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Questions I will attempt to address in this talk:!
!

what are our problems? 
what did we expect believe hope to see? 

how well did we exclude it?
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Big Hierarchy Problem!
(not to scale)

Oh, hey 
guys, I did not see you 
all the way  

over there



!3

Big Hierarchy Problem!
(not to scale)

Dark Matter

Oh, hey 
guys, I did not see you 
all the way  

over there



!3

Big Hierarchy Problem!
(not to scale)

Dark Matter

* whether the little hierarchy problem is indeed a problem in a matter of debate, depending on philosophical opinions on naturalness, amongst others…

Little Hierarchy Problem *
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Many results out on BSM physics 
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Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), νTechni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
γl

m resonance, γExcited leptons : l- WtmExcited b quark : W-t resonance, 
jjmExcited quarks : dijet resonance, jetγ

m-jet resonance, γExcited quarks : 
qνlmVector-like quark : CC, 

 Ht+X→Vector-like quark : TT
,missT

E SS dilepton + jets + →4th generation : b'b' 
 WbWb→ generation : t't'th4

jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
tb

m tb, LRSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : tt
m l+jets, → tZ' (leptophobic topcolor) : t

ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, → t (BR=0.925) : tt t→
KK

RS g
lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL
mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL
) = 2 TeV)

R
(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL
b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL
)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL
 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL
W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL
Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL
=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL
 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

ℓ̃L,Rℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/



Herculean tasks: killing hydras and finding a golden apple



Dark Matter:  
Hunting down the Stymphalian Bird(s)
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What we know about Dark Matter:

does not couple to: E&M

does couple to: Gravity

decouples at certain temperature

very light < m𝛘 < 1018 GeV

time passes

DM freeze out: 
expansion rate = 
annihilation rate

Generic requirements of Dark Matter (DM)

Big Bang
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What we know about Dark Matter:

does not couple to: E&M

does couple to: Gravity

decouples at certain temperature

very light < m𝛘 < 1018 GeV

time passes

DM freeze out: 
expansion rate = 
annihilation rate

Generic requirements of Dark Matter (DM)

Big Bang

if we assume: 
σ ≈  σWeak = (αWeak / m𝛘)2 

 m𝛘 ≈ 100 GeV 
!

We get: ρDM ≈ 0.23 
The correct relic density!

No statement about the weak force - let’s try 
WIMPs 

(Weakly Interacting Massive Particles)

Z

χ

χ

f

f
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It’s a (WIMP) miracle!
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SUSY: (attempts at) Slaying a Hydra



!10

The retreat of “natural” SUSY

- SUSY both solves the little 
hierarchy problem and gives a 
DM candidate 

- to be considered “natural”, i.e. 
have low fine-tuning, SUSY 
particles should be light 

- limits on natural SUSY DM 
candidate pushed to hundreds 
of GeVs 

- can have many, many SUSY 
paradigms - can always hide it

 [GeV]g~m
600 700 800 900 1000 1100 1200 1300 1400 1500 1600

 [G
eV

]
10 r¾

m

200

400

600

800

1000

1200

 forbidden

1
0
r¾t t

Ag~

 = 8 TeVs), g~) >> m(q~, m(
1
0

r¾t tAg~ production, g~g~ Lepton & Photon 2013

ATLAS
Preliminary

Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed

 10 jets*0-lepton, 7 - 

 3 b-jets*0-1 lepton, 

 4 jets*3-leptons, 

 3 b-jets*2-SS-leptons, 0 - 

ATLAS-CONF-2013-054

ATLAS-CONF-2013-061

ATLAS-CONF-2012-151

ATLAS-CONF-2013-007

]-1 = 20.3 fb
int

[L

]-1 = 20.1 fb
int

[L

]-1 = 12.8 fb
int

[L

]-1 = 20.7 fb
int

[L

 not included.theory
SUSYm95% CL limits. 

DM candidate

ATLAS Exclusion on a simplified model

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
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ATLAS Exotics approach: !

Use an effective field theory: reduce number of parameters to m𝛘 and suppression 
scale M* 

Define a series of possible operators 

Agnostic to model, just look for massive particle interacting weakly

See nice phenomenology paper summarising  
the models: PRD 82, 116010 (2010)
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Use an effective field theory: reduce number of parameters to m𝛘 and suppression 
scale M* 

Define a series of possible operators 

Agnostic to model, just look for massive particle interacting weakly

See nice phenomenology paper summarising  
the models: PRD 82, 116010 (2010)

Search for Dark Matter in Events with a Hadronically Decaying W or Z Boson and
Missing Transverse Momentum in pp Collisions at

p
s = 8 TeV with the ATLAS

Detector

ATLAS Collaboration

A search is presented for dark matter pair production in association with a W or Z boson in pp

collisions representing 20.3 fb�1 of integrated luminosity at
p
s = 8 TeV using data recorded with

the ATLAS detector at the Large Hadron Collider. Events with a hadronic jet with the jet-mass
consistent with a W or Z boson, and with large missing transverse momentum are analyzed. The
data are consistent with the Standard Model expectations, and limits are set on the mass scale in
e↵ective field theories that describe the interaction of dark matter and Standard Model particles.

PACS numbers: 13.85.Rm,14.70.Fm,14.70.Hp,14.80.Bn

Although the presence of dark matter in the universe
is well established, little is known of its particle nature
or its non-gravitational interactions. A suite of experi-
ments is searching for a weakly interacting massive parti-
cle (WIMP), denoted by �, and for interactions between
� and Standard Model (SM) particles [1].

One critical component of this program is the search
for pair production of WIMPs at particle colliders, specif-
ically pp ! ��̄ at the Large Hadron Collider (LHC) via
some unknown intermediate state. These searches have
greatest sensitivity at low WIMP mass, m�, where direct
detection experiments are less powerful. At the LHC, the
final-state WIMPs are invisible to the detectors, but the
events can be detected if there is associated initial-state
radiation of a SM particle [2]; an example is shown in
Fig. 1.

The Tevatron and LHC collaborations have reported
limits on the cross section of pp ! ��̄ + X where X
is a hadronic jet [2–4] or a photon [5, 6]. Other LHC
data have been reinterpreted to constrain models where
X is a leptonically decaying W [7] or Z boson [8, 9]. In
each case, limits are reported in terms of the mass scale,
M⇤, of the unknown interaction expressed in an e↵ective
field theory as a four-point contact interaction [10–18].
In the models considered until now, the strongest lim-
its come from mono-jet analyses, due to the large rate
of gluon or quark initial-state radiation relative to pho-
ton, W or Z boson radiation. The operators studied in
these mono-jet and mono-photon searches assume equal
couplings of the dark matter particles to up-type and
down-type quarks (C(u) = C(d)). For W boson radia-
tion there is interference between the diagrams in which
the W boson is radiated from the u-quark or the d-quark.
In the case of equal coupling, the interference is destruc-
tive and gives a smallW boson emission rate. If, however,
the up-type and down-type couplings have opposite signs
(C(u) = �C(d)) to give constructive interference, the rel-
ative rates of gluon, photon, W or Z boson emission can
change dramatically [7], such that mono-W -boson pro-

duction is the dominant process.

d

u
+

W

χ

χ

d

u

+
W

χ

χ

FIG. 1: Pair production of WIMPs (��̄) in proton–proton
collisions at the LHC via an unknown intermediate state, with
initial-state radiation of a W boson.

In this letter, a search is reported for the production
of W or Z bosons decaying hadronically (to qq̄0 or qq̄,
respectively) and reconstructed as a single massive jet
in association with large missing transverse momentum
from the undetected ��̄ particles. This search, the first
of its kind, is sensitive to WIMP pair production, as well
as to other dark-matter-related models, such as invisible
Higgs boson decays (WH or ZH production with H !
��̄).
The ATLAS detector [19] at the LHC covers the pseu-

dorapidity [20] range |⌘| < 4.9 and the full azimuthal an-
gle �. It consists of an inner tracking detector surrounded
by a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and an external muon spectrom-
eter incorporating large superconducting toroidal mag-
nets. A three-level trigger system is used to select inter-
esting events for recording and subsequent o✏ine analy-
sis. Only data for which beams were stable and all sub-
systems described above were operational are used. Ap-
plying these requirements to pp collision data, taken at
a center-of-mass energy of

p
s = 8 TeV during the 2012

LHC run, results in a data sample with a time-integrated
luminosity of 20.3 fb�1. The systematic uncertainty on
the luminosity is derived, following the same method-
ology as that detailed in Ref. [21], from a preliminary
calibration of the luminosity scale obtained from beam-
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Search for dark matter in events with a Z boson and missing transverse momentum in2

pp collisions at

p
s = 8 TeV with the ATLAS detector3

(Dated: December 6, 2013)4

A search is presented for production of dark matter particles in association with a leptonically5

decaying Z boson in pp collisions at
p
s = 8 TeV with the ATLAS detector at the Large Hadron6

Collider. Events with large missing transverse momentum and two oppositely-charged electrons or7

muons consistent with the decay of a Z boson are analyzed. No excess above the Standard Model8

prediction is observed. Limits are set on the mass scale of the contact interaction as a function of9

the dark matter particle mass using an e↵ective field theory description of the interaction of dark10

matter with quarks or with Z bosons. Limits are also set on the coupling and mediator mass of a11

model in which the interaction is mediated by a scalar particle.12

Astrophysical measurements indicate the existence of13

non-baryonic dark matter [1, 2] though collider searches,14

nuclear scattering experiments, and searches for parti-15

cles produced from dark matter annihilation have not16

yet revealed its particle nature nor discovered its non-17

gravitational interactions, if they exist [3]. Collider-18

based searches for weakly interacting massive particles19

(WIMPs, denoted as �), specifically pp ! ��̄ + X at20

the Large Hadron Collider (LHC) via some unknown in-21

termediate state, are an important facet of the experi-22

mental program and provide sensitivity at small values23

of the WIMP mass, m�, where direct detection exper-24

iments are less sensitive. The presence of dark matter25

particles, not observable in a collider detector, can be26

inferred from their recoil against Standard Model (SM)27

particles. The LHC collaborations have reported limits28

on the cross section of initial state radiation (ISR) pro-29

duction of pp ! ��̄ + X, where the ISR component X30

is a hadronic jet [4, 5], a photon [6, 7], or a W or Z31

boson decaying hadronically [8]. Limits on dark matter32

produced in the decay of the Higgs boson have also been33

reported [9].34

Since the nature of the intermediate state mediating35

the parton-WIMP interaction is not known, a useful ap-36

proach is to construct an e↵ective field theory (EFT) [10–37

12]. EFTs have often been used to describe interactions38

between dark matter particles and quarks or gluons, but39

they have recently been extended to describe interactions40

directly with electroweak bosons [13–15]. In the context41

of the EFT framework, the WIMP is considered to be the42

only new particle in addition to the SM fields that are43

accessible at LHC energies. The mediator of the interac-44

tion is heavy compared to the typical parton interaction45

energies involved. The dark matter particles are also as-46

sumed to be odd under a Z2 symmetry and are produced47

in pairs.48

The EFTs considered in this analysis are expressed in49

terms of two parameters: m� and an mass scale, M?,50

described in Ref. [10]. M? parameterizes the coupling51

strength between the WIMP and SM particles, normal-52

ized to the heavy-mediator mass scale. The coe�cients53

of the Lagrangian interaction terms appear as powers of54

Z

�

�̄

q

q̄

(a)Feynman diagram

showing an ISR operator.

q

q̄

Z/��

Z

�

�̄

(b)Feynman diagram showing a

ZZ�� operator.

FIG. 1. The diagrams showing di↵erent types of pp ! ��̄+Z

production modes considered in this analysis [13].

