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Outline

The LHC at 13 TeV so far

Dark / hidden sectors with ATLAS

ATLAS searches for unconventional signatures:
Run 1 results and Run 2 prospects
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The LHC
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ATLAS

ATLAS was designed

to find new physics

.....

------
............
......

25m IF

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detecfor

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiatfion tracker
Semiconductor tracker
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£ The LHC and ATLAS in Run 2 &8

) 40 b
ATLAS W

R JET9

Unprecedented jump in center-of-mass energy, from 8 TeV to 13 TeV, allowing us o
probe unexplored energy and mass regimes

First proton-proton collisions ;.% 5; :LAS Online Luminosity  {s=13Tev  § S 6 ATyAS Online Luminosity 2015, s=13 TeV
. = — LHC Delivered . g - ]
at 1 3 Tev In May 201 5 § L[] ATLAS Recorded ] ; 5 @ 50ns: <u>=20 —
E 4 Total Delivered: 4.2 b 8 : B 25nsi<u>=17
2 C Total Recorded: 3.9 b £ 4 = E
s F =R -
£ 20 R -
g 3
= 1 1= =
2305 20106 18107 1508 12/09 10110 071 %5 10 15 20 25 30 35 40 45 5
Day in 2015 Mean Number of Interactions per Crossing
Long year of excellent ATLAS detector
performance at 50 and 25ns bunch spacing

End-of-year seminar at CERN
on 15 December 2015
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ATLAS in LHC Run 2
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http://www.sciencedirect.com/science/article/pii/S0370269316000447

ATLAS in LHC Run 2
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Event: 1483975032
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Z' to 2Zmu candidate event
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My = 1.39 TeV

EXPERIMENT
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ATLAS in LHC Run 2

Uncharted territory:

Diphoton resonances

High-pr
photon candidates
at 13 TeV

EXPERIMENT
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ATLAS in LHC Run 2

1O4EI

L I L L L
ATLAS Preliminary

e Data

Uncharted territory: 3
10
—— Background-only fit

Events / 40 GeV

Diphoton resonances

10° /s =13 TeV, 3.2 fb"

High—pT 10
photon candidates
at 13 TeV 1

—h
<
m

Data - fitted background

N [TTT
o
ol
N
o
o

600 800 1000 1200 1400 1600
m,, [GeV]

James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016 38



ATLAS in LHC Run 2
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ATLAS in LHC Run 2
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ATLAS in LHC Run 2
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Ostensibly already-charted territory:
~20 global excess at myy ~ 750 GeV

EXPERIMENT

SP— with a similar excess seen by CMS
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The LHC in Run 2
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This is especially true for the future, when the LHC
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New physics may lie in dark or hidden sectors that require
2000 3000

m,, [GeV]

1000

Run 1, 8 TeV subtle, unconventional approaches to uncover
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Dark / hidden sectors and you

( b b X

Standard
Model

SU(3) XSU(2) X U(T)

&

_E Y. uv 1o/
AL = SFYIF,

The hidden sector can be simple (e.g., a single U(1)dark) or more complicated, involving

dark QCD sector / dark hadronization, dark matter candidates, etc.

Only a few allowed ways the hidden sector and the SM can talk to each other, and

many of them yield rich, unconventional signatures at the LHC
But unconventional means significant customization and non-standard ATLAS methods

This involves inspiring the ATLAS detector to do things it wasn’t designed to do

James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016 10



®9] ATLAS UEH: Unconventional Signatures and Exotic Higgs

ATLAS

Unconventional signatures as a window to dark / hidden sectors
« Prompt and displaced lepton-jets via dark photons
* Displaced, non-collimated leptons via dark photons and dark Zs
» Higgs-to-four-leptons via Zgark
« Higgs-to-four-SM particles via intermediate (pseudo)scalars with prompt decays
* Displaced vertices / hadronic jets

* Emerging jets
ATLAS searches not covered here

* Long-lived, heavy neutral leptons (for lack of time):
* SUSY R-parity-violating scenarios
» Multi-charged particles that yield long-lived particles

* Dark matter / mono-X searches

James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016 11



U(1) extension of the Standard Model

Old-school idea
« Holdom, Phys.Lett. B166 (1986) 196
 Galison, Phys.Lett. B136 (1984); Manohar

« Later revisitation / developments by many

Kinetic mixing

 Lagrangian contains a term

_6 Y, uv o/
AL = SFYIF,

€

But dark photons at the LHC are not usually this simple...

