
Searching for SUSY with ATLAS, and Beyond with MilliQan

University of Tokyo Seminar

Maximilian Swiatlowski1
1Enrico Fermi Institute, University of Chicago

11 April, 2018

M. Swiatlowski (UC) SUSY and MQ 11 April, 2018 1 / 51



How Do We Organize Searches at the LHC?

I One of the great joys of working at a hadron collider: a nearly infinite
possibility space of searches!

I Over 700 publications from ATLAS alone!

I How do we choose what to study?
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A Bayesian(-ish) Search Strategy

1. Consider the landscape: choose the “best” motivated signatures,
search for these

I In the absence of experimental inputs (especially at a new energy
scale), theory motivations can serve as effective priors

2. Search for these for a few years...

3. Update our priors from the experimental results. Are the “best”
signatures still discoverable?

4. If you haven’t found anything: are there signatures we could be
missing entirely? Where are we still missing experimental input?
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Searching With the “Best” Theory Priors: SUSY With Many b-jets

ATLAS-SUSY-2016-10
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-10/


LHC Run 1 Legacy: The Higgs
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ATLAS

What does the Higgs tell us about new physics around the corner?
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Naturalness with SUSY

With the discovery of a 125 GeV Higgs, BSM physics is very well motivated!

Searches for (supersymmetric) top-partners are critical!
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The Role of Gluinos

51 SLAC @ 50, Aug 24, 2012 Andreas Hoecker   —   The Higgs Boson and Beyond 
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I Stop is a scalar: natural mass value of stop itself set by gluino mass
I “Gluinos suck” (Savas Dimopolous)

I Naturalness implies a light gluino as well as light stops
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Gluinos and Cross-section

I New
√
s = 13 TeV data

means exciting new
prospects!

I Cross-section for
higher-mass particles
grows dramatically

I Lighter particles, like
third-gen squarks and
electroweakinos, see a
much smaller increase

25th November 2015 - P&P week

A lot ongoing…
• The last SUSY plenary was on September 9th.

• In between then and now we have had: 


• five SUSY analysis approvals


• 16 Full Analysis Reviews


• Additional analysis walkthroughs for EW and 3rd gen 
analyses


• In short, we went deep into run 2 analysis mode…
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• with 3.3 fb-1 of collisions, mostly sensitive 
to production of gluinos and (to a lesser 
extent) squarks 

• Prime focus of the analyses using 2015 
pp collisions

I. Vivarelli

Even though they are much more massive, lots of room for
discovery for gluinos!
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A Few Words on the ATLAS Detector
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Doing Analysis at ATLAS

Raw detector measurements are reconstructed to particles/objects
for analysis
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Doing Analysis at ATLAS

Raw detector measurements are reconstructed to particles/objects
for analysis

Electrons: inner detector track matched to EM calo deposit
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Doing Analysis at ATLAS

Raw detector measurements are reconstructed to particles/objects
for analysis

Muon: inner detector track matched to track in muon-spectrometer
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Doing Analysis at ATLAS

Raw detector measurements are reconstructed to particles/objects
for analysis

Jet: Collimated spray of protons, neutrons, and more
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Doing Analysis at ATLAS

Raw detector measurements are reconstructed to particles/objects
for analysis

Emiss
T : Inferred missing energy, measured from energy misbalance
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New to ATLAS: The Inner-B-Layer
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Huge improvement in track
d0 resolution!

I b-tagging (identification of displaced jets) benefits dramatically
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Factor of ≈ 4 gain in light
jet rejection!

I b-tagging (identification of displaced jets) benefits dramatically
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Natural SUSY Signatures

Courtesy D0

I Look for pair-production of gluinos
I Highest cross-section particles, pair production guaranteed by R-parity

I Gluinos cascade decay to tops and LSP
I Stops are assumed to be lightest squark for naturalness

I Use both 0` and ≥ 1` categories
I Both have many b-jets in the final state!
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What Does This Look Like?