M?, e.g. for the D1 operator as 1/M3
? and for the D5 and55

D9 operators as 1/M2
? . Limitations on the EFT limits are56

discussed in Ref. [10].57

Following the approach of Ref. [13], the coupling of58

dark matter to electroweak bosons is considered for59

dimension-5 and dimension-7 operators. The dimension-60

7 operator couples dark matter to Z�⇤ as well as ZZ.61

Since a Z boson is in the final state for each diagram,62

diagrams with a Z or �⇤ intermediate state contribute to63

the matrix element, and the relative contribution of the64

Z and �⇤ diagrams is a parameter of the theory.65

This analysis considers models of dark matter produc-66

tion where a Z boson is radiated as ISR or interacts di-67

rectly with WIMPs are considered in this analysis. Ex-68

amples of Feynman diagrams for these two production69

modes are shown in Fig. 1. In the latter case of Z-70

boson/WIMP-interaction, the final state of a Z boson71

and missing transverse momentum, Emiss
T , presents a dis-72

covery channel not previously investigated in LHC exper-73

iments.74

To complement the EFT analysis we have studied the-75

ories in which the intermediate state is specified [16]. It76

contains a scalar mediator, ⌘, with a mass, m⌘, and the77

scalar-WIMP coupling strength, f . It transforms as a78

color triplet and an electroweak doublet, and has a hyper-79

charge of 1/3. The same final state signature predicted80
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Figure 7: Measured leading jet pT and EmissT distributions (black dots) in the SR3 (top) and SR4 (bottom)
signal regions compared to the predictions for SM backgrounds (histograms). Only statistical uncertain-
ties are shown. For illustration purposes, the impact of different ADD, WIMP, and GMSB scenarios are
included.
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Figure 7: Measured leading jet pT and EmissT distributions (black dots) in the SR3 (top) and SR4 (bottom)
signal regions compared to the predictions for SM backgrounds (histograms). Only statistical uncertain-
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Dark Matter Particles and Missing Transverse Momentum (MET)

• Dark Matter Particles

- can potentially be produced in high-energy proton-
proton collisions at LHC

- would not interact with an LHC detector material; 
invisible to the CMS detector

- would leave missing transverse momentum (MET), 
the imbalance in the transverse momentum of all 
visible particles

• MET reconstruction
➡ requires hermetic detector
➡ entails reconstruction of all particles with 

electromagnetic or strong interactions with precision
➡ susceptible to many types of imperfections, e.g., hot 

calorimeter cells, detector noise, beam-halo particles
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- look at events with only one jet 
and ETmiss . 
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Figure 7: Measured leading jet pT and EmissT distributions (black dots) in the SR3 (top) and SR4 (bottom)
signal regions compared to the predictions for SM backgrounds (histograms). Only statistical uncertain-
ties are shown. For illustration purposes, the impact of different ADD, WIMP, and GMSB scenarios are
included.
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Dark Matter Particles and Missing Transverse Momentum (MET)

• Dark Matter Particles

- can potentially be produced in high-energy proton-
proton collisions at LHC

- would not interact with an LHC detector material; 
invisible to the CMS detector

- would leave missing transverse momentum (MET), 
the imbalance in the transverse momentum of all 
visible particles

• MET reconstruction
➡ requires hermetic detector
➡ entails reconstruction of all particles with 

electromagnetic or strong interactions with precision
➡ susceptible to many types of imperfections, e.g., hot 

calorimeter cells, detector noise, beam-halo particles
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ETmiss

Jet pT Define four signal regions with 
increasingly tighter jet pT and 
ETmiss cuts.  
!
Signal region shown requires: 
!
- jet pT > 350 GeV 
- ETmiss > 350 GeV

- look at events with only one jet 
and ETmiss . 

- veto leptons and more than 
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Figure 9: The 90% CL lower limits on M∗ for different masses of χ. Observed and expected limits includ-
ing all but the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively.
The grey and blue bands around the expected limit are the ±1 and 2σ variation expected from statistical
fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the
theoretical uncertainties is shown by the thin red dotted ±1σ limit lines around the observed limit. The
M∗ values at which WIMPs of a given mass would result in the required relic abundance are shown as
rising green lines (taken from [22]), assuming annihilation in the early universe proceeded exclusively
via the given operator. The shaded light-grey regions in the bottom right corners indicate where the ef-
fective field theory approach breaks down [22]. The plots are based on the best expected limits, which
correspond to SR3.
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Figure 11: Observed (solid line) and expected (dashed line) 95% CL lower limits on the gravitino mass as
a function of the squark mass for degenerate squark/gluino masses. The dotted line indicates the impact
on the observed limit of the ±1σ LO theoretical uncertainty. The shaded bands around the expected limit
indicate the expected ±1σ and ±2σ ranges of limits in the absence of a signal. The dashed-dotted line
defines the validity of the narrow-width approximation (see body of the text). The solid red line denotes
the current limit from LEP [27] on the gravitino mass assuming very heavy squarks/gluino.

light grativinos in association with gluinos or scalar quarks in a gauge-mediated supersymmetric model,
leading to the best lower bound to date on the gravitino mass. In addition, 95% CL limits on MD versus
the number of extra spatial dimensions, in the ADD LED model, and on the suppression scale M∗ versus
the WIMP mass, for the pair production of dark matter candidates, are presented that only partially
supersede previous results.
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specific to associated 
W/Z production:

Search for Dark Matter in Events with a Hadronically Decaying W or Z Boson and
Missing Transverse Momentum in pp Collisions at

p
s = 8 TeV with the ATLAS

Detector

ATLAS Collaboration

A search is presented for dark matter pair production in association with a W or Z boson in pp

collisions representing 20.3 fb�1 of integrated luminosity at
p
s = 8 TeV using data recorded with

the ATLAS detector at the Large Hadron Collider. Events with a hadronic jet with the jet-mass
consistent with a W or Z boson, and with large missing transverse momentum are analyzed. The
data are consistent with the Standard Model expectations, and limits are set on the mass scale in
e↵ective field theories that describe the interaction of dark matter and Standard Model particles.

PACS numbers: 13.85.Rm,14.70.Fm,14.70.Hp,14.80.Bn

Although the presence of dark matter in the universe
is well established, little is known of its particle nature
or its non-gravitational interactions. A suite of experi-
ments is searching for a weakly interacting massive parti-
cle (WIMP), denoted by �, and for interactions between
� and Standard Model (SM) particles [1].

One critical component of this program is the search
for pair production of WIMPs at particle colliders, specif-
ically pp ! ��̄ at the Large Hadron Collider (LHC) via
some unknown intermediate state. These searches have
greatest sensitivity at low WIMP mass, m�, where direct
detection experiments are less powerful. At the LHC, the
final-state WIMPs are invisible to the detectors, but the
events can be detected if there is associated initial-state
radiation of a SM particle [2]; an example is shown in
Fig. 1.

The Tevatron and LHC collaborations have reported
limits on the cross section of pp ! ��̄ + X where X
is a hadronic jet [2–4] or a photon [5, 6]. Other LHC
data have been reinterpreted to constrain models where
X is a leptonically decaying W [7] or Z boson [8, 9]. In
each case, limits are reported in terms of the mass scale,
M⇤, of the unknown interaction expressed in an e↵ective
field theory as a four-point contact interaction [10–18].
In the models considered until now, the strongest lim-
its come from mono-jet analyses, due to the large rate
of gluon or quark initial-state radiation relative to pho-
ton, W or Z boson radiation. The operators studied in
these mono-jet and mono-photon searches assume equal
couplings of the dark matter particles to up-type and
down-type quarks (C(u) = C(d)). For W boson radia-
tion there is interference between the diagrams in which
the W boson is radiated from the u-quark or the d-quark.
In the case of equal coupling, the interference is destruc-
tive and gives a smallW boson emission rate. If, however,
the up-type and down-type couplings have opposite signs
(C(u) = �C(d)) to give constructive interference, the rel-
ative rates of gluon, photon, W or Z boson emission can
change dramatically [7], such that mono-W -boson pro-

duction is the dominant process.

d

u
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χ

χ

d

u

+
W

χ

χ

FIG. 1: Pair production of WIMPs (��̄) in proton–proton
collisions at the LHC via an unknown intermediate state, with
initial-state radiation of a W boson.

In this letter, a search is reported for the production
of W or Z bosons decaying hadronically (to qq̄0 or qq̄,
respectively) and reconstructed as a single massive jet
in association with large missing transverse momentum
from the undetected ��̄ particles. This search, the first
of its kind, is sensitive to WIMP pair production, as well
as to other dark-matter-related models, such as invisible
Higgs boson decays (WH or ZH production with H !
��̄).
The ATLAS detector [19] at the LHC covers the pseu-

dorapidity [20] range |⌘| < 4.9 and the full azimuthal an-
gle �. It consists of an inner tracking detector surrounded
by a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and an external muon spectrom-
eter incorporating large superconducting toroidal mag-
nets. A three-level trigger system is used to select inter-
esting events for recording and subsequent o✏ine analy-
sis. Only data for which beams were stable and all sub-
systems described above were operational are used. Ap-
plying these requirements to pp collision data, taken at
a center-of-mass energy of

p
s = 8 TeV during the 2012

LHC run, results in a data sample with a time-integrated
luminosity of 20.3 fb�1. The systematic uncertainty on
the luminosity is derived, following the same method-
ology as that detailed in Ref. [21], from a preliminary
calibration of the luminosity scale obtained from beam-
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Search for dark matter in events with a Z boson and missing transverse momentum in2

pp collisions at

p
s = 8 TeV with the ATLAS detector3

(Dated: December 6, 2013)4

A search is presented for production of dark matter particles in association with a leptonically5

decaying Z boson in pp collisions at
p
s = 8 TeV with the ATLAS detector at the Large Hadron6

Collider. Events with large missing transverse momentum and two oppositely-charged electrons or7

muons consistent with the decay of a Z boson are analyzed. No excess above the Standard Model8

prediction is observed. Limits are set on the mass scale of the contact interaction as a function of9

the dark matter particle mass using an e↵ective field theory description of the interaction of dark10

matter with quarks or with Z bosons. Limits are also set on the coupling and mediator mass of a11

model in which the interaction is mediated by a scalar particle.12

Astrophysical measurements indicate the existence of13

non-baryonic dark matter [1, 2] though collider searches,14

nuclear scattering experiments, and searches for parti-15

cles produced from dark matter annihilation have not16

yet revealed its particle nature nor discovered its non-17

gravitational interactions, if they exist [3]. Collider-18

based searches for weakly interacting massive particles19

(WIMPs, denoted as �), specifically pp ! ��̄ + X at20

the Large Hadron Collider (LHC) via some unknown in-21

termediate state, are an important facet of the experi-22

mental program and provide sensitivity at small values23

of the WIMP mass, m�, where direct detection exper-24

iments are less sensitive. The presence of dark matter25

particles, not observable in a collider detector, can be26

inferred from their recoil against Standard Model (SM)27

particles. The LHC collaborations have reported limits28

on the cross section of initial state radiation (ISR) pro-29

duction of pp ! ��̄ + X, where the ISR component X30

is a hadronic jet [4, 5], a photon [6, 7], or a W or Z31

boson decaying hadronically [8]. Limits on dark matter32

produced in the decay of the Higgs boson have also been33

reported [9].34

Since the nature of the intermediate state mediating35

the parton-WIMP interaction is not known, a useful ap-36

proach is to construct an e↵ective field theory (EFT) [10–37

12]. EFTs have often been used to describe interactions38

between dark matter particles and quarks or gluons, but39

they have recently been extended to describe interactions40

directly with electroweak bosons [13–15]. In the context41

of the EFT framework, the WIMP is considered to be the42

only new particle in addition to the SM fields that are43

accessible at LHC energies. The mediator of the interac-44

tion is heavy compared to the typical parton interaction45

energies involved. The dark matter particles are also as-46

sumed to be odd under a Z2 symmetry and are produced47

in pairs.48

The EFTs considered in this analysis are expressed in49

terms of two parameters: m� and an mass scale, M?,50

described in Ref. [10]. M? parameterizes the coupling51

strength between the WIMP and SM particles, normal-52

ized to the heavy-mediator mass scale. The coe�cients53

of the Lagrangian interaction terms appear as powers of54

Z

�

�̄

q

q̄

(a)Feynman diagram

showing an ISR operator.

q

q̄

Z/��

Z

�

�̄

(b)Feynman diagram showing a

ZZ�� operator.

FIG. 1. The diagrams showing di↵erent types of pp ! ��̄+Z

production modes considered in this analysis [13].

M?, e.g. for the D1 operator as 1/M3
? and for the D5 and55

D9 operators as 1/M2
? . Limitations on the EFT limits are56

discussed in Ref. [10].57

Following the approach of Ref. [13], the coupling of58

dark matter to electroweak bosons is considered for59

dimension-5 and dimension-7 operators. The dimension-60

7 operator couples dark matter to Z�⇤ as well as ZZ.61

Since a Z boson is in the final state for each diagram,62

diagrams with a Z or �⇤ intermediate state contribute to63

the matrix element, and the relative contribution of the64

Z and �⇤ diagrams is a parameter of the theory.65

This analysis considers models of dark matter produc-66

tion where a Z boson is radiated as ISR or interacts di-67

rectly with WIMPs are considered in this analysis. Ex-68

amples of Feynman diagrams for these two production69

modes are shown in Fig. 1. In the latter case of Z-70

boson/WIMP-interaction, the final state of a Z boson71

and missing transverse momentum, Emiss
T , presents a dis-72

covery channel not previously investigated in LHC exper-73

iments.74

To complement the EFT analysis we have studied the-75

ories in which the intermediate state is specified [16]. It76

contains a scalar mediator, ⌘, with a mass, m⌘, and the77

scalar-WIMP coupling strength, f . It transforms as a78

color triplet and an electroweak doublet, and has a hyper-79

charge of 1/3. The same final state signature predicted80
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events are generated using madgraph5 [41], with show-
ering and hadronization modeled by pythia8.1 using the
AU2 [35] tune and CT10 PDF, including b-quarks in the
initial state. Four operators are used as a representa-
tive set based on the definitions in Ref. [14]: C1 scalar,
D1 scalar, D5 vector (both the constructive and destruc-
tive interference cases), and D9 tensor. In each case,
m� = 1, 50, 100, 200, 400, 700, 1000 and 1300 GeV are
used. The dominant sources of systematic uncertainty
are due to the limited number of events in the control re-
gion, theoretical uncertainties in the simulated samples
used for extrapolation, uncertainties in the large-radius
jet energy calibration and momentum resolution [23], and
uncertainties in the Emiss

T

. Additional minor uncertain-
ties are due to the levels of initial-state and final-state
radiation, parton distribution functions, lepton recon-
struction and identification e�ciencies and momentum
resolution.