Example: A low-mass, hidden gauge boson

(

Vd

Dark photon
A
Heavy photon
Zdark
Hidden photon
U-boson

etc.

James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016
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Dark photons at the LHC

Highly collimated groupings of leptons: lepton-jets; distinct LHC signature

arXiv:1002.2952

One viable LHC realization:

Dark / hidden sector coupled to SM
Higgs and leptons via very light dark
sector particles

Low-mass dark photons can be produced via cascade

decays of heavier states
Low-mass
—> large boost

—> collimated decay products

Leptonic decays prominent over wide (low) mass range

1.00+

0.70}
050+ efe”

&% 0.30}
m Hadrons

0.20+
0.15}

0.10+

010 015020 030 050 070 1.00 1.50200 3.00
va Mass [GeV]
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Prompt and displaced lepton-jets at ATLAS

Why are lepton-jets difficult in ATLAS?

PEO LJ TYPEL

<

LI TY

Challenges the idea of what a “good” lepton is

Muon triggers and ID / reconstruction in ATLAS have been optimised for
some degree of isolation, spoiled with a very-nearby muon

Similar challenges with electrons

Primary vertex information, of primary importance for most searches, not useful for displaced decays

James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016 14



Standard muon ID
benefits from isolation;
here need dedicated
clustering algorithm
with a cone of AR

Uy

*

L) TYPE1

Prompt and displaced lepton-jets at ATLAS

Three separate types of lepton-jet definitions considered

Cosmic backgrounds important

1075 TTTiaeaa. R T
w i e ~~., ]
10-6 T —— \,"'\..: 10—6
10—7 E 10m "‘s~,~\ . 10_7
1078 1078
10—9” PP ettt 710—9
001 0.1 1
my (GeV)  [Rouven Essig]

James Beacham (Ohio State)

Weak interaction ==>
non-negligible
dark photon lifetime

Search for both prompt and
displaced decays

Model-independent searches
for lepton-jet objects, with a
few benchmark signal
Interpretations

d

95% CL Limit on 6xBR(H— 4y +X) [pb]

A
T T T 1717

oA
o
L

................. o -]

- - - -

ATLAS

203fb'1s=8TeV

BR(H— 4y_+X) = 100%

- FRVZ 4yd model —
- m, = 400 MeV ;
L expected 1 2o ——  observed limit
- B expactedt it eeeeee expected limt
L Allllll 'S ' 1111111 L i lllllll ' 1 lljjllJ .
3
1 10 10° 10
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_2 07 7 7 N7 7 [ B iy
10 e 'K'L(')'E / HADES  KLOF 1’ Run 2 prospects
e NA48/2 ' ,
S 10~ E141 Displaced:
O Orsay * Expect to exceed Run 1 sensitivity
g 107° with 3-4 fb at 13 TeV
E 10—6 * New narrow-scan muon triggers
g; greatly improve signal efficiency
>C_< 1()‘7 E137 CHARM  Recover muon reconstruction
R LSND .
= 10°8 90% CL efficiency for nearby muons and
[$) — o extend mass reach higher
§ 107° SN mon % * Investigate non-prompt electron
¢ 10 Arfi(g% 27a + X) LJs reconstructed as converted
107 h
otons
| 203" /s =8 TeV P
1 0—1 1 _3 1 1 L L L 111 2 1 1 Ll L 11l 1 | 1 L1 L 111
10 10 10 1 Prompt:
Run 1: rnYd [GeV] * Focus on larger dataset for an
IHEP11(2014)088 end-of-2016 result

arXiv:1511.05542

James Beacham (Ohio State)
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http://link.springer.com/article/10.1007%2FJHEP11%282014%29088
http://arxiv.org/abs/1511.05542
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02
1073
1074

107°

1075%

S

10-7

: Countours of
- LB Logy[Br(h-2oZp))
10 8 - 10
9
107

Dark photons / dark Zs at ATLAS

10_10 NPT EESPTrree
102 102 0.1 1 10 10 10°

m~»_[Ge
arXiv:1412.0018 z, [GeV]

Further run 2 prospects

For non-prompt decays of dark
photons / dark Zs with higher masses,
the leptonic decay products can be
displaced but non-collimated

“Good” muons in ATLAS require
tracks in both the inner tracking
volume and the muon spectrometer;
“combined” muons

Instead use MS-only “tracklets” and
match to a common MS vertex

Model-independent searches for such
topologies will be a priority in ATLAS
Run 2

James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016 17
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£ Higher mass hidden gauge bosons: H —>Z<d)Zd—>4I._ﬁ":