I Look for spectacular events: high njet , many b-tags, high Emiss
T , high

meff =
∑

pT + Emiss
T
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Analysis Strategy

I Define regions binned in Njet

and meff

I Each region is orthogonal to the
others

I Signal and background appears
differently in each bin:
combined fit has stronger
sensitivity

I Carefully optimize these cuts,
and other variables

effLow m
eff        m

Intermediate
eff

High m

 7≤ jet N≤6 

 8≥ jetN

1L-IL

1L-HL

1L-II

1L-HI

1L-HH
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Signal Discrimination
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I Huge amount of power from
Emiss

T and meff

I Especially in high
mass-splitting regions, these
provide great background
rejection

I b-tagging clearly provides
significant power as well
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More Variables: Transverse Mass mT

µ ETmiss,ν

b

bj

j

` and Emiss
T

aligned:
background like

 [GeV]Tm
0 100 200 300 400 500 600 700 800

E
ve

nt
s 

/ 5
0 

G
eV

1

10

210

310

410

510

610 ATLAS Preliminary
-1=13 TeV, 36.1 fbs

1L Preselection

Data
Total background
tt

Single top
 + Xtt

Z+jets
W+jets

Diboson
) = 1900, 1 (x 50)

0

1
χ∼), m(g~Gtt: m(

) = 1900, 1 (x 50)
0

1
χ∼), m(g~Gtb: m(

 [GeV]Tm
0 100 200 300 400 500 600 700 800

D
at

a 
/ S

M

0

1

2

µ

b

bj

j

ETmiss, !

` and Emiss
T

unaligned: signal
like

mT =
√

2p`T (1− cos(∆φ(Emiss
T , `)))

I Provides excellent discrimination in 1` events
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More Variables: Minimum Tranverse b-jet Mass mb,min
T
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I Provides excellent discrimination in both 0` and 1` channels
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Using Event (Sub)Structure

I Gtt signal has huge number of
jets in the final state: 10 in 1`,
12 in 0` channels!

I These jets won’t be isotropically
distributed: g̃ will likely be
produced at rest, but t will have
significant pT

I Depends on mg̃ −mχ̃0
1
: high

difference, more phase-space
for large momentum

→ Jets will likely be grouped!
I How can we use this

information?
I NB: With so many jets in the

final state, jets from other t
can start to overlap as well!
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Accidental Substructure

I High multiplicity leads to significant “accidental” overlaps

→ We can use large jets to capture these overlaps: jets have mass
I We can use this structure to search for new physics!
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Accidental Substructure

Signal Background

I High multiplicity leads to significant “accidental” overlaps

→ We can use large jets to capture these overlaps: jets have mass
I We can use this structure to search for new physics!
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Total Jet Mass
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I Identify large-R jets with
re-clustering approach

I Run a clustering algorithm on
already-reconstructed jets, but
with large size (R = 0.8)

I Naturally groups jets close to
each other

I Form MΣ
J from sum of leading 4

large-R jet masses
I In signal, many tops overlap,

add mass to jets
I Both 0` and 1` regions use

this very effectively!
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Background Estimation
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I From MC, we know tt̄ will be the dominant background
I Use dedicated control regions with 1` and inverted mT cut

I Allows for signal like region, but without signal

I Use these values to normalize tt̄ contribution in signal region
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Results: Signal Region Yields

SR_0l_IStR_Gtt

SR_0l_Lnj_Lmeff_Gtt

SR_0l_Lnj_Imeff_Gtt

SR_0l_Lnj_Hmeff_Gtt

SR_0l_Inj_Lmeff_Gtt

SR_1l_Inj_Lmeff_Gtt

SR_0l_Inj_Imeff_Gtt

SR_1l_Inj_Imeff_Gtt

SR_0l_Hnj_Lmeff_Gtt

SR_1l_Hnj_Lmeff_Gtt

SR_0l_Hnj_Imeff_Gtt

SR_1l_Hnj_Imeff_Gtt

SR_0l_Hnj_Hmeff_Gtt

SR_1l_Hnj_Hmeff_Gtt

E
ve

nt
s

1−10

1

10

210

310
Data Total background
tt Single top
 + Xtt W+jets

Z+jets Diboson
MultijetMulti-bin analysis

-1=13 TeV, 36.1 fbs

 PreliminaryATLAS

SR-0L-ISR
SR-0L-LL

SR-0L-LI
SR-0L-LH

SR-0L-IL
SR-1L-IL

SR-0L-II
SR-1L-II

SR-0L-HL
SR-1L-HL

SR-0L-HI
SR-1L-HI

SR-0L-HH
SR-1L-HH

to
t

σ
) 