The data and predicted backgrounds in the two sig-
nal regions are shown in Table I for the total number of
events and in Fig. 3 for the m

jet

distribution. The data
agree well with the background estimate for each Emiss

T

threshold. Exclusion limits are set on the dark matter
signals using the predicted shape of the m

jet

distribution
and the CLs method [42], calculated with toy simulated
experiments in which the systematic uncertainties have
been marginalized. Figure 4 shows the exclusion regions
at 90% confidence level (CL) in the M⇤ vs m� plane for
various operators, where M⇤ need not be the same for
the di↵erent operators.

TABLE I: Data and estimated background yields in the two
signal regions. Uncertainties include statistical and system-
atic contributions.

Process E

miss
T > 350 GeV E

miss
T > 500 GeV

Z ! ⌫⌫̄ 402+39
�34 54+8

�10

W ! `

±
⌫, Z ! `

±
`

⌥ 210+20
�18 22+4

�5

WW,WZ,ZZ 57+11
�8 9.1+1.3

�1.1

tt̄, single t 39+10
�4 3.7+1.7

�1.3

Total 707+48
�38 89+9

�12

Data 705 89

Limits on the dark matter–nucleon scattering cross sec-
tions are reported using the method of Ref. [14] in Fig. 5
for both the spin-independent (C1, D1, D5) and the spin-
dependent interaction model (D9). References [14, 50]
discuss the valid region of the e↵ective field theory, which
becomes a poor approximation if the mass of the interme-
diate state is below the momentum transferred in the in-
teraction. The results are compared with measurements
from direct detection experiments [43–49].

This search for dark matter pair production in asso-
ciation with a W or Z boson extends the limits on the
dark matter–nucleon scattering cross section in the low
mass region m� < 10 GeV where the direct detection ex-
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FIG. 3: Distribution of mjet in the data and for the predicted
background in the signal regions (SR) with E

miss
T > 350 GeV

(top) and E

miss
T > 500 GeV (bottom). Also shown are the

combined mono-W -boson and mono-Z-boson signal distribu-
tions with m� = 1 GeV and M⇤ = 1 TeV for the D5 destruc-
tive and D5 constructive cases, scaled by factors defined in
the legends. Uncertainties include statistical and systematic
contributions.
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each operator, the values below the corresponding line are
excluded.

periments have less sensitivity. The new limits are also
compared to the limits set by ATLAS in the 7 TeV mono-
jet analysis [3]. For the spin-independent case with the
opposite-sign up-type and down-type couplings, the lim-
its are improved by about three orders of magnitude. For
other cases, the limits are similar.
To complement the e↵ective field theory models, lim-

its are calculated for a UV-complete theory with a light
mediator, the Higgs boson. The upper limit on the cross
section of Higgs boson production through WH and ZH

Use jet substructure techniques to 
reconstruct the W or Z: 

- Cambridge-Aachen jet, R = 1.2, with:  
- pT > 250 GeV 
- |η| < 1.2 
- 50 < mjet < 120 GeV 

- reject additional leptons/jets 

- two signal regions: 

- ETmiss > 350 GeV  
- ETmiss > 500 GeV

similar to Monojet, but 
specific to associated 
W/Z production:

Search for Dark Matter in Events with a Hadronically Decaying W or Z Boson and
Missing Transverse Momentum in pp Collisions at

p
s = 8 TeV with the ATLAS

Detector

ATLAS Collaboration

A search is presented for dark matter pair production in association with a W or Z boson in pp

collisions representing 20.3 fb�1 of integrated luminosity at
p
s = 8 TeV using data recorded with

the ATLAS detector at the Large Hadron Collider. Events with a hadronic jet with the jet-mass
consistent with a W or Z boson, and with large missing transverse momentum are analyzed. The
data are consistent with the Standard Model expectations, and limits are set on the mass scale in
e↵ective field theories that describe the interaction of dark matter and Standard Model particles.

PACS numbers: 13.85.Rm,14.70.Fm,14.70.Hp,14.80.Bn

Although the presence of dark matter in the universe
is well established, little is known of its particle nature
or its non-gravitational interactions. A suite of experi-
ments is searching for a weakly interacting massive parti-
cle (WIMP), denoted by �, and for interactions between
� and Standard Model (SM) particles [1].

One critical component of this program is the search
for pair production of WIMPs at particle colliders, specif-
ically pp ! ��̄ at the Large Hadron Collider (LHC) via
some unknown intermediate state. These searches have
greatest sensitivity at low WIMP mass, m�, where direct
detection experiments are less powerful. At the LHC, the
final-state WIMPs are invisible to the detectors, but the
events can be detected if there is associated initial-state
radiation of a SM particle [2]; an example is shown in
Fig. 1.

The Tevatron and LHC collaborations have reported
limits on the cross section of pp ! ��̄ + X where X
is a hadronic jet [2–4] or a photon [5, 6]. Other LHC
data have been reinterpreted to constrain models where
X is a leptonically decaying W [7] or Z boson [8, 9]. In
each case, limits are reported in terms of the mass scale,
M⇤, of the unknown interaction expressed in an e↵ective
field theory as a four-point contact interaction [10–18].
In the models considered until now, the strongest lim-
its come from mono-jet analyses, due to the large rate
of gluon or quark initial-state radiation relative to pho-
ton, W or Z boson radiation. The operators studied in
these mono-jet and mono-photon searches assume equal
couplings of the dark matter particles to up-type and
down-type quarks (C(u) = C(d)). For W boson radia-
tion there is interference between the diagrams in which
the W boson is radiated from the u-quark or the d-quark.
In the case of equal coupling, the interference is destruc-
tive and gives a smallW boson emission rate. If, however,
the up-type and down-type couplings have opposite signs
(C(u) = �C(d)) to give constructive interference, the rel-
ative rates of gluon, photon, W or Z boson emission can
change dramatically [7], such that mono-W -boson pro-

duction is the dominant process.
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FIG. 1: Pair production of WIMPs (��̄) in proton–proton
collisions at the LHC via an unknown intermediate state, with
initial-state radiation of a W boson.

In this letter, a search is reported for the production
of W or Z bosons decaying hadronically (to qq̄0 or qq̄,
respectively) and reconstructed as a single massive jet
in association with large missing transverse momentum
from the undetected ��̄ particles. This search, the first
of its kind, is sensitive to WIMP pair production, as well
as to other dark-matter-related models, such as invisible
Higgs boson decays (WH or ZH production with H !
��̄).
The ATLAS detector [19] at the LHC covers the pseu-

dorapidity [20] range |⌘| < 4.9 and the full azimuthal an-
gle �. It consists of an inner tracking detector surrounded
by a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and an external muon spectrom-
eter incorporating large superconducting toroidal mag-
nets. A three-level trigger system is used to select inter-
esting events for recording and subsequent o✏ine analy-
sis. Only data for which beams were stable and all sub-
systems described above were operational are used. Ap-
plying these requirements to pp collision data, taken at
a center-of-mass energy of

p
s = 8 TeV during the 2012

LHC run, results in a data sample with a time-integrated
luminosity of 20.3 fb�1. The systematic uncertainty on
the luminosity is derived, following the same method-
ology as that detailed in Ref. [21], from a preliminary
calibration of the luminosity scale obtained from beam-
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Search for dark matter in events with a Z boson and missing transverse momentum in2

pp collisions at

p
s = 8 TeV with the ATLAS detector3

(Dated: December 6, 2013)4

A search is presented for production of dark matter particles in association with a leptonically5

decaying Z boson in pp collisions at
p
s = 8 TeV with the ATLAS detector at the Large Hadron6

Collider. Events with large missing transverse momentum and two oppositely-charged electrons or7

muons consistent with the decay of a Z boson are analyzed. No excess above the Standard Model8

prediction is observed. Limits are set on the mass scale of the contact interaction as a function of9

the dark matter particle mass using an e↵ective field theory description of the interaction of dark10

matter with quarks or with Z bosons. Limits are also set on the coupling and mediator mass of a11

model in which the interaction is mediated by a scalar particle.12

Astrophysical measurements indicate the existence of13

non-baryonic dark matter [1, 2] though collider searches,14

nuclear scattering experiments, and searches for parti-15

cles produced from dark matter annihilation have not16

yet revealed its particle nature nor discovered its non-17

gravitational interactions, if they exist [3]. Collider-18

based searches for weakly interacting massive particles19

(WIMPs, denoted as �), specifically pp ! ��̄ + X at20

the Large Hadron Collider (LHC) via some unknown in-21

termediate state, are an important facet of the experi-22

mental program and provide sensitivity at small values23

of the WIMP mass, m�, where direct detection exper-24

iments are less sensitive. The presence of dark matter25

particles, not observable in a collider detector, can be26

inferred from their recoil against Standard Model (SM)27

particles. The LHC collaborations have reported limits28

on the cross section of initial state radiation (ISR) pro-29

duction of pp ! ��̄ + X, where the ISR component X30

is a hadronic jet [4, 5], a photon [6, 7], or a W or Z31

boson decaying hadronically [8]. Limits on dark matter32

produced in the decay of the Higgs boson have also been33

reported [9].34

Since the nature of the intermediate state mediating35

the parton-WIMP interaction is not known, a useful ap-36

proach is to construct an e↵ective field theory (EFT) [10–37

12]. EFTs have often been used to describe interactions38

between dark matter particles and quarks or gluons, but39

they have recently been extended to describe interactions40

directly with electroweak bosons [13–15]. In the context41

of the EFT framework, the WIMP is considered to be the42

only new particle in addition to the SM fields that are43

accessible at LHC energies. The mediator of the interac-44

tion is heavy compared to the typical parton interaction45

energies involved. The dark matter particles are also as-46

sumed to be odd under a Z2 symmetry and are produced47

in pairs.48

The EFTs considered in this analysis are expressed in49

terms of two parameters: m� and an mass scale, M?,50

described in Ref. [10]. M? parameterizes the coupling51

strength between the WIMP and SM particles, normal-52

ized to the heavy-mediator mass scale. The coe�cients53

of the Lagrangian interaction terms appear as powers of54
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(a)Feynman diagram

showing an ISR operator.
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Z/��

Z

�
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(b)Feynman diagram showing a

ZZ�� operator.

FIG. 1. The diagrams showing di↵erent types of pp ! ��̄+Z

production modes considered in this analysis [13].

M?, e.g. for the D1 operator as 1/M3
? and for the D5 and55

D9 operators as 1/M2
? . Limitations on the EFT limits are56

discussed in Ref. [10].57

Following the approach of Ref. [13], the coupling of58

dark matter to electroweak bosons is considered for59

dimension-5 and dimension-7 operators. The dimension-60

7 operator couples dark matter to Z�⇤ as well as ZZ.61

Since a Z boson is in the final state for each diagram,62

diagrams with a Z or �⇤ intermediate state contribute to63

the matrix element, and the relative contribution of the64

Z and �⇤ diagrams is a parameter of the theory.65

This analysis considers models of dark matter produc-66

tion where a Z boson is radiated as ISR or interacts di-67

rectly with WIMPs are considered in this analysis. Ex-68

amples of Feynman diagrams for these two production69

modes are shown in Fig. 1. In the latter case of Z-70

boson/WIMP-interaction, the final state of a Z boson71

and missing transverse momentum, Emiss
T , presents a dis-72

covery channel not previously investigated in LHC exper-73

iments.74

To complement the EFT analysis we have studied the-75

ories in which the intermediate state is specified [16]. It76

contains a scalar mediator, ⌘, with a mass, m⌘, and the77

scalar-WIMP coupling strength, f . It transforms as a78

color triplet and an electroweak doublet, and has a hyper-79

charge of 1/3. The same final state signature predicted80
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modes and decay to invisible particles is 1.3 pb at 95%
CL for mH = 125 GeV. Figure 6 shows the upper limit
of the total cross section of WH and ZH processes with
H ! ��̄, normalized to the SM next-to-leading order
prediction for the WH and ZH production cross section
(0.8 pb for mH = 125 GeV) [51], which is 1.6 at 95% CL
for mH = 125 GeV.

In addition, limits are calculated on dark matter W��̄
or Z��̄ production within two fiducial regions defined
at parton level: pWorZ

T

> 250 GeV, |⌘WorZ | < 1.2; two
quarks from W or Z boson decay with

p
y > 0.4; at

most one additional narrow jet (p
T

> 40 GeV, |⌘| < 4.5,
�R(narrow jet,W or Z) > 0.9); no electron, photon, or
muon with p

T

> 10 GeV and |⌘| < 2.47, 2.37, or 2.5,
respectively; p��̄

T

> 350 or 500 GeV. The fiducial e�-
ciencies are similar for various dark matter signals, and
the smallest value is (63 ± 1)% in both fiducial regions.
The observed upper limit on the fiducial cross section is
4.4 fb (2.2 fb) at 95% CL for p��̄

T

> 350 GeV (500 GeV)
and the expected limit is 5.1 fb (1.6 fb) with negligible

dependence on the dark matter production model.