ATLAS

Dedicated search in ATLAS p
Run 1: PRD 92 092001 Higgs-to-four-leptons events g
Zp
> :IIIIIIIIIIIIIIIIIIII'IIII'II-;-eIIII: . . h———.——
8 asof ATLAS ) Tetmmee 4 Zala keep events with a K s Z
w  F(s=8TeV,2031b" 7 mazsa 3 unique quadruplet where
0 3005— 195 GeV / B H->zz+->41 _E h d ff ¢
o Em A7) [ e E the mass ditference
FoE =" 1 b he 2 di
- | mm oz E etween the 2 dilepton ¢
sob D | 9 romsgoms system |miz-m34| is
oo 3 minimal; then apply a Z-
- 3 vetoanda)/P and Y veto
2 ’ :
3 oE
'UE')) ".'.'.'.'.'ff.'.'fff.'.'fff.'.'ffff.'.'fff.'.'fff.'.'fff.'.'.'.'ff.'.'fff.'.'fff.'.'fff.'.'.'fff.'.'fff.'.'fff.'.'fff.'.'.'fff.'.'fff.'.'fff.'.'ff.'.'.'.'.'ff.'.'fff.'.'fff.'.'f.'.'.'.'.'.".'.'.'.'.'.'.'.'.'.'.'.'.'.'; Run 2 developments:
100 120 140 160 )
0.50 m, [GeV] * Lower mass reach in mzq
1‘0 . :I T T T | T T 17T | T T 1T | T T 17T | T T 17T | T T TT | T T 1T | T T 1T | T 1T |:
c 045 F ATLAS Final State: 4e+2e2u+4u 3 * Lower mass ==> close together decay products
c YUaor =
o -  Observed 3 « Muons ==> lepton-jet-like
S 040E \s=gTev, 203 1t - Expected ——- P
@ 0.35F 5*;0 = * Electrons ==> Need new approach
f - : +20 .
8 0.30 = E * Investigate higher Higgs masses
- 025 & 2« Investigate adding some Zq decay channels
$) - -
2 0.20
2
2 015 =
0.10 - = e
S [y = BR(h = ZaZa = 4) - Run 2 sensitivity:
0.05 F- BR(h— ZZ* — 4l) = . . . . _
S T T T T ST I * Benefit from increased Higgs production cross section
15 20 25 30 35 40 45 50 55 60

o] * Expect to improve upon Run 1 results with ~10 fb" at 13 TeV
mzd e
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092001

H — aa(ss) —» 4SM (or 2SM+X)

H—>aa—> 2u2T1 S
- S Extended Higgs sectors
GJ — — ] ° ° °
= [|SRw aAmas pata i with relatively light N
S 15 Vs =8TeV, 20.3 b —— Background Model | :
S FitUncerainty (pseudo)scalars (a)s )
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G>.> N N e tt Component - 5
Ww 104 ZIv* —
I _E § . . oot
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i (h—aa)=10% | expected precision with
. | which we can ever measure 0 TR 50
i i the couplings of h125 to Exar:"l(:’
- " SM particles at the LHC, ZHDMJ}; with
<—§1oo—+ |% Lo + h —> aa searches remain L Type 1 Yukawa couplings y
%108. ! R | | possibly our best window
- - - ' See Exotic Decays of the 125 GeV Higgs
D\g 4 5 678910 20~ 30 4050 60 into the dark sector Boson for anyexhuastive roundup:gg
° Run 1 PRD 92 052002 muu [GeV] ArXivi1312 4992
“%—:1025 T E . .
E{z - ATLAS mH_mhc;t:szeE;viz\gs% cL 1 Run 2 prospective searches for
" (5=8Tev, 208" ... - %CL
AT S Vedian Expected 5% CL h125 and mp > 125 GeV:
Tf =20 7 e h—>aa—>2u2T
5L : * h—>aa—>4b
7 - ] e h—>aa—>2b2yp
§°10-1; i * h—>aa—> 2b+MET
. e h—>aa—>4T
10-2_1 I I I Lo I ] ° h_> aa —> 4Y
4 5 6 7 8910 20 30

m, [GeV] Speaking of that last one..
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http://arxiv.org/abs/1312.4992
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.052002

