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... Or, using the Dark Side of the Force
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Qutline

« Search Motivations

Search Strategies
Low-mass (“Dark y”) Searches

= Challenges and Analysis Handles

All results referenced here are
available at
https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/ExoticsPublicResults

= Displaced Lepton-Jets Analysis (Run 1 results + Run 2 preliminaries)
= Prompt Lepton-Jets Analysis (Run 1 results)

Higher-mass (“Dark Z”) Searches
= Challenges and Analysis Handles
s h — Z,Z* Analysis (Run 1 results)
s h — ZpZ, Analysis (Run 1 results)
Potential Future Extensions
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Dark Boson Search Motivations

- Possible portals to dark sector: Higgs, Neutrino, Vector, (Axion)
« Vector portal: add U(1)’ whose massive gauge boson (A’ / Z, / y,) mixes
kinetically with SM photon / kinetic mixing parameter

1 1 1 . 1 My convention :
LD —=B,B" — = Zpn 2" + = — Zpu B* +=m% 2" Zp Y4 low-mass
T p 4 p T D,0 %D %Dy _
4 4 2 cost/ 2 Z higher-mass

« Higgs portal: add “dark scalar” (¢ / s4) that mixes with SM Higgs
£ (Ap + A@EJHJ{H Higgs mixing parameter \ Av

12 . o e K= ——"-—
= Trilinear term induces mixing after EWSB m3 — m2

2

- Hidden Abelian Higgs: Higgs Portal + dark boson

g 7d
y \/ !
™ i d
h s DEZ
p d
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Dark Boson Search Motivations

- “Hidden Valley”: dark boson our best candidate for collider detection
amongst hidden zoo?

= High dark boson multiplicity in long decay chains?
- Dark matter models
= |Inelastic Dark Matter
= Radiating Dark Matter
... etc
- Dark boson as mediator between dark gauge group and (N)MSSM ?

= “Standard” production of superpartners @LHC — dark sector —

?
dark bosons ? SUSY breaking

NN

MSSM

arXiv:0810.0714
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Search Strategies

- Final-state dilepton signatures: promising search prospects if Z,/y,

decays back to SM with sizeable BR
= BRs vary with mass
= Lifetime varies with mass and ¢

s Tl —— Br(zp-i) [LO] 1 10°F
Br(Zp = pp) [R(s) data & QCD 3-loop]
L]
A Br(Zp - ee) [R(s) data & QCD 3-loop]
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mz, (GeV) mgz, (GeV) arXiv:1412.0018
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Sea rC h St ra tegi eS I Analysis in this talk

I Possible future analysis
m Lepton-Jets
I

B Not in this talk
Medium

l Dark boson

I Higher mass (Z;) I
Non-collimated
1

Collider-

Collider- Short / 0 Medium

lifetime lifetime

Short / 0

stable

lifetime stable

Prompt LJ Displaced LJ MET ZpZy | ZpZ* Displaced p MET

lifetime

« Lepton-Jet (LJ): collimated jet-like structure containing pair(s) of
muons and/or electrons (and/or light hadrons: not discussed here)

« Non-collimated: final state leptons far enough apart to pass
standard reconstruction criteria
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Low-Mass Searches: Challenges

- Low signal rate and no obvious triggers
= Low lepton-p; thresholds for sufficient efficiency
- Need creative triggers to avoid pre-scaling

« Reconstruction challenges for collimated
final-state particles

X, * & ATLAS Public EXOT-2013-22-Aux

» Range of possible topologies, depending
on unknown hidden sector properties
= Number of constituents per LJ

= LJ shapes
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Low-Mass Searches: Handles

JHEP 62, 02 (2016) JHEP 11, 088 (2014) Benchmark Models
ATL-PHYS-PUB-2016-010
- Categorize LJs by: FRVZ: sy
= Particle species ) f’l: —
> Prompt vs displaced . Hsp <
- Key properties: N
» Angular aperture of constituents (\‘\“;:\\\
= Isolation (Xp; of charged tracks within cone) \f/_‘)
» LJ-building: cone-based clustering Dark SUSY: 7, .
« Require two LJs in event 9G4 g ey
= Minimum A¢ separation . X ym -G

To allow easy re-casting: trigger & reco s - -

. . X bdl”
efficiency tables as function of y, {ct, p;} ; = YNTH f;l
1i q) %d_ -

= “Lepton-Jet Gun” MC tool

—

Exotic Leptonic Decays as a Window to the Dark Sector with ATLAS 9


http://link.springer.com/article/10.1007/JHEP02(2016)062
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https://cds.cern.ch/record/2153376?ln=en

Low-Mass Searches: Displaced LJs

Targets y, decays beyond pixel detector, out to muon spectrometer (MS)
» Muon pairs: MS tracks with no corresponding ID tracks

- Electron pairs: appear as jets in calorimeters
JHEP 11, 088 (2014)