In conclusion, this letter reports the first LHC limits
on dark matter production in events with a hadronically
decaying W or Z boson and large missing transverse mo-
mentum. In the case of constructive interference between
up-type and down-type contributions, the results set the
strongest limits on the mass scale of M⇤ of the unknown
mediating interaction, surpassing those from the mono-
jet signature.
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A search for direct he↵alon production using the ATLAS and CMS experiments at
the Large Hadron Collider
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The first search is reported for direct he↵alon production, using 23.3 fb�1 per experiment of
delivered integrated luminosity of proton-proton collisions at

p
s = 8 TeV from the LHC. The data

were recorded with the ATLAS and the CMS detectors. Each exotic composite is assumed to be
stable on the detector lifetime (⌧ � ns). A particularly striking signature is expected. No signal
events are observed after event selection. The cross section for he↵alon production is found to be
less than 64 ab at the 95% confidence level.

I. INTRODUCTION

The high energy of the Large Hadron Collider (LHC),
together with the large integrated luminosity delivered to
the general purpose experiments, o↵ers unprecedented
opportunities for searches for new particles beyond the
Standard Model. Given the wealth of analyses and
searches that have been reported, it is perhaps surprising
that to date no search has been performed for some of the
more exotic composites proposed in the literature. In this
paper we concentrate on the search for the he↵alon, for
which the LHC signature is expected to be particularly
distinctive.

The he↵alon is a very heavy exotic composite parti-
cle [1] satisfying an approximate Z2 symmetry. While
he↵alonic models di↵er in their details [2] all models
suggest a very large natural mass scale M̄h, at around
4⇥ 1030 GeV/c2. The particle is expected to have a life-
time intermediate between that of the collider-detector
scale (⇠ns) and the cosmological scale (⇠Gyr).

Cosmologically generated he↵alons could have been
generated in the hot, dense conditions in the early uni-
verse, however they have not yet been observed in either
astronomical or cosmic ray experiments. Similarly no
characteristic signature has so far been observed from
annihilations in the galactic centre.1

In the absence of any convincing astronomical or cos-
mological evidence, an LHC search is both timely and
appropriate. Searches at other colliders [3] as well as
other direct detection experiments [4] have all so far failed
to find any evidence supporting the he↵alon theory. As
long as they continue to evade detection in collider ex-
periments, the existence of he↵alons must be considered
speculative.

The production of he↵alons at the LHC has a striking
signature: he↵alons can be expected to leave significant
deposits in all detector components [5], even for near-
threshold production. The large tracks would be dis-

1 More details on the non-collider phenomenology are discussed in
Section IV.

tinctive and should have essentially no Standard Model
background. Indeed one of the most identifiable e↵ects
of their transit through the inner detector is expected to
be the characteristic loss of signal in subsequent bunch
crossings over large portions of the detector volume.

We emphasise that while our results will be illustrated
in terms of a particular simplified he↵alon model, essen-
tially the same analysis would apply to other exotic com-
posites with similar masses and interaction cross sections.

II. DETECTOR AND DATA SAMPLES

The ATLAS and CMS experiments [6, 7] are each
jumbo-sized multi-purpose particle physics detectors,
each with a forward-backward symmetric cylindrical ge-
ometry and nearly 4⇡ coverage in solid angle.2 The detec-
tors have the usual array of pixel detectors, silicon strip
detectors, large superconducting magnets, calorimeters
and muon chambers. Since it is most unlikely that you
are reading this section we leave the finer details to the
imagination of the reader.

We note that the passage of a large-volume he↵alon
composite through either detector would generate signif-
icant structural deformations of the detector system. The
deformations expected would be much larger than those
observed during thermal cycling, so are very likely to be
measurable using the detectors’ precision laser alignment
systems. No attempt is made to reconstruct these ‘de-
formation’ signatures, which are beyond the scope of this
paper, however we encourage the experimental collabo-
rations to investigate the feasibility of identifying such
signals in future dedicated analyses.

2 It is of central importance to what follows that the reader ap-
preciate that each experiment uses a right-handed coordinate
system with its origin at the interaction point in the centre of
the detector and the z-axis along the beam pipe. Cylindrical
coordinates (r,�) are used in the transverse plane, � being the
azimuthal angle around the beam pipe. The pseudorapidity ⌘ is
defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2), and
the transverse energy ET by ET = E sin ✓.
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Better limits on WIMP DM than on 
heffalon-production!



State of WIMP Dark Matter!
!

“WIMP miracle” would have been nice - no sign of it so far. 
!

WIMP could still hide in fancier SUSY models 
- or something more exotic



Extra Dimensions and Black Holes: 
Descent into Hades
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Big Hierarchy Problem!
(not to scale… t’is pretty big)

Oh, hey 
guys, I did not see you 
all the way  

over there
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No Hierarchy Problem?
Why, hello 
there…
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Extra Dimensional Models

If MPlanck ≈ mEW , most of gravity must be going somewhere else 
!

Assume there exist one or several small extra dimensions of radius R. 
!

At large distances, they are closed and do not appear to exist.
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Extra Dimensional Models

If MPlanck ≈ mEW , most of gravity must be going somewhere else 
!

Assume there exist one or several small extra dimensions of radius R. 
!

At large distances, they are closed and do not appear to exist.

lem with the radiative stability of the weak scale is trivially resolved: the
ultraviolet cutoff of the theory is mEW . How can the usual (1/MP l) strength
of gravitation arise in such a picture? A very simple idea is to suppose that
there are n extra compact spatial dimensions of radius ∼ R. The Planck
scale MP l(4+n) of this (4 + n) dimensional theory is taken to be ∼ mEW ac-
cording to our philosophy. Two test masses of mass m1, m2 placed within a
distance r ≪ R will feel a gravitational potential dictated by Gauss’s law in
(4 + n) dimensions

V (r) ∼
m1m2

Mn+2
P l(4+n)

1

rn+1
, (r ≪ R). (1)

On the other hand, if the masses are placed at distances r ≫ R, their gravi-
tational flux lines can not continue to penetrate in the extra dimensions, and
the usual 1/r potential is obtained,

V (r) ∼
m1m2

Mn+2
P l(4+n)R

n

1

r
, (r ≫ R) (2)

so our effective 4 dimensional MP l is

M2
P l ∼M2+n

P l(4+n)R
n. (3)

Putting MP l(4+n) ∼ mEW and demanding that R be chosen to reproduce the
observed MP l yields

R ∼ 10
30

n
−17cm×

(

1TeV

mEW

)1+ 2

n

. (4)

For n = 1, R ∼ 1013 cm implying deviations from Newtonian gravity over so-
lar system distances, so this case is empirically excluded. For all n ≥ 2, how-
ever, the modification of gravity only becomes noticeable at distances smaller
than those currently probed by experiment. The case n = 2 (R ∼ 100µm −1
mm) is particularly exciting, since new experiments will be performed in the
very near future, looking for deviations from gravity in precisely this range
of distances [11].

While gravity has not been probed at distances smaller than a millime-
ter, the SM gauge forces have certainly been accurately measured at weak
scale distances. Therefore, the SM particles cannot freely propagate in the
extra n dimension, but must be localized to a 4 dimensional submanifold.
Since we assume that mEW is the only short-distance scale in the theory,
our 4-dimensional world should have a “thickness” ∼ m−1

EW in the extra n
dimensions. The only fields propagating in the (4 + n) dimensional bulk are
the (4 + n) dimensional graviton, with couplings suppressed by the (4 + n)
dimensional Planck mass ∼ mEW .

2
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scale distances. Therefore, the SM particles cannot freely propagate in the
extra n dimension, but must be localized to a 4 dimensional submanifold.
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EW in the extra n
dimensions. The only fields propagating in the (4 + n) dimensional bulk are
the (4 + n) dimensional graviton, with couplings suppressed by the (4 + n)
dimensional Planck mass ∼ mEW .
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FIG. 2: The dimuon invariant mass (Mµµ) distribution for the
predicted background and observed data for like-sign dimuon
events where the leading muon satisfies pT > 100 GeV. The
background histograms are stacked. The signal histogram is
overlaid. The last bin along x-axis shows the overflows. The
bottom panel shows the ratio of data to the expected back-
ground (points) and the total uncertainty on the background
(shaded area).
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tion for the predicted background and observed data for like-
sign dimuon events where the leading muon satifies pT >

100 GeV, and with Ntrk � 10. The background histograms
are stacked. The signal histogram is overlaid. The bottom
panel shows the ratio of data to the expected background
(points) and the total uncertainty on the background (shaded
area).
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FIG. 4: The track multiplicity (Ntrk) distribution (ptrkT >

10 GeV) for the predicted background and observed data for
events where the leading muon has pT > 100 GeV. The back-
ground histograms are stacked. The signal histogram is over-
laid. The bottom panel shows the ratio of data to the ex-
pected background (points) and the total uncertainty on the
background (shaded area).

TABLE III: The predicted background in the signal region
compared to the number of observed events in data. The MC
predictions are shown together with statistical and systematic
uncertainties. The expected signal contribution from rotating
black holes in a model with n = 4, MTH = 5 TeV and MD =
1.5 TeV is also shown.

Source Signal Region

µ+fake 0.21 ± 0.09 ± 0.09

tt̄ 0.22 ± 0.08 ± 0.04

Diboson 0.12 ± 0.08 ± 0.03

Total 0.55 ± 0.15 ± 0.10

Data 0

Signal 14.2 ± 1.3 ± 2.7

No events are observed in the signal region, which is
consistent with the Standard Model prediction. This re-
sult is used to set upper limits on the number of events
from non-Standard Model sources. The CL

s

method [46]
is used to calculate 95% CL upper limits on �vis =
� ⇥ BR ⇥ A ⇥ ✏, where �vis is the visible cross section,
� is the total cross section, BR is the inclusive branch-
ing ratio to like-sign dimuons, A is the acceptance, and
✏ is the reconstruction e�ciency for non-Standard Model
contributions in this final state in the signal region. The
observed 95% CL limit on �vis is 0.16 fb. The observed
limit agrees well with the expected limit of 0.16 fb. The
standard deviation (�) bands on the expected limit at 1�
and 2� are 0.15–0.22 fb and 0.15–0.29 fb, respectively.

Signal Region

Like-sign di-muon events with lead muon pT > 100 GeV 
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Classical Black Holes interpretation
7

Exclusion contours in the plane defined by MTH and
MD for rotating and non-rotating black holes for n =
2, 4, and 6 are obtained. No theoretical uncertainty on
the signal prediction is assessed, i.e. the exclusion limits
are set for the exact benchmark models as described in
Sec. III.

The signal acceptance is measured from the event gen-
erator (truth) by imposing the following selections at the
particle level. Each event must have at least two true
muons with pT > 15 GeV and |⌘| < 2.4, and the lead-
ing two muons in pT must have the same charge. The
leading muon must satisfy pT > 100 GeV. The leading-
muon truth-isolation (Igen) is defined as the sum of pT
of all charged particles with pT > 1 GeV within a cone
of �R = 0.2 around the muon (excluding the muon).
The leading muon is required to satisfy Igen < 0.25⇥ pT.
Each event must also have at least 30 charged particles
satisfying pT > 10 GeV and |⌘| < 2.5. The ratio of events
passing these selections at particle level to the total num-
ber of generated events gives the acceptance. The accep-
tance varies from 11% to 0.2% across the range of model
parameters considered here.

The acceptance is then corrected to take into account
detector e↵ects. The correction factor, ✏fid, is defined as
the ratio of number of events passing the selection criteria
after full detector reconstruction to the number of events
passing the acceptance criteria at the particle level. The
factor is found to be independent of the number of extra
dimensions, and is linearly dependent on k = MTH/MD.
The linear dependence is assessed separately for rotating
and non-rotating black holes by a fit to the e�ciency as
a function of k. For rotating (non-rotating) signals ✏fid
rises from 0.35 (0.3) for k = 1 to 0.55 (0.65) for k = 3.

The uncertainty on the signal prediction has the fol-
lowing components: the uncertainty on the ✏fid fit pa-
rameters, the uncertainty on luminosity, the uncertainty
on acceptance due to the PDFs, the experimental uncer-
tainty on acceptance due to muon trigger and identifi-
cation e�ciencies, and the uncertainty due to tracking
e�ciency. The uncertainty on acceptance due to PDF
was estimated by using the 40 error sets associated to
the MSTW 2008 LO PDF set. In the signal region, at
high Ntrk, it is possible for small di↵erences between the
track reconstruction e�ciencies in data and simulation
to be magnified. The e↵ect of any possible disagreement
between data and simulation is studied by artificially in-
creasing the disagreement and probing the subsequent
e↵ect on the signal acceptance. A disagreement of 2% in
the per-track reconstruction e�ciency translates to a 5%
uncertainty in the signal acceptance for Ntrk � 30. As a
conservative choice, a 10% uncertainty on signal accep-
tance is assigned to account for possible disagreements in
data and simulation track reconstruction e�ciency. The
uncertainties are summarized in Table I.

