18L. > (J1BL OF
5+ 2 | Al o AnLor Yes

e Truncated mean algorithm —> throw away subset of the larger dE/dx clusters and
average the rest

Algorithm:

e 1 cluster is removed for tracks with 2-4 clusters

e 2 clusters are removed for tracks with > 4 clusters
e Special treatment for tracks with IBL OF clusters

Probes MPV of dE/dx
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Tracks / Bin

Calibrating dE/dx to By
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Special low mu dataset with tracks
reconstructed down to 100 MeV is used
to derive dE/dx to By curve

Fix momentum, n and plot dE/dx

Fit distinct peaks which come from pion,
kaon, proton by scaling / translating a
shape templatet deru(ved from high pr

racks

18

dE/dx MPV [MeV g cm?]

Data - Fit

18
16
14
12
10

o

% ATLAS
21 pb™, Low-p_ Reco.
W \ ml <0.4
‘%A ¢ m OFO o 7 OF1
W K OF0 K OF1
#f‘é; + pOFO A p OF1
Xy { d OF0 ) d OF1
*,gf.& -~ OF0 Fit - OF1 Fit
!
Mo,
T

|

4
y

|
[ T T T | [ [ [ T T T 14
z%%
#40 AAAAA AN XKL %% CC00000000000000000 00l
O —

Map out dE/dx vs By curve
Calibration from 0.3 - 5

I
1 2 3 4 5678910

Py



IBL Overflow Fraction

Using IBL OF information
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IBL layer was installed before
Run-2

IBL has a different front-end than
the rest of the pixel layers

4-bit ToT measurement —> If
larger then IBL OF bit is set high
and no numerical measurement is
given

Useful tag for non-MIP like
particles



Selection

Selection

( Event-level )
4 )

e GRL, Event Cleaning, Jet cleaning e Basic event-level
 Event passes MET trigger selection

o Offline MET > 170 GeV
e Event has PV with >= 2 tracks

/| e Then look for highest pr

Track-level Inner Detector track which
"« Momentum/eta ) passes track-level
e pt> 120 GeV, passes p-dependent op requirements
cut
* Inl<1.8 .
e Track quality e [racks which pass
e Require hit in the IBL/B-layer requirements go iNto
* No split or shared hits ] ,
e >=6 SCT hits SR-Inclusive signal
» Isolation/vetos region
e 2prinacone of AR=0.3<5 GeV
e EM rac < 0.95 (dR 0.05 .
. Ejetf/ Otrack < 1((dR 0_05)) e [hen categorize track
e Additional INto signal region bin

e mt (track,MET) > 130 GeV

\__* dE/dx> 1.8 MeV g om2 )
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Table 4: Expected and observed event yields in the validation-region bins.

Inclusive validation regions

Region Category Bin Expected Observed
IBLO_Low | 65.6+18.3 43
Trk IBLO_High | 6.8 +2.2 6
IBL1 38+1.5 4
IBLO_Low 292 + 17 300
VR-LowPt | v, IBLO_High | 24.8 + 3.6 32
IBL1 20.4 + 3.7 19
Inclusive Low 391 +£ 24 361
High 37.2+44 43
Trk IBLO 26.6 +7.3 23
IBL1 8.0 +2.6 5
VR-HiEta Mu IBLO® 564 +£2.5 59
IBL1 151 +1.5 10
Inclusive — 101 £ 6 97
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Entries / 30 GeV

Data / Pred.
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Entries / 30 GeV

Data / Pred.

Exclusion validation regions
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Signal systematic uncertainties

® | uminosity uncertainty, signal xsec uncertainties

® MC modeling of track/muon reconstruction, track kinematic
properties, QCD radiation, MET, trigger efficiency

® Uncertainty of a track having a hit in the IBL overflow,
associated with using a 2017 dataset for the data-driven
template, is calculated by comparing the probability of having a
hit in the OF with a similar 2018 dataset. Tracks were then
reweighted and the difference in yields is taken as an
uncertainty

® [ argest uncertainties are the IBL1 uncertainty, ISR modeling,
MET and track reconstruction uncertainties
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Background systematic uncertainties
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e Systematic uncertainty is calculated for each SR as a function of target mass window
e Systematic uncertainty increases as a function of target mass

e | argest uncertainties for SR-Inclusive_High include the template correlations
uncertainty and the dE/dx tail uncertainty

27



Template correlations uncertainty

Template correlations: Probes assumption that dE/dx, pr can be de-
correlated in background estimation procedure

Get the kinematic and
dE/dx template from the
same region

170
GeV

kinematic template

dE/dx template

dE/dx-Control Region l

Generate toy mass
distribution
Compare to data

1.8 dE/dx Take difference as
systematic

Missing Transverse Energy
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Background systematic uncertainties

dE/dx tail:

- Instead of generating toy dE/dx distribution from the dE/dx-CR
directly, do a fit to the dE/dx tail and sample the analytic fit instead
- Then compare background distribution with nominal one

- Probes effect of tall statistics on the background estimation

MET Trigger:

- Due to the changing trigger threshold across Run-2, the fraction of
tracks sorted into the dE/dx-CR (MET<170) vs SR (MET>170) will vary
across data-taking periods. In the background estimation, we calculate
a weight to correct for this and apply to the dE/dx-CR

- For the systematic, we turn the weights off, redo the background
estimation, and compare to the nominal
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Background systematic uncertainties

n slicing:

- Because the dE/dx distribution varies as a function of n, we slice
the dE/dx-CR template into n bins

- To probe any bias that comes from the choice of bins, we
choose a different binning and compare the difference in the
background distribution

Statistics:

- The kinematic and dE/dx templates are poisson fluctuated to generate
20 alternative background distributions. The spread in these is taken as
the uncertainty

30



Background systematic uncertainties

Normalization:
- Statistical uncertainty on the normalization factor which is used
to scale the total amount of toys in the background distribution

dE/dx scale:

- A disagreement was observed in one of the validation regions, VR-
LowPt-Trk-IBLO_Low, where the estimated yield was larger than the
observed data. A conservative uncertainty is quantified by fitting any
discrepancies in the validation regions
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Results

Table 5: List of expected and observed events, pg-value (capped at 0.5) and the corresponding Z local significance,

as well as the 95% CL upper limit of the expected and observed signal events (S2>

for SR-Inclusive bins of “short” and “long” lifetime regimes.

exp.

and Sggs ) in each mass window

Target Mass Signal region bin
mass  window SR-Inclusive_Low SR-Inclusive_High
[GeV]  [GeV] Exp. Obs. Po Ziocal Sg,fp. Sgls)s Exp. Obs. Po  Ziocal Sz,fp_ S?)[s) ..
Short lifetime
200 [120, 225] 8l+4 76 5.00x10°" 00 21" 18] 56£07 7 265x107" 0.6 63 7.8
300 [200, 350] 72£4 72 472x1070 01 20*% 20| 92x08 14 7.11x107% 15 7.6430 125
400 [300,500] |45.6+33 43 5.00x107" 00  16* 14| 58+04 6 439x107" 0.1 61735 65
450 [350,600] |37.6+2.7 44 1.72x107" 09  15* 20| 5104 3 500x107" 0.0 6.032 4.6
500 [400,700] |30.6+22 42 3.41x107%2 1.8 13" 24| 43x04 4 500x107" 00 54%23 52
550 [400,800] |33.9+25 45 4.74x1072 17 14 24| 48%04 4 500x107" 00 5875 54
600 [450,900] |27.5+19 35 9.48x107% 1.3 12.1*37 193|391+031 2 5.00x10°' 00 55732 40
650 [500,1000] |225+1.6 29 1.03x107' 13 11.2*3% 172(322£031 2 500x107' 00 52°9 44
700 [550,1100] |18.7+14 23 1.71x107" 09 10.3*%9 143264031 2 500x107" 00 4772 43
800 [600,1200] |15.6+1.3 20 1.47x10°" 1.1 95938 137(222+024 3 286x107" 0.6 458 55
900 [650,1400] |13.8+13 17 2.09x107" 08 9.7 11.9| 20£03 4 9.74x1072 13 43*9 638
1000 [700,1850] |13.1+1.3 17 1.54x107" 1.0 8.8%§ 127| 19£05 4 9.01x1072 13 4.1*5 70
1200  [800, 2400] 11+£2 14 1.85x107" 09 8671 119 15+£07 6 9.10x107° 24 4.0%$ 100
1400 [900,2900] | 85«21 11 237x107' 07 8&1*5L 105| 11x07 7 2.08x107° 29 4.0%% 115
1600 [1000, 3450] | 6.9 + 2.4 257x1070 07 78739 101] 09+05 7 6.03x107* 32 3.6';% 11.8
1800 [1100,4000] | 5.7 £2.6 235x 107" 07 73%% 99| 08x06 7 887x107* 31 3.5%L 119
2000 [1200, 4600] 5+4 3.03x 1071 05 7304 90| 06+£05 5 492x107° 26 3.1, 94
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as well as the 95% CL; upper limit of the expected and observed signal events (

Results

Table 5: List of expected and observed events, po-value (capped at 0.5) and the corresponding Z local significance,
and Sggs.) in each mass window

for SR-Inclusive bins of “short” and “long” lifetime regimes.

S95

exp.