LJ categorization:
L) TYPEO LJ TYPE1 L) TYPE2

B D

- EMCAL
BN HCAL
B MmS

only muons muons + jets only jets
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Low-Mass Searches: Displaced LJs

Main backgrounds: %06' %TLQSTQV Runl_
- QCD multi-jet :.. ]
- Cosmic-ray muons s

. Beam-induced E’Oz oz stz |

Triggers:

= 3 MS tracks without ID tracks

JHEP 11, 088 (2014)

[k —— Control Region, first 2fb™ data |
O .}E&{l ...... T T |

0 10 20 30 40 50
= 2 close-together MS tracks without ID tracks 2P [GeV]
NEW IN RUN 2: ~3x gain in trigger efficiency g °-2Z_i_.,_' T T
= Jet with low fraction of energy deposition in 5 L run1

. 01| ~..m, =040 GeV']

EM calorimeter E : : _

-,é | -y =0.90 GeVi

Additional discriminating variables: U Lm0
= Jet width and timing 0_05? L.1 ]
= Beam-induced BG tagging NEW IN RUN 2 - :
ob— ks I

0 0.5 1

LJ constituents |/ (. )?+(© 0,7
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Low-Mass Searches: Prompt LJs

JHEP 62, 02 (2016)

g ‘_ L L AL L LA DL L | '_—

LJ Categories: S SO0 WDboson M ATLAS :

. g C [ ]Multijets MC Ldt = 203 fb™ .

Muon, electron, mixed g 4000 [WsdetsMC 5 8 Tov -

- Minmc Z—ee .

3000 [CzsJets mC —

. L. r [-] stat. error .

Main backgrounds: QCD multi-jet 2000 come  Eraction of E

- high-threshold 1

10001« TRT hits -

Triggers: single-electron, di-EM, single- - ]
. 00 0.2 0.4 0.6 0.8 1

muon, d]'muon Leadinglrack'sfHT

o ° o ] ° 3 o ° :_;I-; :l T | T T T T | T T T T | T T T T | T T T I:

Additional discriminating variables: 8 a000F- Mossonuc ATLAS E

« Calorimeter isolation S120001 S:ﬁf..? Lot- 203 S

- Jet EM fraction §10000 Mo =~ 20w -

L C _

- EM Calorimeter hit properties and 2000 [stat.error E

4 6000 — * Data T

hadronic leakage : Energy of strip 1

- Transition Radiation Tracker hit = with maximal 3

roperties - energy deposit .

prop %10 T IS | NS T B R—

ES [GeV]
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Low-Mass Searches: Run 1 Results

Displaced:
E‘ 1DE_I IIIIIII I IIIIII| | IIIIIII | L IIIIIII | |
= - Run 1} ATLAS .
— B 2037 fs=8TeV ]
< N N
+‘U | EFR T+ = ]
. IR (R the AL ALttt S
<t
T 1o .
I - -
e B -
' _ ]
m B -
é _BH[H—a 4y +X)=10% ]
E b a S e EEEEE - EE— - - e -
o
_._I
E 1 = FRVZ 41rd maodel =
j - "'I-!-‘— 400 Mey -
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- - I expected =90 e sxpected limit T
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L 3
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Dark photon ¢t [mm)]

JHEP 11, 088 (2014)

Prompt:

=l-h

I:I —
=
(o)
T IIIIIII| T IIIIIII| T

3

-
=

—

107"

95% CLlimiton o, x BR(H — 2 y — 2 LJs)[pb]

Run 1

ATLAS

203 ys=8TeV

95% CL limits m,, = 125 GeV
— Observe _ E
- - Expected m,, =04 GeV ]

M Expected+ 10
Expected 2 ¢

BR(Higgs — 2 ﬁr; +X)=100%
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107! 1 10 10°

Dark photon ct [mm]

JHEP 62, 02 (2016)

—
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Low-Mass Searches: Run 1 Results

102 s
- Displaced and Prompt B lenss | e
. 10_3 = g2 At a e e \ '!
provide complementary Y = 8 FHTT e |
coverage in y, 8 10 4
® 5 orsay
parameter space £ 105
- In regions other S 41060
experiments are unable o _;
to reach! = 1072
& 8
> ATLAS limits have o 107 s
extra parameter (BR @ 10°F N man
for h - hidden) % 1019k ATLAS
115 | |2D'3 fo'1\"§=BTeV|
107 1072 107" 1
m,, [GeV] JHEP 62, 02 (2016)

—

—
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Higher-Mass Searches: Challenges &
Handles

« Assumption of Z; on-shell — use of invariant mass

All same-flavor opposite-sign combinations of 4l final state

= 4y, 2u2e, 4e channels

Combination of various triggers

= Single-electron, single-muon, di-electron, di-muon, electron+muon
Overlap removal for close-together leptons
Impact-parameter cuts reject cosmic-ray muons and non-prompt leptons

PhysRevD 92, 001 (2015)

h — Z,Z, targets Higgs decay to 2 equal-mass intermediate particles
h — Z,Z* scans for resonance in Z* mass spectrum
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Higher-Mass Searches

PhysRevD 92, 001 (2015)

h - ZDZD .