Figure 5 shows the expected and observed exclusion
contours for non-rotating black holes for n = 2, 4, and
6. Figure 6 shows the same for rotating black holes. In
both figures, the 1� uncertainty band on the expected
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k = MTH/MD = 2, 3, 4, and 5 are also shown. Only slopes
k � 1 correspond to physical models.

 [TeV]DM
1 1.5 2 2.5 3 3.5 4 4.5

 [T
eV

]
TH

M

3

3.5

4

4.5

5

5.5

6

6.5

7
Rotating

Observed
Expected

σ 1±Exp 

DM−THM
 0.5 TeV≤

n=2
n=4

n=6
D/MTH = Mk

k=
2

k=
3

k=
4

k=
5

ATLAS

-1Ldt = 20.3 fb∫

=8 TeVs
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limit is shown for n = 2. For each value of n, the ob-
served limit lies within the 1� band. Lines of constant
slope (k = MTH/MD) of 2, 3, 4 and 5 are also shown. The
semi-classical approximations used for black hole produc-
tion and decay are expected to be valid only for large
slopes. The e↵ect of choosing a di↵erent set of PDFs
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cation selection, and the EW template is taken from MC
simulation where electron candidates pass the normal se-
lection. A fit to the Emiss

T distribution is performed in the
interval [0, 150]GeV in five separate detector-motivated
regions of ⌘, to determine normalization factors for both
the multijet and EW backgrounds.

To extrapolate both the multijet and EW background
to the SR, functions of the form p1x

p2+p3 ln(x)(1 � x)p4

(with x = minv/
p
s and fit parameters p1–p4) [40] are

used and the contributions are scaled by the correspond-
ing normalization factor derived in the LIMCR. A simple
power-law fit, with p3 and p4 fixed to zero, adequately
describes both data and simulation. This is used as the
baseline, while p3 and p4 are allowed to vary as part of
the evaluation of the systematic uncertainty.

In the muon channel, the multijet and EW back-
grounds can be discriminated on the basis of the trans-
verse impact parameter (d0) distribution of the muon
since multijet background is dominated by jets contain-
ing charm and bottom hadrons decaying to muons while
EW backgrounds are dominated by prompt muons. The
template for the EW background is selected using Z-
boson decays to two muons while the template for mul-
tijet background is taken from muons that fail the isola-
tion requirement. Both templates are taken from data.
The fit to the d0 distribution is performed in the interval
[�0.1,+0.1] mm. The fraction of multijet background,
0.046± 0.005, is neglected when extrapolating the back-
ground in SR. The procedure for extrapolating the EW
background to the SR is the same as for the electron
channel.

The background estimate in the SR, shown in Fig. 1,
was not compared to data until the final fit method and
parameters were fixed. The hatched area in Fig. 1 shows
the total uncertainty in the background estimate, which
is dominated by the systematic uncertainties. In extract-
ing the limits, the fits described above are used to extrap-
olate the background into the high invariant-mass region.

The systematic uncertainties on the background are
evaluated as a function of minv, and are dominated by
uncertainties on the fits used to extrapolate the back-
ground to the highest minv, uncertainties on PDFs, and
the choice of MC generator. Systematic uncertainties due
to the choice of fitting functions are evaluated by fitting
the minv spectrum with parameters p3 and p4 free and
taking the di↵erence between these fits and the fits with
p3 and p4 fixed to zero. Additionally, SHERPA samples
are used instead of ALPGEN and the fits are repeated.
The uncertainty on the PDFs is estimated using a set
of 44 PDF eigenvectors for CTEQ6.6 [41]. For each of
the 44 sets, the background fits are repeated and the ex-
trapolated backgrounds are estimated. To estimate the
uncertainty on the multijet background in the electron
channel, an alternative selection of background-enriched
data events, based on photons, is used. The system-
atic uncertainties from the simulation of the detector re-
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FIG. 1. Distribution of the invariant mass of the lepton
and highest-pT jet in (a) the electron+jet channel and (b)
the muon+jet channel, for data (points with error bars) and
for SM backgrounds (solid histograms). Overlaid are two ex-
amples of QBH signals. The sum of the uncertainties due to
the finite MC sample size and from various sources of sys-
tematic uncertainty is shown by the hatched area. To extract
the upper limit on the lepton+jet cross section, a fit to the
invariant-mass distribution is performed, replacing the uncer-
tainties due to MC sample size by the statistical uncertainties
on the fit parameters.

sponse are associated with the jet and electron energy
scales and resolutions, the muon momentum scale and
resolution, and the trigger requirement. The combined
uncertainty on the background prediction ranges from
16% (1TeV) to 100% (6TeV) for the electron channel and
from 50% (1TeV) to 170% (6TeV) for the muon channel.
Background systematic uncertainties forMth = 5TeV are
given in Table I.

Uncertainties on the signal e�ciency in each of the
mass bins are associated with the requirements on �⌘,
��, h⌘i, minv, and isolation. In addition, uncertainties
on the detector simulation, mentioned above for the back-
ground, as well as the uncertainty on luminosity are taken
into account. The combined uncertainty on the signal ef-
ficiency from these sources ranges from 3.5% at 1TeV to
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- require exactly 1 lepton with pT > 130 GeV 
- construct invariant mass with hardest jet
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cation selection, and the EW template is taken from MC
simulation where electron candidates pass the normal se-
lection. A fit to the Emiss

T distribution is performed in the
interval [0, 150]GeV in five separate detector-motivated
regions of ⌘, to determine normalization factors for both
the multijet and EW backgrounds.

To extrapolate both the multijet and EW background
to the SR, functions of the form p1x

p2+p3 ln(x)(1 � x)p4

(with x = minv/
p
s and fit parameters p1–p4) [40] are

used and the contributions are scaled by the correspond-
ing normalization factor derived in the LIMCR. A simple
power-law fit, with p3 and p4 fixed to zero, adequately
describes both data and simulation. This is used as the
baseline, while p3 and p4 are allowed to vary as part of
the evaluation of the systematic uncertainty.

In the muon channel, the multijet and EW back-
grounds can be discriminated on the basis of the trans-
verse impact parameter (d0) distribution of the muon
since multijet background is dominated by jets contain-
ing charm and bottom hadrons decaying to muons while
EW backgrounds are dominated by prompt muons. The
template for the EW background is selected using Z-
boson decays to two muons while the template for mul-
tijet background is taken from muons that fail the isola-
tion requirement. Both templates are taken from data.
The fit to the d0 distribution is performed in the interval
[�0.1,+0.1] mm. The fraction of multijet background,
0.046± 0.005, is neglected when extrapolating the back-
ground in SR. The procedure for extrapolating the EW
background to the SR is the same as for the electron
channel.

The background estimate in the SR, shown in Fig. 1,
was not compared to data until the final fit method and
parameters were fixed. The hatched area in Fig. 1 shows
the total uncertainty in the background estimate, which
is dominated by the systematic uncertainties. In extract-
ing the limits, the fits described above are used to extrap-
olate the background into the high invariant-mass region.

The systematic uncertainties on the background are
evaluated as a function of minv, and are dominated by
uncertainties on the fits used to extrapolate the back-
ground to the highest minv, uncertainties on PDFs, and
the choice of MC generator. Systematic uncertainties due
to the choice of fitting functions are evaluated by fitting
the minv spectrum with parameters p3 and p4 free and
taking the di↵erence between these fits and the fits with
p3 and p4 fixed to zero. Additionally, SHERPA samples
are used instead of ALPGEN and the fits are repeated.
The uncertainty on the PDFs is estimated using a set
of 44 PDF eigenvectors for CTEQ6.6 [41]. For each of
the 44 sets, the background fits are repeated and the ex-
trapolated backgrounds are estimated. To estimate the
uncertainty on the multijet background in the electron
channel, an alternative selection of background-enriched
data events, based on photons, is used. The system-
atic uncertainties from the simulation of the detector re-
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FIG. 1. Distribution of the invariant mass of the lepton
and highest-pT jet in (a) the electron+jet channel and (b)
the muon+jet channel, for data (points with error bars) and
for SM backgrounds (solid histograms). Overlaid are two ex-
amples of QBH signals. The sum of the uncertainties due to
the finite MC sample size and from various sources of sys-
tematic uncertainty is shown by the hatched area. To extract
the upper limit on the lepton+jet cross section, a fit to the
invariant-mass distribution is performed, replacing the uncer-
tainties due to MC sample size by the statistical uncertainties
on the fit parameters.

sponse are associated with the jet and electron energy
scales and resolutions, the muon momentum scale and
resolution, and the trigger requirement. The combined
uncertainty on the background prediction ranges from
16% (1TeV) to 100% (6TeV) for the electron channel and
from 50% (1TeV) to 170% (6TeV) for the muon channel.
Background systematic uncertainties forMth = 5TeV are
given in Table I.

Uncertainties on the signal e�ciency in each of the
mass bins are associated with the requirements on �⌘,
��, h⌘i, minv, and isolation. In addition, uncertainties
on the detector simulation, mentioned above for the back-
ground, as well as the uncertainty on luminosity are taken
into account. The combined uncertainty on the signal ef-
ficiency from these sources ranges from 3.5% at 1TeV to
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TABLE I. Breakdown of relative systematic uncertainties
on the SM background for the threshold mass Mth = 5TeV.
The uncertainties are added in quadrature to obtain the total
uncertainty.

Source Electron+jet Muon+jet
% %

Lepton reconstruction, +2
�1

+30
�7

scale and resolution

Jet reconstruction, +31
�15

+5
�5

scale and resolution

Multijet modeling +27
�27 -

PDF +52
�33

+100
�69

Fit +77
�77

+130
�71

Total +100
�89

+170
�100

TABLE II. Numbers of expected background (Exp.) and
observed (Obs.) events, along with the cumulative signal ef-
ficiencies (E↵.), with uncertainties including both the statis-
tical and systematic components for various values of Mth.
Numbers of events are integrated above minv requirement for
the given Mth.

Mth Electron+jet Muon+jet
Obs. Exp. E↵. Obs. Exp. E↵.

TeV % %

1.0 1200 1210+�
230
220 57± 4 620 550±280 38± 4

1.5 100 110±40 57± 4 49 65+�
45
40 36± 4

2.0 12 19+�
13
12 56± 4 8 14+�

16
14 36± 4

2.5 0 5.3+�
4.5
3.9 55± 4 3 5+�

6
5 34± 4

3.0 0 1.8+�
1.8
1.6 54± 4 1 2.1+�

2.9
2.1 34± 4

3.5 0 0.76+�
0.79
0.67 54± 4 0 1.0+�

1.6
1.0 33± 4

4.0 0 0.35+�
0.38
0.34 53± 4 0 0.57+�

0.94
0.57 33± 5

5.0 0 0.09+�
0.10
0.09 52± 4 0 0.24+�

0.39
0.24 32± 5

6.0 0 0.03+�
0.04
0.03 52± 4 0 0.13+�

0.22
0.13 32± 6

3.9% at 6TeV for the electron channel and from 3.6% at
1TeV to 5.6% at 6TeV for the muon channel. The cu-
mulative e�ciency, shown in Table II, is taken from the
signal MC simulation for charge +4/3 QBHs. The dif-
ferences in the e�ciency between the charge +4/3 state
and the other charged states are much smaller than the
uncertainties mentioned above and are neglected.