Multi-photon signatures

General search for new phenomena in inclusive Run 1: arXiv:1509.05051 y
three-photon events at 8 TeV Y\D\’;‘t
* Low-pt photon requirements: > 22, 22, and 17 GeV J a,” v
* Photon ID limitations for low-pr, nearly-merged & 775~ =
h/H
photons (AR < 0.15) p N ol
* Resonance searches in 2y and 3y mass spectra %CL
Y

One of the main benchmarks: H —> aa —> 4y

1

C\IA T T 1 | L | T T 1 | L | L '3' E L | L | L | T T | L | T T T T E
= 10 — Observed upper limit ATLAS ] Z [ — Observed upper limit ATLAS ]
:L = - E:(pected upper limit h — aa — 4y ] ‘3;_ B - E;(pected upper limit H — aa — 4y i
P~ ~ + - = L + -
% T O] :2(; m, =125 GeV i "]; 1 ] 12(; m,, = 900 GeV
X =107 =
S Vs = 8 TeV, 20.3 b &k \s=8TeV,20.3fb" 3

) X . -

é 107 3 95% C.L. upper limits ’§ B 95% C.L. upper limits -
5 - m,; resonance search - | R m,, resonance search |

ox = | m,-dependent width  _ E« 102 m,-dependent width —

o L - 3
S ‘g -
103 — 2l
10° =
10-4 = = L
- 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | [ I | . 10-4 L 1 1 | 1 1 1 | | 1 1 1 | | 11 1 1 | 1 1 1 | | 11 1 1 | 1 1 1 |
10 20 30 40 50 60

50 100 150 200 250 300 350
m, [GeV] m, [GeV]
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http://arxiv.org/abs/1509.05051

Multi-photon signatures

General search for new phenomena in inclusive  Run 1: arXiv:1509.05051
three-photon events at 8 TeV

— Observed upper limit ATLAS
---- Expected upper limit  Z'sa+y —3y
1o

[ 1+20

/' —>a+y —> 3Y

10’
\s =8 TeV, 20.3 fb™

95% C.L. upper limits
m; resonance search
m,-dependent width

oxBR(Z'—a+y)xBR(a—yY) [pb]

1073

'4|||||||||||||||||||||||||||||||||||||||
10700 150 200 250 300 350 400 450 500

m,, [GeV]

Both H —> aa —> 4y and Z' —> a+Y —> 3Y have implications for myy = 750 GeV

* Very low m, leads to highly-collimated photon pairs from multi-photon events
that can yield a “diphoton” final state in ATLAS

* Run 1 search utilized separated, isolated photons
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Multi-photon signatures

| Standard isolation calculated based on some fixed cone size
— 2 2
AR =+/(An)? + (Ag)

Real photons have narrower shower shapes than jets
Lots of extra energy in the cone ==> jet faking a photon
Distinguish photons from jets-faking-photons by requiring stringent isolation

—> Straightforward for high mass diphoton resonance searches
—> Challenge arises for low-mass resonances with low-pr photons or highly boosted states

Two nearly-merged photons (?)

Two completely overlapping photons (!)

Two well-separated photons (!)

L [] -
,: N f ;' Current photon and jet
e . : triggers kill this

22
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Displaced vertices / hadronic jets

Long-lived particles decaying to hadronic jets far from the interaction point

e Out-of-the-box jet reconstruction assumes inner detector tracking
and pointing to common primary vertex, as well as
nice calorimeter clusters, etc.

e Displaced jets confound the standard jet ID approaches

Scalar Boson (®, or H
when m, = 126 GeV)

/—

4 n‘;,, "
X—¢ _
¢ QB nv‘\\ b
: -
b

Long-lived scalar or pseudoscalar

What if the particle decays in the middle of
What if the particle decays in the inner ’ the calorimetry?

detector but at a sizable distance from the
nominal interaction point OR decays all the
way out in the muon spectrometer?

CalRatio: Pair of jets decaying in the HCal
* A narrow radius

* No ID tracks pointing towards the jet

* Large energy deposit in the HCal with
MS-1D: Two or more jets in the ID and/or MS little to no energy in the ECal

* Primary background from SM multijets
James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 9 Feb. 2016 23



Displaced vertices / hadronic jets

Run 1 results
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http://www.sciencedirect.com/science/article/pii/S0370269315000787
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012010

Displaced vertices / hadronic jets

. ) .
Run 2 prospects ATLAS Preliminary ~\s=13TeV, 78 pb

g e | .
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* Major improvements for triggers, % 2 —
: : : D C 1770

signal jet ID, trackless SM multi- a : .
jet background rejection ° k3 4 760
2 = . =150