/ 
pr

ed
 -

 n
ob

s
(n

2−

0

2

I Signal region predictions both agree well with observation
I Slight excess in two regions targeting moderate and high mass
I Total size of excess is ≈ 2σ
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Limits on Gluinos
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I Limits significantly expand earlier Run 2 sensitivity: some of the
strongest limits on gluinos from the LHC!

I No signal yet, but perhaps some interesting hints?
I Will be following up with 2017 data: stay tuned!
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The Status of SUSY at the LHC

Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV
q̃q̃, q̃→qχ̃0

1 0 2-6 jets Yes 36.1 m(χ̃0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃0

1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃±1→qqW±χ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV, m(χ̃±)=0.5(m(χ̃0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃0
1 3 e, µ 4 jets - 36.1 m(χ̃0

1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

g̃g̃, g̃→qqWZχ̃0
1 0 7-11 jets Yes 36.1 m(χ̃0

1) <400 GeV ATLAS-CONF-2017-0331.8 TeVg̃
GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃
GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃
GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃0

1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV
GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃0

1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃
GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV
Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃0
1 0 3 b Yes 36.1 m(χ̃0

1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃0
1 0-1 e, µ 3 b Yes 36.1 m(χ̃0

1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃
g̃g̃, g̃→bt̄χ̃+1 0-1 e, µ 3 b Yes 20.1 m(χ̃0

1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃0
1 0 2 b Yes 36.1 m(χ̃0

1)<420 GeV ATLAS-CONF-2017-038950 GeVb̃1

b̃1b̃1, b̃1→tχ̃±1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃0
1)<200 GeV, m(χ̃±1 )= m(χ̃0

1)+100 GeV ATLAS-CONF-2017-030275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃±1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃±1 ) = 2m(χ̃0
1), m(χ̃0

1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃0
1 or tχ̃0

1 0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃0

1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 Yes 36.1 m(χ̃0

1)=0 ATLAS-CONF-2017-03990-440 GeVℓ̃
χ̃+1 χ̃

−
1 , χ̃+1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃0

1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0
1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1
χ̃±1 χ̃

∓
1 /χ̃

0
2, χ̃+1→τ̃ν(τν̃), χ̃0

2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) ATLAS-CONF-2017-035760 GeVχ̃±
1

χ̃±1 χ̃
0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) ATLAS-CONF-2017-0391.16 TeVχ̃±
1 , χ̃

0
2

χ̃±1 χ̃
0
2→Wχ̃0

1Zχ̃0
1 2-3 e, µ 0-2 jets Yes 36.1 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→Wχ̃0

1h χ̃0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0
2 270 GeV

χ̃0
2χ̃

0
3, χ̃0

2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃0
2)=m(χ̃0

3), m(χ̃0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃0

2)+m(χ̃0
1)) 1405.5086χ̃0

2,3 635 GeV
GGM (wino NLSP) weak prod., χ̃0

1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV
GGM (bino NLSP) weak prod., χ̃0

1→γG̃ 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Yes 36.1 m(χ̃±1 )-m(χ̃0

1)∼160 MeV, τ(χ̃±1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±
1

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 dE/dx trk - Yes 18.4 m(χ̃±1 )-m(χ̃0

1)∼160 MeV, τ(χ̃±1 )<15 ns 1506.05332χ̃±
1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃
Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃0

1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV
GMSB, χ̃0

1→γG̃, long-lived χ̃0
1 2 γ - Yes 20.3 1<τ(χ̃0

1)<3 ns, SPS8 model 1409.5542χ̃0
1 440 GeV

g̃g̃, χ̃0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃0

1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0
1 1.0 TeV

GGM g̃g̃, χ̃0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃0

1)< 480 mm, m(g̃)=1.1 TeV 1504.05162χ̃0
1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV
χ̃+1 χ̃