The observed numbers of events and the expected
backgrounds, shown in Table II, are in agreement within
the total uncertainty. There is no evidence for any ex-
cess. Upper limits on ⌃�qq ⇥ BFqq for the produc-
tion of QBHs above Mth are determined in the interval
1�6TeV assuming lepton universality and using the CLs
method [42, 43], which is designed to give conservative
limits in cases where the observed background fluctuates
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FIG. 2. The combined 95% CL upper limits on ⌃�qq⇥BFqq

for QBHs decaying to a lepton and jet, as a function of Mth,
assuming MD= Mth and n = 6 ADD extra dimensions. The
limits take into account statistical and systematic uncertain-
ties. Points along the solid black line indicate the mass of the
signal where the limit is computed. Also shown are the ±1�
and ±2� bands indicating the underlying distribution of pos-
sible limit outcomes under the background-only hypothesis.
The predicted cross section for QBHs is shown as the solid
curve.

below the expected values. The statistical combination of
the channels employs a likelihood function constructed as
the product of Poisson probability terms describing the
total number of events observed in each channel. Sys-
tematic uncertainties are incorporated as nuisance pa-
rameters into the likelihood through their e↵ect on the
mean of the Poisson functions and through convolution
with their assumed Gaussian distributions. Correlations
between channels are taken into account.
Figure 2 shows the 95% confidence level (CL) combined

lepton+jet upper limit on the cross section times branch-
ing fraction for the production of QBHs as a function of
Mth. Above 3.5TeV, the limit is 0.18 fb. For the n = 6
QBH model assumed in this Letter, the 95% CL lower
limit on Mth is 5.3TeV. For n = 2, and all other model
assumptions the same, the 95% CL lower limit on Mth is
4.7TeV. The e↵ect of a 0.65% uncertainty on the beam
energy [44] is found to be negligble. Treating the chan-
nels separately, the 95% CL upper limit on the electron
(muon)+jet ⌃�qq ⇥BFqq above 3.5TeV is 0.27 (0.49) fb,
and the n = 6 lower limit on Mth is 5.2 (5.1)TeV.
In conclusion, a first search for two body lepton+jet

final states with large invariant mass has been performed
using 20.3 fb�1 of pp collisions recorded at

p
s = 8TeV

with the ATLAS detector at the LHC. In the invariant-
mass region above 1TeV the observed events are consis-
tent with data-driven extrapolated backgrounds from the
low-invariant-mass control region. Above 3.5TeV the ex-
pected background drops below one event and the 95%
CL upper limit on the electron (muon)+jet ⌃�qq ⇥BFqq

is 0.27 (0.49) fb. Assuming lepton universality, the 95%

MD= Mth and n = 6

arXiv:1311.2006
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- construct invariant mass 

- fit to function: f(x) = p1 xp2+p3 ln(x) (1-x)p4 
- hunt for bumps  

by reversing the photon isolation criterion, EisolT . This
control sample is enriched in the second largest back-
ground, dijet events in which a jet has passed the photon
identification cuts.
Fig. 1 shows the resulting distribution of the γ + jet

invariant mass. The bin widths are chosen to be twice
the mass resolution at the centre of each bin. The rela-
tive resolution is about 4% of mγ j at 1 TeV, improving
to about 3% at 2 TeV. The fit result is also shown in
Fig. 1. The bottom panel of the figure shows the statis-
tical significance of the difference between data and the
fit in each bin [51]. The fit quality is quantified using a
negative log-likelihood test statistic. The probability of
the fit quality to be at least as good as the observed fit
(p-value) is 74%, indicating that the data are consistent
with the functional form.
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Figure 1: Invariant mass of the γ + jet pair for events
passing the final selections. The bin widths are cho-
sen to be twice the mass resolution at the centre of each
bin. Overlaid is the fitted background function inte-
grated over each bin (solid line), with three examples of
q∗ signals, as described in the text. For better visibility
the q∗ signals are only drawn formγ j within ±25% of the
nominal signal mass. The bottom panel shows the sta-
tistical significance of the difference between data and
background in each bin.

6. Results

6.1. Search results
The search region is defined to be mγ j > 426 GeV,

which is the lower edge of the first bin for which bi-

ases due to kinematic and trigger threshold effects are
negligible. The γ + jet search is sensitive to new res-
onances in the region between 426 GeV and 1 TeV,
where the statistics of dijet searches are limited by the
higher hadronic trigger thresholds. The bumphunter al-
gorithm [52] is used to search for statistical evidence of
a resonance. The algorithm operates on the binned mγ j
distribution, comparing the background estimate with
the data in mass intervals of varying numbers of adja-
cent bins across the entire distribution. For each interval
in the scan, it computes the significance of any excess
found. The significance of the outcome is evaluated us-
ing the ensemble of possible outcomes in any part of the
distribution under the background-only hypothesis, ob-
tained by repeating the analysis on pseudo-data drawn
from the background function. The algorithm identifies
the two-bin interval 785–916 GeV as the single most
discrepant interval. Before including systematic uncer-
tainties, the p-value is 61%, including the trials fac-
tor, or “look-elsewhere” effect. Thus, the excess is not
significant and the data are consistent with a smoothly
falling background.

6.2. Limit results
In the absence of any signal, three types of γ + jet

signals are explored: a generic Gaussian-shaped sig-
nal with an arbitrary production cross-section, result-
ing from resonances with varying intrinsic widths con-
volved with the detector resolution; the QBH model;
and the excited-quark model. For each signal mass con-
sidered, the fit to the observed mass distribution is re-
peated with the sum of the four-parameter background
function (Eq. (1)) and a signal template with a normal-
ization determined during the fit. Bayesian limits at the
95% CL are computed as described in Ref. [28] using
a prior probability density that is constant for positive
values of the signal production cross-section and zero
for unphysical, negative values.
Systematic uncertainties affecting the limits on pro-

duction of new signals are evaluated. The signal yield
is subject to systematic uncertainties on the integrated
luminosity (2.8%), photon isolation efficiency (1.2%),
trigger efficiency (0.5%), and photon identification effi-
ciencies (1.5%). The last of these includes extrapolation
to high pT (0.1%) and pileup effects (0.1%). Uncertain-
ties on the jet and photon energy scale contribute 1.0 –
1.5% and 0.3%, respectively, through their effects on
the shape and yield of the signal distribution. The sizes
of the systematic uncertainties are similar for the q∗ and
QBH signals. These systematic uncertainties are treated
as marginalized nuisance parameters in the limit calcu-
lation. Systematic uncertainties on the value and shape

4
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Figure 3: The 95% CL upper limits on σ×BR×A×ε for
QBHs decaying to a photon and a jet, as a function of
the threshold mass Mth, assuming MD = Mth and n = 6.
The limits take into account statistical and systematic
uncertainties. Points along the solid black line indi-
cate the mass of the signal where the limit is computed.
The black short dashed line is the central value of the
expected limit. Also shown are the ±1σ and ±2σ un-
certainty bands indicating the underlying distribution of
possible limit outcomes under the background-only hy-
pothesis. The predicted visible cross-section for QBHs
is shown as the long dashed line.

Acknowledgments

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq
and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC,
China; COLCIENCIAS, Colombia; MSMT CR, MPO
CR and VSC CR, Czech Republic; DNRF, DNSRC
and Lundbeck Foundation, Denmark; EPLANET, ERC
and NSRF, European Union; IN2P3-CNRS, CEA-
DSM/IRFU, France; GNSF, Georgia; BMBF, DFG,
HGF, MPG and AvH Foundation, Germany; GSRT and
NSRF, Greece; ISF, MINERVA, GIF, DIP and Benoziyo
Center, Israel; INFN, Italy; MEXT and JSPS, Japan;
CNRST, Morocco; FOM and NWO, Netherlands; BRF
and RCN, Norway; MNiSW, Poland; GRICES and
FCT, Portugal; MERYS (MECTS), Romania; MES
of Russia and ROSATOM, Russian Federation; JINR;
MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,

 [TeV]q*m
1 2 3 4 5 6

  [
fb

]
ε ×

 A
 

×
 B

R
 

× 
σ

-110

1

10 PYTHIA q* prediction

95% CL upper limits:

Observed Limit

 bandσ 1 ±Expected Limit 

 bandσ 2 ±Expected Limit 

ATLAS
-1 = 20.3 fbdt L

  ∫
 = 8 TeVs

Figure 4: The 95% CL upper limits onσ×BR×A×ε for
excited quarks decaying to a photon and a jet, as a func-
tion of the signal mass mq∗ . The limits take into account
statistical and systematic uncertainties. Points along the
solid black line indicate the mass of the signal where
the limit is computed. The black short dashed line is
the central value of the expected limit. Also shown are
the ±1σ and ±2σ uncertainty bands indicating the un-
derlying distribution of possible limit outcomes under
the background-only hypothesis. The long dashed line
shows the predicted visible cross-section for excited-
quark production from pythia.

Slovenia; DST/NRF, South Africa; MICINN, Spain;
SRC and Wallenberg Foundation, Sweden; SER, SNSF
and Cantons of Bern and Geneva, Switzerland; NSC,
Taiwan; TAEK, Turkey; STFC, the Royal Society and
Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America.
The crucial computing support from all WLCG part-

ners is acknowledged gratefully, in particular from
CERN and the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA) and in the Tier-2 fa-
cilities worldwide.

References

[1] P. Meade and L. Randall, JHEP 0805 (2008) 003,
arXiv:0708.3017 [hep-ph].

6

MD= Mth and n = 6



!28

Quantum Black Hole interpretations

Photon + Jets

 [TeV]thM

1 2 3 4 5 6

  [
fb

]
ε ×

 A
 

×
 B

R
 

× 
σ

-110

1

10 QBH prediction

95% CL upper limits:

Observed Limit

 bandσ 1 ±Expected Limit 

 bandσ 2 ±Expected Limit 

ATLAS
-1 = 20.3 fbdt L

  ∫
 = 8 TeVs

Figure 3: The 95% CL upper limits on σ×BR×A×ε for
QBHs decaying to a photon and a jet, as a function of
the threshold mass Mth, assuming MD = Mth and n = 6.
The limits take into account statistical and systematic
uncertainties. Points along the solid black line indi-
cate the mass of the signal where the limit is computed.
The black short dashed line is the central value of the
expected limit. Also shown are the ±1σ and ±2σ un-
certainty bands indicating the underlying distribution of
possible limit outcomes under the background-only hy-
pothesis. The predicted visible cross-section for QBHs
is shown as the long dashed line.

Acknowledgments

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq
and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC,
China; COLCIENCIAS, Colombia; MSMT CR, MPO
CR and VSC CR, Czech Republic; DNRF, DNSRC
and Lundbeck Foundation, Denmark; EPLANET, ERC
and NSRF, European Union; IN2P3-CNRS, CEA-
DSM/IRFU, France; GNSF, Georgia; BMBF, DFG,
HGF, MPG and AvH Foundation, Germany; GSRT and
NSRF, Greece; ISF, MINERVA, GIF, DIP and Benoziyo
Center, Israel; INFN, Italy; MEXT and JSPS, Japan;
CNRST, Morocco; FOM and NWO, Netherlands; BRF
and RCN, Norway; MNiSW, Poland; GRICES and
FCT, Portugal; MERYS (MECTS), Romania; MES
of Russia and ROSATOM, Russian Federation; JINR;
MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,

 [TeV]q*m
1 2 3 4 5 6

  [
fb

]
ε ×

 A
 

×
 B

R
 

× 
σ

-110

1

10 PYTHIA q* prediction

95% CL upper limits:

Observed Limit

 bandσ 1 ±Expected Limit 

 bandσ 2 ±Expected Limit 

ATLAS
-1 = 20.3 fbdt L

  ∫
 = 8 TeVs

Figure 4: The 95% CL upper limits onσ×BR×A×ε for
excited quarks decaying to a photon and a jet, as a func-
tion of the signal mass mq∗ . The limits take into account
statistical and systematic uncertainties. Points along the
solid black line indicate the mass of the signal where
the limit is computed. The black short dashed line is
the central value of the expected limit. Also shown are
the ±1σ and ±2σ uncertainty bands indicating the un-
derlying distribution of possible limit outcomes under
the background-only hypothesis. The long dashed line
shows the predicted visible cross-section for excited-
quark production from pythia.

Slovenia; DST/NRF, South Africa; MICINN, Spain;
SRC and Wallenberg Foundation, Sweden; SER, SNSF
and Cantons of Bern and Geneva, Switzerland; NSC,
Taiwan; TAEK, Turkey; STFC, the Royal Society and
Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America.
The crucial computing support from all WLCG part-

ners is acknowledged gratefully, in particular from
CERN and the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA) and in the Tier-2 fa-
cilities worldwide.

References

[1] P. Meade and L. Randall, JHEP 0805 (2008) 003,
arXiv:0708.3017 [hep-ph].

6

MD= Mth and n = 6

4

TABLE I. Breakdown of relative systematic uncertainties
on the SM background for the threshold mass Mth = 5TeV.
The uncertainties are added in quadrature to obtain the total
uncertainty.

Source Electron+jet Muon+jet
% %

Lepton reconstruction, +2
�1

+30
�7

scale and resolution

Jet reconstruction, +31
�15

+5
�5

scale and resolution

Multijet modeling +27
�27 -

PDF +52
�33

+100
�69

Fit +77
�77

+130
�71

Total +100
�89

+170
�100

TABLE II. Numbers of expected background (Exp.) and
observed (Obs.) events, along with the cumulative signal ef-
ficiencies (E↵.), with uncertainties including both the statis-
tical and systematic components for various values of Mth.
Numbers of events are integrated above minv requirement for
the given Mth.

Mth Electron+jet Muon+jet
Obs. Exp. E↵. Obs. Exp. E↵.

TeV % %

1.0 1200 1210+�
230
220 57± 4 620 550±280 38± 4

1.5 100 110±40 57± 4 49 65+�
45
40 36± 4

2.0 12 19+�
13
12 56± 4 8 14+�

16
14 36± 4

2.5 0 5.3+�
4.5
3.9 55± 4 3 5+�

6
5 34± 4

3.0 0 1.8+�
1.8
1.6 54± 4 1 2.1+�

2.9
2.1 34± 4

3.5 0 0.76+�
0.79
0.67 54± 4 0 1.0+�

1.6
1.0 33± 4

4.0 0 0.35+�
0.38
0.34 53± 4 0 0.57+�

0.94
0.57 33± 5

5.0 0 0.09+�
0.10
0.09 52± 4 0 0.24+�

0.39
0.24 32± 5

6.0 0 0.03+�
0.04
0.03 52± 4 0 0.13+�

0.22
0.13 32± 6

3.9% at 6TeV for the electron channel and from 3.6% at
1TeV to 5.6% at 6TeV for the muon channel. The cu-
mulative e�ciency, shown in Table II, is taken from the
signal MC simulation for charge +4/3 QBHs. The dif-
ferences in the e�ciency between the charge +4/3 state
and the other charged states are much smaller than the
uncertainties mentioned above and are neglected.