Lepton quadruplet selected by minimizing Am = |m,, - M|

Sensitivity to « ,

Main backgrounds: ZZ* Zp
Invariant mass cuts: .
* My, Impair -m,| ¢
* m,;, within dm of hypothesized m;_ /

[ ] °
oy

pair

h —Z,Z* :

For Z* mass spectrum, use opposite-sign
same-flavor | pair closest to m,
Sensitivity to €

Main backgrounds: ZZ*, Z+jets, tt
Invariant mass cuts: m, , my, , My, arXiv:1412.0018
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Higher-Mass Searches

PhysRevD 92. 001 (2015)

Invariant mass distributions for
data and expected backgrounds:

_|||||||||I||||||||||||||||||I|||||||||||||||||||_
my=125 GeV ATLAS h — ZDZ*
Bl H- 27— 4
17z -4l
3 Z+jets, if
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[

[ Zbb, Zsjets
I (Z+) quarkenium
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Higher-Mass Searches: Run 1 Results

-3
2_0><|1|c}||||lll|llll""|"' |||| | a 1l:||||||||||||||||||||||||II|IIII|IIII:l
|8 - ATLAS Final State: 4e+262[.1 4|.1 _: " ATLAS Observed .

o - Vs = -1 ] L EeTay 90 7#1 0 T i
el E - Vs=8TeV,20.3fb™ 95% CL 1 W [ {s=8TeV, 20.7 b Expected ]
or 1.6 h Z Z — Observed — 5 = . I +1o |
XE - — LpLp ---- Expected = h — ZDZ [ 1+20 |
S o14F W:io 1 E
< C [[]+20 7 =
o - n @
o 1.2 ] 2 10
> C n >
|
s 10 41 O
2 o0s8[ 1 &
o - 7] (@)
) u ] L |
0.6 — =
0-4IIIIIII|||||||||||||||||||||||||||||: 10—2'IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|
15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55
my, [GeV] mz_[GeV]

Also placed limits, as a function of m;_, on:
« BR(h — ZyZ— 4l) / BR(h — 4l)

« BR(h — Z,Z — 4l) , using SM BR(h — Z,Z%)
e BR(h — ZpZ,— 4l)

o X BR(h = Z,Z, — 4l) PhysRevD 92, 001 (2015)
« Iy, signal strength [0 X BR(h — ZpZp — 4U)]q,
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Potential Future Extensions

 Diphoton 750 GeV bump: contribution from h — y’s ?
arXiv:1606.03833

« Nuclear transitions 17 MeV bump: “protophobic boson”

not exactly our Z, / y,, but perhaps detectable?
arXiv:1604.07411

« Lepton-Jets:
= Additional benchmark models (e.g. inelastic DM)
= Additional LJ types (e.g. converted photons)
= Extended my, m, , coverage

= For short lifetimes: specialized reconstruction of displaced inner
detector tracks

» Non-collimated:
= Combination with LJ analysis

= For extended angular aperture coverage: overlap removal
adjustments

—
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Potential Future Extensions

« New “displaced non-collimated muons” analysis for Run 2,
extending Z,Z, search to longer lifetimes

LHC 14, 300/, L < 1m ) LHC 14, 3000/fb, L < 1m

L4 CouRtours of | Conbpus of
Log,JBrih-+Zol]

10k {1 10 R ]
F Bupsmow F Bupamen ]
107°F 1 107°F E
,1|:|-1l:|: FETITT EETrTT ETETETTT EELTTTY BEFEE T BT I 1|:|—‘|I:I: TR BT BT P LT TR AT | .:
10°% 107° 041 1 0 10 10° 102 10% 041 1 0 10¢ 10°
mz, [GeV] mz,_ [GeV]

arxXiv:1412.0018
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Conclusions

Dark bosons appear in a wide range of BSM models
= Vector Portal, Higgs Portal, Hidden Valley, SUSY, DM ...
Rich phenomenology of leptonic final states presents challenges ...

= Widely-varying topologies
= Non-standard reconstruction
= Tricky to trigger on

... but also opportunities for discoveries in ATLAS!
= Multiple complementary analyses with distinct strategies

= Lepton-Jet (Prompt + Displaced) and Z,Z, / Z,Z* analyses cover large
swaths of previously-unexplored parameter space

Building on successes of 8TeV analyses for even wider-reaching 13TeV
versions
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Vector Portal

kinetic mixing dark photon
term mass term
| my,

€y p v
£ P F = (P Py 3 A, + 2 i,

with € = €y cosly, , ap = (g7, /4m)

Field re-definition removes kinetic mixing - Loops of heavy fields

charged under both U(1)Y

: ;M
term and generates coupling €eA,, Jgy; - and U(1)' will generate

With sin X = QgY . kinetic mixing
~ * €~0.01-0.0011n absence
B,\ (1 —tany B!u, of enhanced symmetries at
B,) —\0 secx B ) high energies
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Inelastic Dark Matter