* Exceed Run 1 sensitivity for most o _4C B
benchmark scenarios with = a 1030
2015+2016 data —2r 20
-3F : B

» Adding multiple new model B e D - 5 30

interpretations currently

. MS vertex 1 - pre-isolation
unconstrained

MS-only vertexing algorithms work
like a charm in Run 2
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Emerging jets

NEW IN ATLAS FOR RUN 2

A novel LHC signature where dark or hidden sector quarks decay to the visible sector via
multiple displaced vertices of varying displacements within the same jet object. Pair- arXiv:1502.05409

produced dark quarks then give rise to neither prompt jets nor a pair of displaced jets
pointing to the same displaced vertex, but to emerging jets.

Displaced Di-Jet Emerging Jet

Requires custom emerging jet ID and
background rejection

Aiming for late summer result, to be updated
for full 2015+2016 dataset
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http://arxiv.org/abs/1502.05409

Multi-charged particles

Ll I . T L ‘l T L LS rL

Search for long-lived (ATLAS-stable) multi-charged g OO ‘ i | E
. ] g 0.45¢ : CJZon'n | =
particles (MCPs) with 2e < |q| < 6e S 04F < Mass600GeV,z=2 || 3
Z E : Mass 600 GeV, z=:_5 || E
* Highly ionizing, muon-like signature - 06325" : " Mass 600 oV, 100 ”“
* MCPs lose an anomalously high amount of energy per o oak ,_’ HE
distance in all subdetectors 0.2F ; ATLAS S'mu'a"onl I—
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* Doubly-charged particles appear in models (almost- 0-15E | :
commutative model, walking technicolor) that can 02’;5 ) S E
have implications for composite dark matter ' OE i T T E
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Drell-Yan pair-production of MCPs Run 1 (83TeV). EPIC (2015) 75:362 TRTf
Use muon and MET triggers and look for muon- g 10 ""'T'heory"ObseN'ed'?
like tracks with high dE/dx along trajectories in o 102 s =8TeV, 20.3 fb" predicion 96 % GLL .
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—DY z=4 h-z=4 =
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http://link.springer.com/article/10.1140/epjc/s10052-015-3534-2

Long-lived,

heavy neutral lepton

NEW IN ATLAS FOR RU

N 2

The neutrino Minimum Standard Model (VMSM)
Ann. Rev. Nucl. Part. Sci. 59, 191 (2009)

Main signature in ATLAS

» Single-lepton trlggi;-err"s%.,_‘ —

SM nuMSM \,—~ 1" Muon ~26 Gev
— U u".' l:“ih - |18 W I lu t . N, stable dark matter W aEleciron ~28 (?eV_,
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. .. . . 108 — -
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The hunt for new hidden sector beasts
requires perspicacity, patience and skill...

Searchmg for Exotic Hidden Signatures with ATLAS in LHC Run2
Workshop on the Detection of Dark Sector Signals

February 9-11, 2016
Cosenza (ltaly)

fS D A ATTHOA TR Y C TYIGVT C W A T W XM R -l ‘PTQPT‘RV.Y
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The hunt for new hidden sector beasts
requires perspicacity, patience and skill...

Searchmg for Exotic Hidden Signatures with ATLAS in LHC Run2
Workshop on the Detection of Dark Sector Signals

February 9-11, 2016
Cosenza (ltaly)
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Backups
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Prompt and displaced lepton-jets at the LHC z;j.
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ATLAS: [HEP11(2014)088
arXiv:1511.05542

CMS: arXiv:1506.00424

CMS dark photon interpretation of
H—>aa—> 4

20.7 fb’! (8 TeV)

ATLAS lepton-jets
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Parameter space getting squeezed
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http://link.springer.com/article/10.1007%2FJHEP11%282014%29088
http://arxiv.org/abs/1511.05542
http://arxiv.org/abs/1506.00424

Multi-photon signatures

Limited sensitivity at medium-low-mass two-photon resonances

( h — aa — 4y )
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Gap in the search for this BSM Higgs decay

Similar limitations for higher my
and the Z/ —> a+y —> 3Y case
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%%9] Parameter space getting squeezed — for visible decays 4@
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%%l Parameter space getting squeezed — for visible decays 4@}
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arXiv:1412.0018 Extend our thinking to higher masses
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http://arxiv.org/abs/1412.0018

The future: FCC

100 TeV, 3000/fb, L < 10m
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Higgs mixing with displaced decays
arXiv:1412.0018
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