−
1 , χ̃+1→Wχ̃0

1, χ̃
0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃0

1)>400GeV, λ12k,0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±
1

χ̃+1 χ̃
−
1 , χ̃+1→Wχ̃0

1, χ̃
0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃0

1)>0.2×m(χ̃±1 ), λ133,0 1405.5086χ̃±
1 450 GeV

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃0
1, χ̃0

1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃0
1)= 1 TeV, λ112,0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323,0 ATLAS-CONF-2017-0131.65 TeVg̃
t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% ATLAS-CONF-2017-0360.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃0
1 0 2 c Yes 20.3 m(χ̃0

1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

ATLAS Preliminary√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

I Lots of searches, but only limits coming out from these...
I Did we have a bad prior? Are more generic signatures showing any

hints?M. Swiatlowski (UC) SUSY and MQ 11 April, 2018 25 / 51



The Status of Searches at the LHC

Model ℓ, γ Jets† Emiss
T
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass
Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass
HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass
HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 TeVV′ mass
LRSM W ′

R → tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 TeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 ATLAS-CONF-2016-0602.3 TeVb∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production ATLAS-CONF-2017-053870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).

I Even with less theory “bias”, still only limits
I Where is new physics?
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Where Could the Signal Be Hiding?

1. It’s in an (accessible) signature
we haven’t searched yet

I Keep broadening the search
program!

I RPV multijets, diplaced
vertices, displaced leptons...

2. The cross-section is too small to
have been observed

I Keep doing existing searches,
push down systematics

I Study electroweak SUSY
production, explore differing
branching ratios of decays...

3. The signal is something our
detector cannot observe

I Uhoh...
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Where Could the Signal Be Hiding?

1. It’s in an (accessible) signature
we haven’t searched yet

I Keep broadening the search
program!

I RPV multijets, diplaced
vertices, displaced leptons...

2. The cross-section is too small to
have been observed

I Keep doing existing searches,
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Dark U(1) and Millicharged Particles

I What if new physics (Dark Matter, etc.) is in a“hidden” sector?
I Lots of attention to this in the BSM program at the LHC: hidden

valleys, Higgs portals, etc.
I Another generic possibility for coupling this hidden sector to the SM

are vector portals:

L = LSM + Lextra−sector
= LSM −

1

4
A′µνA

′µν + iψ̄
(
∂ + ie ′A′ + iM

)
ψ − κ

2
A′µνB

µν

I κ
2A
′
µνB

µν is the kinetic mixing term: the vector portal. κ assumed
small: otherwise would be observed already.

I Can diagonalize kinetic terms by defining A′µ → A′µ + κBµ

L = LSM −
1

4
A′µνA

′µν + iψ̄
(
∂ + ie ′A′ − iκe ′B + iM

)
ψ

I New fermion ψ interacts with SM with hypercharge κe ′!
I Can be produced at LHC via Drell-Yan processes
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What About Existing Searches?

I Can the LHC see this?

I Silicon detectors work via ionization:
creating electron/hole pairs as particle
traverses detector

I But if Q if our particle is very low: very low
ionization signal

I Our detectors have high “charge over
threshold” cuts to reduce noise, data volume

I In practice, cannot set limits lower than
Q = 1/3 (or so) very easily

I Essentially the same issue for calorimeters:
tiny signals because of low
ionization/scintillation

Figure Credit: AMS

CMS-EXO-11-074

I NB: beam dump experiment at SLAC set limits, but only at very low
mass because of low beam energy
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What About Monojet?

I Traditionally monojet is used to
set limits on non-interacting (or
weakly-interacting) particles

I Unfortunately SM backgrounds
are huge and irreducible

I Drell Yan signals produced with
Q2 coupling: millicharge means
that signal has low cross-section

I Sufficient S/
√
B challenging to

reach, and quickly become
systemically limited

J. Gonski
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What Kind of Detector Would We Need?

I Scintillators are a good material to build a millicharge detector with:
I Plastic scintillator yields 104 photons/MeV
I Q = 1 MIP deposits 2 MeV/cm
I 80 cm long bar gets 1.6× 106 photons
I For Q = 10−3, lower yield by Q2: O(1) photons
I Even if not all photons are detected, still will have some sensitivity with

enough data

I Rough estimates confirmed with GEANT simulation

(a)

(b)

FIG. 5: Depiction of the (a) full detector and (b) a single scintillating block with coupled

phototube, as implemented in the Geant4 detector simulation. The mCP is yellow and

radiated photons are green.