Fermion Thermal Relic iDM. A = 0.1 nny

: . -4 * ' sl LHCS
Dirac fermion DM, mass 10 J==: /
eigenstates x; and X, <
with dominantly off- 10551 i
diagonal interactions T:
-+ L
~_— —& o
= 1077 ==c====
E ~a BaBar .=
— displaced S
£ " :
u~ o 1077 Teal ! '
g9 Nﬁ T ] -
w BaBar el .
I — b ~ai
= 107 Missi :
MISSINE !
M | Momenfum . di’:—i)I:lE'Ed
X o
z Ya 10~
|
S e AN
X1 1{}_1']_ ‘II 1 1 :IB'IE.]-;I.EI :I[I 1 1 1 1 1 11 11 1 1 1 1 11 1 11
0.1 1 10 100
arXiv:1508.03050 my (GeV)

—
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I
Radiating Dark Matter

310_2 RN
. . o i e S
Phenomenologists’ re-casting 5 100 IR
of ATLAS lepton-jet results g e S
for models with large dark 107
. =) B S
coupling constant 105
2= =
= -
210°¢
A e F
<107 - EI37 =
0% = = ISND 3
8
10 '§_ SN —§|
10—9 ;_ Benchmark A excluded at 95% CL _;
; displaced search prompt search E
X 10~ "°L- [ @ 8 TeV (all lepton jet types) [l @ 7 TeV -
, = [ | @13 TeV (muonic lepton jets) [ | @ 13 Tev =
14. A'F 10—11 | | IIIIII| | | IIIIII| | | IIIIII| | IIIII_
1072 107"
arXiv:1505.07459 m,. [GeV]

—
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R
Displaced LJs

Run 1 Data 119 FRVZ model | Excluded er [mm]
Cosmic rays 40+11+9 BR(10%)
Multi-jets (ABCD) 70 £ 58 £ 11 H— 27+ X | 14 <er <140
Total background 110 &= 59 + 14 H—4v+X | 15 <cer < 260
Run 1 LJ pair types 0-0 | 01 0-2 1-1 1-2 2-2 All
Trigger selection 9.226x10°
(Good primary vertex 9.212x10°
Two reconstructed LJs 946 | 1771 | 16676 | 1382 | 19629 | 82653 | 123057
n range (TYPEL/TYPE2) 946 | 1269 | 5063 701 3838 | 25885 | 37702
EM fraction (TYPE2) 946 | 1269 393 701 172 4713 8194
Jet width W (TYPE2) 046 | 1269 | 350 701 148 3740 7154
Jet timing (TYPE1/TYPE2) | 946 | 1054 216 547 92 78 3433
NC muons (TYPEO/TYPE1) | 27 | 3 42 5 5 578 | 660
1D isolation 12 0 19 4 3 160 198
| Ag| 11 0 11 4 3 90 119
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I
Displaced LJs

Trigger Efficiencies: Angular Apertures:
nggh_} 2}’rf+X Run2 Runl Runz E D_181III|IIIIllllll””III”IIIIII”III”.IIIH!IIHH_:
m=125 GeV | m=125 GeV | m=800 GeV S 16 Breimmany e S
Tri-muons 2.0 2.9 2.4 = 3
Narrow-scan 10.6 N/A 230 5 014 —m,=125Gev, 2y,
Calo-ratio 0.3 2.3 9.7 § 012 —m,=800 GeV, 2y, —
OR of all 11.9 4.6 32.0 E 0.1 3
Higgs — 4yq+ X Run2 Runl Run2 " 008 =
m=125 GeV | m=125 GeV | m=800 GeV 006 =
Tri-muons 4.9 5.8 7.8 004 _E
Narrow-scan 8.3 N/A 38.4 ’ ]
Calo-ratio 0.1 0.5 7.4 0.02 E
* 3 v Coovaliaa v v bevear bevra bevn s b
OR of all 13 6.2 448 0102 03 04 0506 07 08 051
ﬂIRI.I-'v'I.Ei::l::-n*.atrl..lu:lju::lr'l

u

* tri-muons: select events with three muons reconstructed only in the Muon Spectrometer (MS-only
muons) with pt > 6 GeV

* narrow-scan: select events with two MS-only muons in a narrow cone of radius =0.5. The leading

muon must have pt > 20 GeV and the second with pt > 6 GeV

* Calo-ratio: select events with a jet of pt > 30 GeV and low electromagnetic (EM) fraction
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Displaced LJs