The observed numbers of events and the expected
backgrounds, shown in Table II, are in agreement within
the total uncertainty. There is no evidence for any ex-
cess. Upper limits on ⌃�qq ⇥ BFqq for the produc-
tion of QBHs above Mth are determined in the interval
1�6TeV assuming lepton universality and using the CLs
method [42, 43], which is designed to give conservative
limits in cases where the observed background fluctuates
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FIG. 2. The combined 95% CL upper limits on ⌃�qq⇥BFqq

for QBHs decaying to a lepton and jet, as a function of Mth,
assuming MD= Mth and n = 6 ADD extra dimensions. The
limits take into account statistical and systematic uncertain-
ties. Points along the solid black line indicate the mass of the
signal where the limit is computed. Also shown are the ±1�
and ±2� bands indicating the underlying distribution of pos-
sible limit outcomes under the background-only hypothesis.
The predicted cross section for QBHs is shown as the solid
curve.

below the expected values. The statistical combination of
the channels employs a likelihood function constructed as
the product of Poisson probability terms describing the
total number of events observed in each channel. Sys-
tematic uncertainties are incorporated as nuisance pa-
rameters into the likelihood through their e↵ect on the
mean of the Poisson functions and through convolution
with their assumed Gaussian distributions. Correlations
between channels are taken into account.
Figure 2 shows the 95% confidence level (CL) combined

lepton+jet upper limit on the cross section times branch-
ing fraction for the production of QBHs as a function of
Mth. Above 3.5TeV, the limit is 0.18 fb. For the n = 6
QBH model assumed in this Letter, the 95% CL lower
limit on Mth is 5.3TeV. For n = 2, and all other model
assumptions the same, the 95% CL lower limit on Mth is
4.7TeV. The e↵ect of a 0.65% uncertainty on the beam
energy [44] is found to be negligble. Treating the chan-
nels separately, the 95% CL upper limit on the electron
(muon)+jet ⌃�qq ⇥BFqq above 3.5TeV is 0.27 (0.49) fb,
and the n = 6 lower limit on Mth is 5.2 (5.1)TeV.
In conclusion, a first search for two body lepton+jet

final states with large invariant mass has been performed
using 20.3 fb�1 of pp collisions recorded at

p
s = 8TeV

with the ATLAS detector at the LHC. In the invariant-
mass region above 1TeV the observed events are consis-
tent with data-driven extrapolated backgrounds from the
low-invariant-mass control region. Above 3.5TeV the ex-
pected background drops below one event and the 95%
CL upper limit on the electron (muon)+jet ⌃�qq ⇥BFqq

is 0.27 (0.49) fb. Assuming lepton universality, the 95%

QBH Analysis
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Dark matter pair production - additional material

- C1 scalar, D1 scalar, D5 vector (both the 
constructive and destructive interference 
cases), and D9 tensor.  

- In each case, mχ = 1, 50, 100, 200, 400, 
700, 1000 and 1300 GeV are used. 

- simulated with MG
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3

events are generated using madgraph5 [41], with show-
ering and hadronization modeled by pythia8.1 using the
AU2 [35] tune and CT10 PDF, including b-quarks in the
initial state. Four operators are used as a representa-
tive set based on the definitions in Ref. [14]: C1 scalar,
D1 scalar, D5 vector (both the constructive and destruc-
tive interference cases), and D9 tensor. In each case,
m� = 1, 50, 100, 200, 400, 700, 1000 and 1300 GeV are
used. The dominant sources of systematic uncertainty
are due to the limited number of events in the control re-
gion, theoretical uncertainties in the simulated samples
used for extrapolation, uncertainties in the large-radius
jet energy calibration and momentum resolution [23], and
uncertainties in the Emiss

T

. Additional minor uncertain-
ties are due to the levels of initial-state and final-state
radiation, parton distribution functions, lepton recon-
struction and identification e�ciencies and momentum
resolution.

The data and predicted backgrounds in the two sig-
nal regions are shown in Table I for the total number of
events and in Fig. 3 for the m

jet

distribution. The data
agree well with the background estimate for each Emiss

T

threshold. Exclusion limits are set on the dark matter
signals using the predicted shape of the m

jet

distribution
and the CLs method [42], calculated with toy simulated
experiments in which the systematic uncertainties have
been marginalized. Figure 4 shows the exclusion regions
at 90% confidence level (CL) in the M⇤ vs m� plane for
various operators, where M⇤ need not be the same for
the di↵erent operators.

TABLE I: Data and estimated background yields in the two
signal regions. Uncertainties include statistical and system-
atic contributions.

Process E

miss
T > 350 GeV E

miss
T > 500 GeV

Z ! ⌫⌫̄ 402+39
�34 54+8

�10

W ! `

±
⌫, Z ! `

±
`

⌥ 210+20
�18 22+4

�5

WW,WZ,ZZ 57+11
�8 9.1+1.3

�1.1

tt̄, single t 39+10
�4 3.7+1.7

�1.3

Total 707+48
�38 89+9

�12

Data 705 89

Limits on the dark matter–nucleon scattering cross sec-
tions are reported using the method of Ref. [14] in Fig. 5
for both the spin-independent (C1, D1, D5) and the spin-
dependent interaction model (D9). References [14, 50]
discuss the valid region of the e↵ective field theory, which
becomes a poor approximation if the mass of the interme-
diate state is below the momentum transferred in the in-
teraction. The results are compared with measurements
from direct detection experiments [43–49].

This search for dark matter pair production in asso-
ciation with a W or Z boson extends the limits on the
dark matter–nucleon scattering cross section in the low
mass region m� < 10 GeV where the direct detection ex-
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(top) and E

miss
T > 500 GeV (bottom). Also shown are the

combined mono-W -boson and mono-Z-boson signal distribu-
tions with m� = 1 GeV and M⇤ = 1 TeV for the D5 destruc-
tive and D5 constructive cases, scaled by factors defined in
the legends. Uncertainties include statistical and systematic
contributions.
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periments have less sensitivity. The new limits are also
compared to the limits set by ATLAS in the 7 TeV mono-
jet analysis [3]. For the spin-independent case with the
opposite-sign up-type and down-type couplings, the lim-
its are improved by about three orders of magnitude. For
other cases, the limits are similar.
To complement the e↵ective field theory models, lim-

its are calculated for a UV-complete theory with a light
mediator, the Higgs boson. The upper limit on the cross
section of Higgs boson production through WH and ZH
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dependent interaction model (D9). References [14, 50]
discuss the valid region of the e↵ective field theory, which
becomes a poor approximation if the mass of the interme-
diate state is below the momentum transferred in the in-
teraction. The results are compared with measurements
from direct detection experiments [43–49].

This search for dark matter pair production in asso-
ciation with a W or Z boson extends the limits on the
dark matter–nucleon scattering cross section in the low
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periments have less sensitivity. The new limits are also
compared to the limits set by ATLAS in the 7 TeV mono-
jet analysis [3]. For the spin-independent case with the
opposite-sign up-type and down-type couplings, the lim-
its are improved by about three orders of magnitude. For
other cases, the limits are similar.
To complement the e↵ective field theory models, lim-

its are calculated for a UV-complete theory with a light
mediator, the Higgs boson. The upper limit on the cross
section of Higgs boson production through WH and ZH
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Dark Matter with Z

- ZZ background dominant 

- estimated via ABCD method 

- WZ estimated via fit and extrapolated
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FIG. 3. Shape of the E

miss
T distribution in simulated samples

of ZZ background, e↵ective theories of dark matter interac-
tion with a qq̄ initial state (D1, D5, and D9 [10]) and interac-
tion with a Z/�

⇤ intermediate state [13], and the scale medi-
ator theory. The shapes of ZZ�� with no �

⇤ and maximal �⇤

are similar, as are the shapes of D9 and the dimension-5 ZZ��

EFT, so only one of each is plotted. Each distribution is nor-
malized to unit area. The mass of the scalar mediator, m⌘ is
1 TeV, and the dark matter particle mass is m� = 200 GeV.

imal �⇤ and ZZ�� no �⇤ while the dimension-5 operator280

is referred to simply as ZZ��. Cross sections for a few281

representative operators and for the scalar mediator the-282

ory with representative coupling constant, f = 6, and283

M⌘ = 1 TeV are given in Table I.284

TABLE I. The power dependence of 1/M? for the EFT and
the cross sections of WIMP production in association with an
on-shell Z boson for di↵erent EFT operators and the scalar
mediator theory are shown. For the calculation of the pro-
duction cross section, M? is taken to be 1 TeV for the EFT
operators. The coupling constant of the scalar mediator the-
ory, f , is taken to be 6 and the mass of the mediator, m⌘, is
1 TeV.

D5 D9 ZZ��

max. �⇤
scalar

mediator
m� [GeV] Cross sections [fb]

10 7.1 120 3.1 810
200 5.6 89 2.0 300
400 3.1 47 0.83 70
1000 0.25 3.4 0.023 -

M

�1
? power 2 2 3 -

Samples of pp ! Z��̄ events are propagated through285

the ATLAS detector using the full simulation of the ID286

and muon trackers and the parameterized simulation of287

the calorimeter [29], tuned to full simulation and data.288

The shapes of the simulated Emiss
T distributions for the289

signal operators are shown in Fig. 3.290

Contributions to the systematic uncertainty of the ex-291

pected SM backgrounds are due largely to experimen-292

tal sources a↵ecting lepton and Emiss
T reconstruction:293

jet energy scale and momentum scale for both elec-294

trons and muons. Smaller systematic uncertainties are295

associated to the Emiss
T measurement and the electron296

and muon reconstruction and identification e�ciencies.297

For the dominant background determined from simu-298

lated samples, ZZ ! `+`�⌫̄⌫, theoretical sources of299

systematic uncertainty derive from the generator di↵er-300

ences, QCD fragmentation and renormalization scales,301

and PDF modeling. The largest theoretical uncertainty,302

the generator di↵erence, is the di↵erence in yields cal-303

culated from samples simulated with SHERPA 1.4.1 [34]304

and POWHEG BOX. The systematic uncertainties asso-305

ciated with the ZZ background are summarized in Ta-306

ble II for each signal region. The luminosity uncertainty307

is 2.8% and is derived from beam-separation scans per-308

formed following the procedure described in Ref. [35].309

TABLE II. Summary of the systematic uncertainties for the
largest background process: (ZZ ! `

+
`

�
⌫̄⌫). Statistical er-

rors are from MC simulation sample size.

Uncertainty Source
E

miss
T threshold [GeV]

150 250 350 450
Statistical [%] 2 6 13 24
Experimental [%] 3 6 9 8
Theoretical [%] 16 22 51 96
Luminosity [%] 3 3 3 3
Total [%] 17 24 53 99

The expected background and observed yields are re-310

ported in Table III. Figure 4 shows the Emiss
T distribution311

after all selection requirements are applied other than the312

Emiss
T thresholds for the observed data, the expected SM313

backgrounds, and for hypothetical pp ! Z��̄ signals for314

di↵erent values of mass scale.315

TABLE III. Observed yields and expected SM backgrounds
in each signal region. Uncertainties are statistical and sys-
tematic added in quadrature.

Process
E

miss
T threshold [GeV]

150 250 350 450
ZZ 41.4± 7.1 6.4± 1.5 1.3± 0.7 0.3± 0.3
WZ 8.0± 1.7 0.8+1.5

�0.8 0.2+0.3
�0.2 0.1+0.1

�0.1

WW , tt̄, Z ! ⌧

+
⌧

� 1.9± 1.4 – – –
Z+jets 0.1± 0.1 – – –
W+jets 0.5± 0.3 – – –
Total 51.9± 8.7 7.2± 3.0 1.4± 1.2 0.4+0.8

�0.4

Data 45 3 0 0

The 95% confidence level (C.L.) upper limit on the316

number of events from a new source in each Emiss
T region317

is calculated using a frequentist method with a profile318

likelihood ratio [36]. The Emiss
T region with the best ex-319

pected limit is used to calculate the observed limit for320
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⇤ intermediate state [13], and the scale medi-
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are similar, as are the shapes of D9 and the dimension-5 ZZ��

EFT, so only one of each is plotted. Each distribution is nor-
malized to unit area. The mass of the scalar mediator, m⌘ is
1 TeV, and the dark matter particle mass is m� = 200 GeV.
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is referred to simply as ZZ��. Cross sections for a few281

representative operators and for the scalar mediator the-282

ory with representative coupling constant, f = 6, and283

M⌘ = 1 TeV are given in Table I.284

TABLE I. The power dependence of 1/M? for the EFT and
the cross sections of WIMP production in association with an
on-shell Z boson for di↵erent EFT operators and the scalar
mediator theory are shown. For the calculation of the pro-
duction cross section, M? is taken to be 1 TeV for the EFT
operators. The coupling constant of the scalar mediator the-
ory, f , is taken to be 6 and the mass of the mediator, m⌘, is
1 TeV.
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Samples of pp ! Z��̄ events are propagated through285

the ATLAS detector using the full simulation of the ID286

and muon trackers and the parameterized simulation of287

the calorimeter [29], tuned to full simulation and data.288

The shapes of the simulated Emiss
T distributions for the289

signal operators are shown in Fig. 3.290

Contributions to the systematic uncertainty of the ex-291

pected SM backgrounds are due largely to experimen-292

tal sources a↵ecting lepton and Emiss
T reconstruction:293

jet energy scale and momentum scale for both elec-294

trons and muons. Smaller systematic uncertainties are295

associated to the Emiss
T measurement and the electron296

and muon reconstruction and identification e�ciencies.297

For the dominant background determined from simu-298

lated samples, ZZ ! `+`�⌫̄⌫, theoretical sources of299

systematic uncertainty derive from the generator di↵er-300

ences, QCD fragmentation and renormalization scales,301

and PDF modeling. The largest theoretical uncertainty,302

the generator di↵erence, is the di↵erence in yields cal-303

culated from samples simulated with SHERPA 1.4.1 [34]304

and POWHEG BOX. The systematic uncertainties asso-305

ciated with the ZZ background are summarized in Ta-306

ble II for each signal region. The luminosity uncertainty307

is 2.8% and is derived from beam-separation scans per-308

formed following the procedure described in Ref. [35].309

TABLE II. Summary of the systematic uncertainties for the
largest background process: (ZZ ! `
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⌫̄⌫). Statistical er-

rors are from MC simulation sample size.