15

I NB: same basic design as MilliQ experiment at SLAC
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The Full Detector: MilliQan

V. MECHANICS, COOLING, AND MAGNETIC SHIELDING

We are developing the mechanics to support the detector in the drainage gallery site so as

to allow both modular assembly and movement of the detector to a stowed position during

access periods.

We have a working design consisting of three stacks, one for each of the three layers

along the mCP flight direction, that can be separately assembled. The scintillator bars are

mounted on trays within each stack as sketched in Fig. 2. The three stacks, each of which

might weigh up to ⇠ 2000 kg, will be mounted on an adjustable platform that can tilt the

full assembly to point toward the collision point, or be retracted to a horizontal orientation

to be moved aside during access periods.

FIG. 2: A sketch of the working design for the mechanical support. The rows of scintillator

bars and PMTs are mounted in trays within three separate stacks. The middle stack is

o↵set horizontally by 1/2 unit as discussed later in this document. An adjustable platform

supports all three stacks and can be tilted to point toward the collision point for data

taking or be retracted to a horizontal orientation during access periods.

The sides of the assembly would be covered with a mu-metal skin for magnetic shielding

and enclosed for temperature control. The size of the drainage gallery leaves little clearance

at the corners of the detector, which constrains the thickness and mounting in those regions.

However, the space along the sides of the detector is not constrained. We envision using

7

I Full detector would be 1 m × 1 m × 3 m
I Three layers allow for triple coincidence to reduce backgrounds

I Our signature: three low photon pulses within 15 ns in adjacent PMTs
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Where Should It Go?

I Need rock barrier to remove
backgrounds from hadrons

I Backgrounds would be too large if
we kept these!

I Need to not be too far: acceptance
falls as R2

I Needs to be at P1 or P5: maximum
luminosity

I No suitable site at ATLAS :(
I PX56 drainage gallery is in the

Goldilocks zone:
I 2.78 m in height, 2.73 m in width
I 33 m from IP, 17 m through rock
I 43.1◦ from IP: not too forward
I Acceptance is ≈ 10−5: sufficient for

observations!

PX56 Observation and Drainage gallery

• Dimensions are 2.78 m in height, 2.73 m in width 

• Basic power, lighting, drainage available

• The gallery has a basic shotcrete finish 

PX56 Observation and Drainage gallery

Only existing use is for 
infrequent transit to PX56 

platform (interlocked during 
LHC operation)

• Basic lighting and drainage available but not cooling water

PX56 Observation and Drainage gallery

• Use for CMs staff to access the PX56 platform
• Dimensions: 2.78m in height

2.73m in width

8

CMS

CMS 
Elevator

Us
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Another View of the LocationWhere should we put it in drainage gallery?

• Sensitivity of experiment ∝ 
length of scintillator 

• want to maximize what 
can fit in dimensions 

• Sensitivity of experiment ∝ 
1/(distance from IP)2,  

• want to minimize this 
distance, while 
satisfying above 

• Optimized location found: 

• 33 m from IP 

• 17 m through rock 

• Angle from horizontal 
plane is 43.1 deg

• Harry and Theo identified a location that would fit the space requirements of the 
detector

PX56 Observation and Drainage gallery

9

MilliQan integration	studies

ØIn	2015,	Theo	P	carried	out	siting	studies	to	identify	the	best	location	
for	MilliQan

ØIn	2016,	Harry	S	further	defined	the	foreseen	position	of	the	detector

martin.gastal@cern.ch 2

43.
1˚

Ø 43.1° angle	from	horizontal	
Ø 33m	from	the	IP
Ø 5.6˚	angle	from	the	XY	axis
Ø 17m	of	which	is	through	rock	