Run 2:
The reconstruction efficiency in the barrel part of the ATLAS detector for LIs from yqg — up
> D 5_| T T [ T T T T [ T T T 1 : T |. L E DT_ e B LA e v o — T T T
o VYL ¢ ATLAS Simulation ] T ATLAS Simulation .._m 125 GeV, 2 (ct=47.00mm) ]
O - Preliminary : : " Brelimina _ .
o - ¢ - o 06_— ry --My~800 GeV, 2y (ce=11. ?Emm}__
Ny 04~ ¢ & ™,~125 GeV, 2y _(ct=47.00mm)_ - - .
a" o * ¢ -8 M,=B00 GeV, iyd{cr=11.?ﬁmm}: E 05__ ++++ ++ ]
= - 1 Q2 A ]
9 * ..p 7] © - + 7]
203 . . =04k T, + + ]
ITH ] - . @+ 1
0_2__ .¢ % _ 0-3?: - -+ E
o i - 4+ .
? i 0.2F Te > - -
0.1- %’ - : . . :
- i 0.1~ .- ]
: ettt b ¥ : 5
i 1 1 1 1 | 1 1 1 | | 1 1 L1 | 1 L1 | | | | B | | | | | | | | | | | |-.-l = ]
DU 100 200 300 500 00 2 4 6 8 10
pTd [GeV] Xy [m]
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Displaced LJs

Run 2:
The reconstruction efficiency in the barrel part of the ATLAS detector for LIs from yqg — ee/nm
— T — T — T — T — T E T I I | I I I | I I I | I I I | I I L
% 0.14F | & l ATLAls Simu!ail.‘ion 7 o) 0'85 - ATLAS Simulation .
Ohe B +++ +++ Preliminary . o 07 - Preliminary B
o Z Y.IL .
~0.12F # ++++ ++ ] 2 - - &-M,=125 GeV, 27, (c=47.00mm)
; - + - o 06__ m =800 GeV, 2 {c:r=11.?l3mn'|}_—
O - @ +++++ . Q u e e ]
o) 01—_ + + + ] O . A
s oh o, iy b IR ER |
O - 3 L - .
50-08F ++ + ‘H ] 0.4F - E
_ ¢++ 4L N ]
- { - . _
0.08 » H 0.3- E
0.04F « { L 028 * - .
| ® . m=125 GEV,E'{d[cr=4T.ﬂﬂmm}: E E
002:—. + -o-M,=800 GeV, 2y_(ct=11.76mmJ| 01:_ - - —:
- A S S T TN TN N AU N M N AN S T N M RO ] OOE.":.::.:‘ L ' T ol ]
00 100 200 300 400 500 2 6 8 10
Td
p* [GeV] Ly [m]
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I
Displaced LJs

Data-driven multi-jet background
estimation: Simplified matrix (ABCD)

Systematics (Run 1): method assumes this background is

= Cosmic background estimate: 22% factorizable in 2D plane

= Multi-jet background estimate: 15% = )py Scalar sum, selected ID tracks
= Luminosity: 2.8% (p>0.5 GeV, from PV) in AR = 0.5
= Higgs production cross-section: 8% cone around LJ centre

« Triggers: = max(|y]|): between leading LJ and

. Tri-muon: 5.8% LJ farthest from it in ¢

= CalRatio: 11% S . Amas| T

= Muon reco: 5.4% = sconf- ho- N

= JES: 0.9-1.7% Eio SR P

= Pileup dependence of track A 10000 o o

isolation: 4.1% oot .o CRunlc -

= y, detection efficiency & p; > ol ]
resolution: 10% xo00h D-’-_

=)
e
o
--
-
o
n

25 3

IAGl [rad]
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Prompt LJs

Event Selection (Run 1):

ell]

mulJ

emul.J

ET™ > 0.5 GeV
track isolation < 0.04
fur = 0.14
_,ﬁ.:M = (.99
fia< 0.015

track isolation = .25

calorimeter 1solation < 0.15

ET™ > 3GeV
track isolation < 0.1
EM < 1 GeV
fia < 0.015

Expected Signal Events:

Results Summary:

Sigl‘i' bench- dya+ X Channel Background (total) | Observed events in data
Marks

vy mass [GeV] | Obs. | Exp. | -2 | —lo | +lo | +2c mﬁﬁ:ﬁu j:jr i :? i
?»I;LS: 700 GeV) eLJ-muLJ 71+14 2
03 59 | 65 | 20 | 41 | 1090 | 187 eL.—emuLJ /.8+2.0 >
0.4 5.9 6.5 29 41 10,9 187 mulJ—emul]J 203 £ 4.5 14
0.5 50 6.5 2.9 4.1 10,9 187 emuLJ—emuLJ ]9 + Dg D
07 (3] 6.6 2.9 4.1 11 19