Target Mass Signal region bin

mass  window SR-Inclusive_Low SR-Inclusive_High

[GeV]  [GeV] Exp. Obs. Po Ziocal  Sesp. Sep.. Exp. Obs. Po Zioa  So5,. S2

Long lifetime

100 [120, 200] 684 63 500x107" 00  19*L 16| 39x06 5 281x107" 06 54*% 67
200 [150,225] 63+4 54 500x107" 00 187 13| 55+£06 7 261x107" 06 613§ 78
300 [250,350] |40.9+27 35 5.00x10°' 00  15%% 11| 51x05 7 2.01x107' 08 59734 80
400 [350,500] [292+22 33 254x107" 07 12.6'33 160[383£026 2 500x1071 00 5475 42
450 [400,550] [21.5+1.6 30 5.03x1072 1.6 11.0%%%3 194[3.00+£023 2 500x10°" 0.0 5.1\ %7 43
500 [450,650] 19412 27 5.62x1072 1.6 10.3*33 174|273 £0.22 1 500x10°" 0.0 4773 3.9
550 [450,700] |21.8+1.5 29 7.73x107 14 11.0*33 17.8|3.06+032 2 5.00x107" 00 50%L 42
600 [500,800] |184+13 24 1.12x 107! 1.2 10+ 15|2.64 +0.19 2 5.00x1071 00 44733 42
650 [550, 850] 1521 19 1.32x107" 11 9.1%7 134(207+0.17 2 500x10°" 0.0 455 46
700 [550,950] |16.6+12 21 1.52x 107! 10 9798 137 24x02 2 5.00x107" 00 4570 43
800 [650,1150] |12.0+1.1 14 286x10°' 06 8.4%5 104 |1.74+0.16 3 1.79x1070 09 4178 58
900 [700,1250] |104+09 13 2.17x107" 08 8130 103| 15+04 3 135x107" 11 3978 6.0
1000 [800,1550] | 8.6+08 11 2.16x107' 08 7.5%2% 96| 12£06 4 373x1072 18 3.8* 4 75
1100 [900,1800] | 7.1£0.7 10 1.46x 1071 1.1 7.0%3 98| 1.0x05 4 213x1072 20 3.7*,3 7.6
1200 [950,2100] | 67+13 10 1.38x107' 11 7.0'33 102]| 09£05 6 1.65x107° 29 3.73 104
1300 [1000,2200] | 6.1+12 9 1.48x107' 1.0 65735 97| 08+04 6 547x107* 33 351 103
1400 [1100,2800] | 5217 8 1.76x107' 09 6.52% 96| 07+£04 7 l46x107* 36 3.2°) 119
1500 [1150,2900] | 4924 7 241x107" 07 668 93| 06+04 6 6.09x10°* 32 322 107
1600 [1250,3400] | 42+34 5 324x107' 05 7.0%2% 84[054£035 5 119x107% 30 3.1*2 95
1800 [1400, 4250] 3+ 4 274x1070 06 7271 83]044x032 4 336x1077 27 320 81
2000 [1550, 4650] 3+ 3 3.14x1070 05 6.2f)%  6.9]036£0.25 3 6.96x107% 25 3179 68
2200 [1650, 5900] 25 4 218x107" 08 6.0%%%  82]033+028 3 8.85x107% 24 3.07) 68
2400 [1750, 6300] 2t 3 3.17x107" 05 557 6.7]029+028 3 9.75%x107% 23 3208 69
2600 [1900, 6500] 29 1 5001070 00 4920 40| 025093 3 971x103 23 31797 69
2800 [2000, 6700] | 1.5%3-L 1 500%x10°" 00 4.5*%, 42 0.2+04 1 1.07x107" 1.2 3.0408 4.0
3000 [2100,6700] |  1.4%3) 1 5.00%x10°" 0.0 444 43 0.2+04 1 943%x1072 1.3 2904 41
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o1, N, dE/dx distributions
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Compressed R-hadrons
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Chargino 1.3 TeV, 10 ns cutflow

Selection Events Eciency
Total 20.8 1
Event and jet Cleaning 20.6 0.99!
Trigger 11.2 0.539
Primary vertex 11.2 0.539
| miss> 170GeV 7.9 0.381
Track in PV 7.8 0.378
"1 > 50GeV 6.8 0.326
Track quality requirements 5.8 0.27
Track isolation 5.1 0.244
"1 > 120GeV 5.0 0.242
Track momentum uncertainty 4.80 0.23
|#]< 1.8 4.39 0.211
$ 1 (track 1S9 > 130GeV 3.80 0.183
Electron veto 3.80 0.183
Hadron/tau veto 3.80 0.18<
d /d%" [1.8,2.4] MeV g*lcm? 0.80 0.039
d /d%> 2.4 MeV g*len? 1.92 0.092
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Timing cross-check

Two independent 3 measurements provided by muon ToF and
calorimeter ToF

Calorimeter ToF: Averaged across cells, with each cell weighted by
timing resolution (FWHM/2.35 = 0.050 (trk),0.075 (mu))

Muon ToF: Fit tracks with floated 3 (FWHM/2.35 = .045)

No deviation from 3 ~ 1, while measured dE/dx would point to 3 ~
0.5
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