17/02/17
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Backgrounds, and How to Avoid Them

I Muons: not actually a large background, since they leave large signals
I Can put maximum cut on N(γ), remove these nearly completely
I Afterpulses would be removed by detector deadtime when reading out

main pulse

I Radiation (radon, etc.) also expected to be low for similar reasons
I Main background comes from dark current: false flashes from PMT

I Measured on surface to be O(1 kHz)
I Triple coincidence in 15 ns window reduces rate to 10−6 Hz
I Can potentially reduce this further with timing information from CMS

I NB: main sources of noise scale with time, not luminosity : higher
pileup is good for us!

I Testing these assumptions now with a demonstrator system: 1% of
the detector installed during TS2
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Physics Reach
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FIG. 7: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (⇠ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.

17

I Strong unique sensitivity to a wide range of phase space: no other
detector can reach these signals!

I Fairly conservative cuts applied for these estimates: continued
optimization can improve reach further
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The Demonstrator System

I To test our detector strategy,
we have built and installed a
demonstrator at P5

I Approximately 1% of the
detector: 2x3 bars of
scintillator, in 3 layers

I Goals are to:
I Prove that we can install a

large device in this area
I Show that we can align to IP
I Demonstrate remote

operation and readout
I Measure backgrounds in-situ

Andy Haas, NYU 15

Next steps

● Fall 2017: 
1% test of milliQan in tunnel, with 12 full scintillators+PMTs
– May get some collision data this year

and should have plenty in 2018

– Learn about operating experiment
in the tunnel

– Measure backgrounds

– New heavy MCP sensitivity?

● Aim to complete full detector in time for Run3 (2020-22)
and collect ~300/fb of pp data

Timeline & Next Steps
• Have experiment ready for physics before 

Run 3 (2020) 

• Construction/Installation during LS2 

• Take data for Run 3,4,5, … 

• Install 1/100 detector prototype to get first 
data before end of Run 2 (2018) 

• Install, commission during TS2, YETS later 
this year (2017) 

• Will be only opportunity to make in situ 
background measurements when beam is 
present before Run 3 

• Allows us to react (e.g. add’l shielding) during 
construction in LS2  

• Have written LOI, in discussion with CMS to 
work out collaborating details 

• I won’t talk about this, so don’t ask :-) 

• Can fund prototype run, seeking construction 
funding now

14

A Letter of Intent to Install a Milli-charged Particle Detector at

LHC P5

Austin Ball,1 Jim Brooke,2 Claudio Campagnari,3 Albert De Roeck,1 Brian Francis,4

Martin Gastal,1 Frank Golf,3 Joel Goldstein,2 Andy Haas,5 Christopher S. Hill,4 Eder

Izaguirre,6 Benjamin Kaplan,5 Gabriel Magill,7, 6 Bennett Marsh,3 David Miller,8 Theo

Prins,1 Harry Shakeshaft,1 David Stuart,3 Max Swiatlowski,8 and Itay Yavin7, 6

1CERN

2University of Bristol

3University of California, Santa Barbara

4The Ohio State University

5New York University

6Perimeter Institute for Theoretical Physics

7McMaster University

8University of Chicago

(Dated: July 19, 2016)

Abstract

In this LOI we propose a dedicated experiment that would detect “milli-charged” particles

produced by pp collisions at LHC Point 5. The experiment would be installed during LS2 in

the vestigial drainage gallery above UXC and would not interfere with CMS operations. With

300 fb�1 of integrated luminosity, sensitivity to a particle with charge O(10�3) e can be achieved

for masses of O(1) GeV, and charge O(10�2) e for masses of O(10) GeV, greatly extending the

parameter space explored for particles with small charge and masses above 100 MeV.
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Surface Assembly
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Loading the Crane
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Lowering the Crane
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Lowering the Crane
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Lowering the Crane
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Standing Above CMS
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Trying to Connect to WiFi...
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Installation
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Progress...
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Final Product
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Commissioning

I Installation was a success!
I Everything done in < 3 days: hugely compressed schedule
I Passed safety examinations, etc.
I Operating smoothly now

I Able to see muons from collisions at P5!