0.9 5.9 6.5 2.9 4.1 10.9 18.7

1.2 5.0 6.5 2.9 4.1 10.9 18.7

1.5 5.9 6.5 2.9 4.1 10.9 18.7

2 5.9 6.5 2.9 4.1 10.9 18.7

Higes

fﬂ]‘_,l; =125 Cn:"r’}

0.4 5.9 6.5 2.9 4.1 11 18.8

Exotic Leptonic Decays as a Window to the Dark Sector with ATLAS

31



I
Prompt LJs

Systematics (Run 1): Data-driven multi-jet background estimation:
= Luminosity: 2.8% Simplified matrix (ABCD) method assumes this
= Triggers: background is factorizable in 2D plane
- - 0
elJ-eLJ Channel 1356 Channel Variable 1 Variable 2
= Mixed channels 3-5% elLl—eL] sub-leading eL] fim sub-leading eLJ fyr
. . o muLJ-muLllJ | leading mulJ calorimeter isolation | sub-leading mulLJ calorimeter isolation
= Slngle-muon trigger 0.6% eLLJ-mulLJ el fim muLJ calorimeter isolation
. . el.J—emul] el] fi emul.J Ehad
" MUlt]'muon tr]ggers 5.8% muLJ—emuLJ mulLJ calor'ime?;' isolation emuL]J track i:olalion
* Track reco: 8.4% emulJ—emul] emulJ ET* emulL]J track isolation

= Muon reco: 5.4%

= Muon momentum resolution: 1.9-5.2%

= Pileup dependence of track isolation: 4.5%
= LJ discriminating variables:

Variables elLJ—L] | muLJ-muLllJ | eLJ-mul] | eLJ-emul] | mulLJ-emullJ | emulJ—emull]
Tt 0.4 % - 0.2 % 0.2 % - -
Track isolation 0.2 % 17.0 % 13.0 % 0.2 % 13.0 % 9.2 %
Em= 0.2 % - 0.1 % 5.5 % 5.4 % 11.1 %
fa 12.9 % - 6.0 % 0.7 % 3.3% 6.8 %
E#“d - - - 0.1 % 0.1 % 0.2 %
JTem 0.9 % - 0.4 % 0.4 % - -
Muon calorimeter isolation - 6.7 % 3.3 % - 3.3 % -
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Prompt LJs
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Figure 8: Scatter plot of the variables used in the ABCD-method for (a) el J-eL), (b} mul J-mul 1, {c) el -mul.J.
(d) el - emul.), {2} mulJ-emuld, () emulJ-emul). The horesontal and the vertical black lines indicate the cut
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Lepton-Jet Gun

Yd

“LJ Gun” MC tool: simulates M or
Yd
Yd

|+

Allows us to determine ATLAS detector response to LJs as a function of:
composition, lifetime, opening angle, p-, n

y4 mass determines BRs to {e+e-, p+p-, m+m-}

y4 polarization state can be set to longitudinal or transverse

Multiple interactions in same bunch crossing have been added to the
simulation, to model pile-up. But, no primary vertex

Generated events processed through full ATLAS simulation chain based on
GEANT4

When using LJ Gun to produce MC samples: y,lifetime chosen such that,
taking boost into account, 80% of decays occur inside fiducial volume
= All y, decaying outside fiducial volume get re-generated, until decay is
inside fiducial volume
= This equally populates all detector regions, independent of y, py
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Lepton-Jet Gun

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-22/#auxstuff

Table 1:
Reconstruction efficiency table for y g— pp with my, = 0.4 GeV in the ATLAS barrel (midnmid < 0.9) as function of the y ¢ pr and decay distance L,y . The reconstruction

efficiency is evaluated using a "LJ gun" Monte Carlo generator and processing the generated events through the full ATLAS simulation chain. The reconstruction
efficiency is defined in each pr and Ly interval as the ratio between the number of reconstructed y «— pp and the corresponding number of generated ones. The y 4

selection criteria are defined in EXOT-2013-22. Errors are statistical only.

Lay (cm)
580-780 0.021 4+ 0.006 | 0.005 4 0.002 | 0.005 4 0.001 | 0.005 4 0.001 | 0.003 4 0.001 | 0.002 & 0.001 | 0.001 &4 0.001
500-580 0.095 £ 0.014 | 0.072 £ 0.008 | 0.040 & 0.005 | 0.026 £ 0.009 | 0.017 £ 0.004 | 0.013 &= 0.003 | 0.003 £ 0.002
420-500 0.158 &£ 0.014 | 0.085 £ 0.008 | 0.047 &= 0.005 | 0.047 & 0.011 | 0.027 £ 0.005 | 0.015 &= 0.003 | 0.007 £ 0.002
340-420 0.208 4 0.012 | 0.133 4= 0.008 | 0.090 4 0.007 | 0.056 4 0.012 | 0.041 4 0.006 | 0.026 £ 0.004 | 0.017 £ 0.004
275-340 0.2404- 0.012 | 0.198 &= 0.010 | 0.139 4+ 0.008 | 0.099 £+ 0.016 | 0.0764 0.008 | 0.037 £ 0.005 | 0.029 &£ 0.005
210-275 0.210 = 0.009 | 0.215=x 0.009 0.1594 0.008 | 0.111 4+ 0.016 | 0.118 4 0.010 | 0.0724 0.006 | 0.036 £ 0.006
145-210 0.215 4 0.007 | 0.217 4 0.008 | 0.190 4+ 0.008 | 0.159 4+ 0.017 | 0.114 4 0.009 | 0.076 £ 0.006 | 0.042 £ 0.006
80-145 0.2104 0.006 | 0.231 & 0.007 | 0.200 4 0.008 | 0.1604 0.016 | 0.130 &£ 0.009 | 0.098 £ 0.007 | 0.070 £ 0.007
14-80 0.117 4 0.003 | 0.152 4 0.005 | 0.145 4+ 0.006 | 0.117 & 0.011 | 0.102 4 0.007 | 0.070 & 0.005 | 0.062 4 0.007
printerval (Gev) 10-20 20-30 30-40 40-50 50-60 60-80 80-100