I Super small team, but lots of great help from CMS technical staff
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Demonstrator Program

I Lots more to go for the
demonstrator:

1. Upgrade with new cosmic
veto panels installed during
shutdown

2. Measure dark current rates:
are they similar to surface?

3. Commision timing information
from CMS, establish how
tight can we cut on timing

4. Examine both low charge and
high charge events

5. Prove to funding agencies
that our experiment is
possible :)
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Conclusion
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Conclusions

I Substantial
√
s = 13 TeV dataset is here, but SUSY is not (yet!)

I First searches optimized for discovery have not yet observed any
significant deviation from the SM

I Run 2 has just begun, though: full dataset promises ≈5x the data!
I These searches are important to continue: lots of potential for

discovery to go

I Given the null results, though, it is time to ask whether our detector
assumptions can be hiding new physics

I MilliQan is a small, affordable new detector proposed to cover a hole
in ATLAS’s sensitivity

I Looking forward to installation for Run 3 and 4!

Thank you for your attention!
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Backup
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RPV Multijets

ATLAS-CONF-2016-057
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SUSY Signatures

I The key to all the searches
discussed so far is missing
energy

I These models assume
R-parity, which means the
Lightest Supersymmetric
Particle (χ̃0

1) is stable
I This neutralino does not

interact: escapes detection,
appears as Emiss

T

I But what if the LSP decays?
Existing searches will not work!
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High Multiplicity RPV Signatures

I Consider g̃ pair production, decaying with g̃ → qqχ̃0
1, χ̃0

1 → 3q:
R-parity violating!

g̃

g̃

χ̃0
1

χ̃0
1

p

p

q q

λ′′

q

q
q

q q

λ′′

q

q
q

I Final state has huge number of
quarks!

I Between 10 (light quarks only) and
22 (top decays) partons

I Extremely difficult background
estimation: high-mass extremes of
QCD are difficult to model

I No source of Emiss
T : need other

discrimination handles
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Total Jet Mass

I As used in the multi-B analysis
and previous 8 TeV analyses,
MΣ

J can come to the rescue
I Mass comes when combining

widely spaced particles

→ Jets with substructure have
high mass!

I No individual jet corresponds
to χ̃1

0 or g̃

I Many different signals look
very different from background
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ATLAS-CONF-2016-057

NB: use trimmed R = 1.0 jets with
pT > 100 GeV, |η| < 2.5
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Background Estimation Strategy
6

Template

Kinematic Sample

Dressed Sample

Training Sample

FIG. 1: A pictorial representation of the procedure.

sample is then used to extract the kinematic distribution of the fat jet background – e.g.,

dNj�(pT i)

dpT 1...dpT Nj

. (2)

It is worth emphasizing that any jet substructure information in the kinematic sample

goes unused. Instead, each fat jet in the kinematic sample is dressed with substructure

information using the template determined from the previous step; we refer to this as Monte

Carlo integration, which results in the dressed sample. Lastly, cuts are performed on the

dressed data set to obtain a background estimate and an associated smoothing variance.

Note that this approach incorporates the correlations between the kinematics of the various

fat jets into the final result. As shown in Sec. IV using two explicit mock analyses, this allows

non-trivial correlations to propagate to the dressed sample and reproduces the predictions

from MC, within statistical uncertainties.

To summarize, the proposed data-driven strategy is (this parallels the enumeration

above):

1. determine a control region to obtain a training sample;

2. train a template ⇢̂;

3. generate a kinematic sample using MC;

4. perform the integration thereby convolving ⇢̂ with the kinematic sample;

5. apply cuts to the resulting set of dressed events to obtain a data-driven background

estimate.

I Use 3-jet region to build jet mass templates: m(pT , η)
I Use kinematics of events from 4/5-jet region to build background

I Even if signal is present, pT distributions are very similar, but mass
distributions would be very different
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Results and Limits
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I Several regions also require the presence of a b-tagged jet to increase
sensitivity to heavy flavor

I No significant signal observed (1.5σ excess)

I Significant improvement over Run 1 analysis!
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