Table 2
Reconstruction efficiency table for y ¢— pp with my, = 0.4 GeV in the ATLAS endcap (1.2 £ midnmid < 2.5)

Table 3:
Reconstruction efficiency table for y y— ee (1) with my_, = 0.4 GeV in the ATLAS barrel (midnmid = 1.0)

Table 4.
Reconstruction efficiency table for y 4— ee (Trm) with my, = 0.4 GeV in the ATLAS endcap (1.5 £ midnmid < 2.4)



h —> Z D Z D Systematic uncertainties (%)

Source 4u 4e 2e2u

o Electron identification .. 6.7 3.2

° M]n]mum pT cuts on leptons: Electron energy scale 0.8 0.3
Muon identification 2.6 e 1.3

{20, 15, 10, 7} Gev Muon momentum scale 0.1 e 0.1

. . Luminosity 2.8 2.8 2.8

- Each lepton must pass isolation ... ocp . . .
: : gelF PDFs and ag 7.5 7.5 7.5
criteria Z7Z* Normalization 5.0 5.0 5.0

Impact parameter requirements for rejection of cosmic-ray muons and
non-prompt leptons

= Zg < 10mm (electrons), z, < 10mm & d, < Tmm (muons)
Invariant mass cuts:

« 115 <my, < 130 GeV (for control region, reverse this)
* |mpy - m,| > 10 GeV
» Loose signal region: m
- Final signal region: m

pair< mh / 2

nair Within (optimized) om of hypothesized mz,
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Mass difference between dilepton pairs Am = [m;3—ma,|

Before invariant mass cuts: After loose Signal region cut:

1014}_| LI LA N L B LN N N N Y L B I |F|I |I| |ta|te| |2|E2| Trrrr T T1_T1 ] 10? [Frrrrrrrrr T T T T T T T T T T IFIII Il |tltI I":elql I2Iel2| T ]
- nal state : 2e2u — nal state :
_—A TLAS my=125GeV 9 Data 2012 — __A TLAS —e— Data 2|J1+2JJ+ ' _—
—{s=8Tev, 208" Moz 2ol :Ejg o 105 |—(s=8TeV,20.3 " Clzza —
> 107 |— ] zz >4l < — - l H--Zz>41
> - B H->ZZ'->41 — [ = my, =125 GeV [ ww.wz =
(D — . t'l;'W,WZ — (5 103 L l:l i _ |
N = [ Zbb, Z+jets — L - [ zbb, Z+jets —
w0 — I (Z+) quarkonium — §2] — I (Z+) quarkonium 7
E #5222 Total background | % 10 — #zz2 Total background
o 10 _— S e _
— 1 0—1 —
102
@ 4 8
Q
& 2 — S —
£ OF 1 8 C
@ 0O 10 20 30 40 50 60 70 80 90 100 0 5 10 15 20 25 30 35 40 a5 50
|A m| [GeV] [A m| [GeV]
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h — Z,Z,

Addition to Higgs Portal scenario:
“mass mixing” (parameter 0)
between Z, and Z, with vertex

[
7
L 4

BR(H — ZZ,; — 47¢) Rp
BR(H - ZZ* —-4¢) (1—Rp)

T(H— ZZ,)

l—‘SM
BR(Z* — 2¢) x BR(Z; — 2¢)

g

d

95% CL upper limit on 8 BR(Z — 2I)

BR(U A 4.4”)

I'(H — ZZy) ~ &

—
Q
ha

10°

10®

P—

i T T T T T T T T T | T T T E
- ATLAS - Observed ]
_ 4 wmem Expected -
Ys=8 TeV, 20.7 fb’’
N +10
[ ]+20

—h

onfF T
N
o
Mo
&)
QI
o
0%
a

52 x BR(Z; — 2¢)

L BR(Z'=20)  [(mg)
BR(H — ZZ* = 4¢)  Tgy

1 (m% —m%)?

/ '(mzd)

: 2 3
167 Vi myy
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TABLE V. The expected and observed numbers of events in the tight signal region of the H — Z,;Z,; — 4¢ search for each of the three
final states, for the hypothesized mass myz, = 25 and 20.5 GeV. Statistical and systematic uncertainties are given respectively for the
signal and the background expectations. One event in data passes all the selections in the 4¢ channel and is consistent with
23.5 £mgz, £26.5 GeV. One other data event passes all the selections in the 4y channel and is consistent with 20.5 < mz, <21.0 GeV.
The H — ZZ* — 4/ numbers are summed over the geF, VBE, ZH, WH and ttH processes.

Process 4e du 2¢2u

H — Z7Z% - 47 (1.5£03£0.2) x 1072 (1.0 £0.3£0.3) x 1072 (29+£1.0£2.0) x 1073
AR (7.1 £3.6£0.5) x 107 (844+3.84+0.5)x 1073 (9.1 £3.64£0.6) x 1073
WW, WZ <0.7 x 1072 <0.7 x 1072 <0.7 x 1072

it <3.0x 1072 <3.0 x 1072 <3.0x 1072

Zbb, Z + jets <0.2 x 1072 <0.2 x 1072 <02 x 1072
ZJ/w and ZY <23 x 1073 <2.3x 1073 <23 x 1073

Total background <5.6 x 1072 <59 x 1072 <53 x 1072

Data 1 0 0

H— Z7Z" - 47 (1.2+£03£0.2)x 1072 (58 4£20+£2.0)x 1073 (26+1.0+02) x 1073
275 = 41 (3.5+£2.04+02)x 1073 (4.14+274+£02)x 1073 (20+£0.64£0.1) x 1072
WW, Wz <0.7 x 1072 <0.7 x 1072 <0.7 x 1072

it <3.0x 1072 <3.0 x 1072 <3.0x 1072

Zbb. Z + jets <0.2 x 1072 <0.2 x 1072 <0.2 x 1072

ZJ )y and ZY <23 % 1073 <23 x 1073 <23 % 1073

Total background <53 %1072 <5.1 x 1072 <6.4 x 1072

Data 0 1 0
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h —Z,Z*

« Minimum p; cuts on leptons: {20, 15, 10, 7} GeV
- Lepton isolation requirements
- Impact parameter requirements for rejection of cosmic-ray muons and
non-prompt leptons
= Z5 < 10mm (electrons), z, < 10mm & d, < Tmm (muons)

» More sensitive to kinetic mixing than Drell-Yan Z; production, due to
narrow Higgs width

e Invariant mass cuts:

Systematic uncertainties (%)

Source 4u 4e 2u2e  2e2u
; 115 < m4l < 130 Gev Electron identification 94 8.7 24
Electron energy scale e 0.4 e 0.2
m] < < =)
50 m12 1 06 Gev Muon identification 0.8 e 04 0.7
5 12 < m-, < 115 GeV Muon momentum scale 0.2 - 0.1 .
34 Luminosity 36 36 36 36
tf and Z + jets normalization  25.0  25.0  25.0 250
ZZ* (QCD scale) 5.0 5.0 5.0 5.0
ZZ* (¢g/PDF and as) 40 40 40 4.0
ZZ* (ge/PDF and a,) 80 80 80 8.0
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Channel A tt + Z + jets Sum Observed H — 47

4p 3.1£0.02£04 0.6 £0.04£0.2 37+£0.04£0.6 12 834£004£06
4e 1.3+£0.02£0.5 0.8+£0.07£04 2.1 +£0.07£09 9 6.9 £+0.07 £0.9
2ule 1.4+0.01+£03 1.2+0.10+£0.4 26+ 0.10£0.6 7 44+0.10£ 0.6
2e2u 21+£0.02+£03 0.6 £0.04£0.2 27+0.10£0.5 8 534£004£05
all 7.8+0.04+£1.2 324£01+£1.0 11.1 £0.1 £1.8 36 2494+0.1+£18

Estimated prefit background yields: (MC) ZZ*, (data-driven) ttbar+Z+jets, their sum, observed 4l event yield,
estimated prefit H — 4l contribution in the 4] sample. Uncertainties are statistical and systematic, respectively.

1= L L L I I B L L L

Method Estimated background = =
< C L I

du =iz OF "'?T_L;fv 207 fb . ! E

myy fit: Z + jets contribution 24405406 TS 4p 15BN E0 . =
my, fit: 7 contribution 0.14 £ 0.03 £0.03 Tu + = ¥ ]
2e2p NN 18F =

my, fit: Z + jets contribution 25+ 0.5+ 0.6 RN . 3
ny, fit: 7 contribution 0.10 £ 0.02 £0.02 EFE F =
2u2e Wi 14 3

€ + e*eT relaxed requirements: 52+£044£05 212 B " E
sum of Z + jets and ¢ contributions . "-ct - 3
4e o 09k - =

€ + e*e™ relaxed requirements: 32+£05+04 - 3
sum of Z + jets and #f contributions 0.8 o T | | | | | | | | =

15 20 25 30 35 40 45 50 55

Estimated expected numbers of Z+jets and
m,, [GeV]

ttbar background events
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