Uncertainty Source
E

miss
T threshold [GeV]
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Statistical [%] 2 6 13 24
Experimental [%] 3 6 9 8
Theoretical [%] 16 22 51 96
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The expected background and observed yields are re-310

ported in Table III. Figure 4 shows the Emiss
T distribution311

after all selection requirements are applied other than the312

Emiss
T thresholds for the observed data, the expected SM313

backgrounds, and for hypothetical pp ! Z��̄ signals for314

di↵erent values of mass scale.315

TABLE III. Observed yields and expected SM backgrounds
in each signal region. Uncertainties are statistical and sys-
tematic added in quadrature.

Process
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miss
T threshold [GeV]

150 250 350 450
ZZ 41.4± 7.1 6.4± 1.5 1.3± 0.7 0.3± 0.3
WZ 8.0± 1.7 0.8+1.5
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Z+jets 0.1± 0.1 – – –
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The 95% confidence level (C.L.) upper limit on the316

number of events from a new source in each Emiss
T region317

is calculated using a frequentist method with a profile318

likelihood ratio [36]. The Emiss
T region with the best ex-319

pected limit is used to calculate the observed limit for320
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FIG. 4. E

miss
T distributions after all event selections other

than the E

miss
T thresholds for the observed data; the ex-

pected SM backgrounds taken from simulation; the hypothet-
ical pp ! Z��̄ signals for di↵erent values of the mass scale,
M?. The dark matter particle mass is m� = 400 GeV. The
last bin contains the events with E

miss
T > 450 GeV. The ratio

of data to simulated backgrounds is also shown. The band
shows the experimental systematic uncertainties on the ratio.

each operator and mass point. Limits on the cross sec-321

tion for pp ! Z��̄ production are translated into limits322

on the mass scale of the e↵ective operators mediating323

the interaction of the dark matter particles with the ini-324

tial state quarks or the Z/�⇤ intermediate state in Fig. 5.325

They are also translated into limits on the �-nucleon scat-326

tering cross section for several e↵ective operators mediat-327

ing the interaction of the dark-matter particles with the328

qq̄ initial state and compared with other experimental329

results described in Refs. [37–40]. These limits, as shown330

in Fig. 6, complement the lower limits reported for mono331

W or Z boson with a hadronic final state reported in332

Ref [8].333

A lower limit on the coupling, f , of the scalar medi-334

ator model is also calculated based on the WIMP relic335

abundance in Ref. [41] and the expression for the freeze-336

out temperature from Ref. [42]. If this relic abundance337

lower limit calculated at some mass point (m�,m⌘) is338

greater than the upper limit measured in this analysis,339

that mass point is excluded. Limits on the cross section340

times branching ratio of the scalar mediator model are341

shown in Fig. 7, and limits on f as a function of media-342

tor mass m⌘ and m�, as well as the exclusion region, are343

shown in Fig. 8.344

Fiducial cross section limits are calculated in each sig-345

nal region. The reconstruction e�ciency is defined within346

a fiducial region characterized by selection requirements347

at generator level identical to all the requirements on the348

reconstructed dilepton+Emiss
T system, where the Emiss

T349

is calculated summing over all neutrinos and dark mat-350

ter particles. In addition, the generated leptons are re-351
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quired to be separated by at least �R = 0.2 to match352

the isolation requirement. The reconstruction e�ciency353

ranges from (56.9±0.9)% for ZZ�� max. �⇤ at m� =354

1000 GeV to (77.9±3.1)% for D5 at m� = 400 GeV.355

The corresponding acceptances for those operators are356

(30.3±0.5)% and (2.6±0.2)%, where the uncertainties are357

purely statistical. The lowest value of the reconstruc-358

tion e�ciency is used to calculate the fiducial cross sec-359

tion limits. The observed (expected) upper limits are 1.8360
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Monojets - EW background prediction

- use data-driven method for determining Z → νν + Jets  and W → lν + Jets 
backgrounds 

- the Alpgen MC prediction for these backgrounds is scaled by a transfer factor 
determined in a control region that is enriched in W → µν or in W → eν events .
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Figure 1: The measured transverse mass, leading jet pT, EmissT , and EmissT over leading jet pT distributions
in the W(→ µν)+jet control region, for the SR1 selection, compared to the background predictions. For
illustration purposes, the ALPGENW/Z+jet MC predictions are multiplied by a global scale factor 1.01 that
brings the MC predictions close to the data in the control region, thus allowing a direct comparison of
the shape of the measured and the simulated distributions.

two muons with invariant mass in the range 76 GeV < mµµ < 116 GeV. Finally, a W(→ eν)+jets domi-
nated control sample is defined using events with an electron candidate with pT > 20 GeV. Figures 1 to 3
show the measured distributions for the transverse mass or dilepton mass, leading jet pT, EmissT , and EmissT
over leading jet pT ratio in data and MC simulations in the different control samples for SR1 kinematics,
where the W/Z+jets predictions are obtained using ALPGEN.

For each observable, bin-by-bin transfer factors, computed separately for the different electroweak
background contributions, are defined for each of the signal regions. These transfer factors are then used
to normalize the different electroweak background contributions, as determined by the ALPGEN simulation,
in each of the signal regions. As an example, in the case of the dominant Z(→ νν̄)+jets background
process, its contribution to a signal region in a given bin of a given distribution N(Z(→ νν̄) + jets)signal
would be determined using the W(→ µν)+jets control sample in data according to

N(Z(→ νν̄) + jets)signal = (Ndata
W→µν,control − N

background
W,control ) ×

NMC(Z(→ νν̄) + jets)signal
NMC
W→µν,control

, (1)

where NMC(Z(→ νν̄) + jets)signal denotes the background predicted by the MC simulation in the signal
region, and Ndata

W→µν,control, N
MC
W→µν,control, and N

background
W,control denote, in the control region, the number of

W(→ µν)+jets candidates in data and MC simulation, and the non-electroweak background contribution,

5

- other backgrounds, including multijet is estimated from simulation.
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Monojet - background yields

!34

Background Predictions ± (stat.data)± (stat.MC) ± (syst.)
SR1 SR2 SR3 SR4

Z (→ νν̄)+jets 173600 ± 500 ± 1300 ± 5500 15600 ± 200 ± 300 ± 500 1520 ± 50 ± 90 ± 60 270 ± 30 ± 40 ± 20
W → τν+jets 87400 ± 300 ± 800 ± 3700 5580 ± 60 ± 190 ± 300 370 ± 10 ± 40 ± 30 39 ± 4 ± 11 ± 2
W → eν+jets 36700 ± 200 ± 500 ± 1500 1880 ± 30 ± 100 ± 100 112 ± 5 ± 18 ± 9 16 ± 2 ± 6 ± 2
W → µν+jets 34200 ± 100 ± 400 ± 1600 2050 ± 20 ± 100 ± 130 158 ± 5 ± 21 ± 14 42 ± 4 ± 13 ± 8
Z → ττ+jets 1263 ± 7 ± 44 ± 92 54 ± 1 ± 9 ± 5 1.3 ± 0.1 ± 1.3 ± 0.2 1.4 ± 0.2 ± 1.5 ± 0.2

Z/γ∗(→ µ+µ−)+jets 783 ± 2 ± 35 ± 53 26 ± 0 ± 6 ± 1 2.7 ± 0.1 ± 1.9 ± 0.3 −
Z/γ∗(→ e+e−)+jets − − − −

Multijet 6400 ± 90 ± 5500 200 ± 20 ± 200 − −
tt̄ + single t 2660 ± 60 ± 530 120 ± 10 ± 20 7 ± 3 ± 1 1.2 ± 1.2 ± 0.2
Dibosons 815 ± 9 ± 163 83 ± 3 ± 17 14 ± 1 ± 3 3 ± 1 ± 1

Non-collision background 640 ± 40 ± 60 22 ± 7 ± 2 − −
Total background 344400 ± 900 ± 2200 ± 12600 25600 ± 240 ± 500 ± 900 2180 ± 70 ± 120 ± 100 380 ± 30 ± 60 ± 30

Data 350932 25515 2353 268

Table 2: Number of observed events and predicted background events, including statistical and systematic uncertainties. The statistical uncertainties for
data and MC simulation are shown separately. In the total background prediction the first quoted uncertainty reflects the contribution from the statistical
uncertainty in the data in the control regions affecting the electroweak background estimation, the second represents the MC statistical uncertainty, and
the third includes the rest of systematic uncertainties. In SR3 and SR4 selections the MC statistical uncertainty dominates. The background uncertainties
in SR1 and SR2 selections are dominated by the rest of systematic uncertainties.

11
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Classical Black Holes - background estimation

- ttbar, VV and W+jets background largest. 

- track multiplicity: number of ID tracks with pT > 10 GeV and |η| < 2.5 that pass 
quality and z0 cuts. 

- fake muon background estimated using a matrix method.
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laid. The bottom panel shows the ratio of data to the ex-
pected background (points) and the total uncertainty on the
background (shaded area).

TABLE III: The predicted background in the signal region
compared to the number of observed events in data. The MC
predictions are shown together with statistical and systematic
uncertainties. The expected signal contribution from rotating
black holes in a model with n = 4, MTH = 5 TeV and MD =
1.5 TeV is also shown.

Source Signal Region

µ+fake 0.21 ± 0.09 ± 0.09

tt̄ 0.22 ± 0.08 ± 0.04

Diboson 0.12 ± 0.08 ± 0.03

Total 0.55 ± 0.15 ± 0.10

Data 0

Signal 14.2 ± 1.3 ± 2.7

No events are observed in the signal region, which is
consistent with the Standard Model prediction. This re-
sult is used to set upper limits on the number of events
from non-Standard Model sources. The CL

s

method [46]
is used to calculate 95% CL upper limits on �vis =
� ⇥ BR ⇥ A ⇥ ✏, where �vis is the visible cross section,
� is the total cross section, BR is the inclusive branch-
ing ratio to like-sign dimuons, A is the acceptance, and
✏ is the reconstruction e�ciency for non-Standard Model
contributions in this final state in the signal region. The
observed 95% CL limit on �vis is 0.16 fb. The observed
limit agrees well with the expected limit of 0.16 fb. The
standard deviation (�) bands on the expected limit at 1�
and 2� are 0.15–0.22 fb and 0.15–0.29 fb, respectively.

4

three correlated backgrounds is estimated from dedi-
cated MC samples. The background from the Wt pro-
cess is small and it has been merged with the tt̄ back-
ground in the subsequent discussion and presentation.
Other possible sources such as tt̄W or tZ production and
backgrounds from charge misidentification of muons were
found to be negligible.

The sources of uncertainty on the tt̄ background are
the choice of MC event generator and parton shower-
ing model, the amount of initial- and final-state radia-
tion (ISR/FSR), and the theoretical uncertainty on the
production cross section. The tt̄ cross section used is
�
tt̄

= 238+22
�24 pb for a top-quark mass of 172.5 GeV.

It has been calculated at approximate next-to-next-to-
leading order (NNLO) in QCD with hathor v1.2 [37]
using the MSTW 2008 90% NNLO PDF sets. It incor-
porates PDF+↵

S

uncertainties, according to the MSTW
prescription [38], added in quadrature with the scale un-
certainty and has been cross-checked with the calcula-
tion of Cacciari et al. [39] as implemented in top++
v1.0 [40]. The uncertainty on the parton showering
model is assessed by comparing the nominal tt̄ prediction
with a prediction made using a powheg+herwig sam-
ple. The generator uncertainty is assessed by comparing
the powheg prediction with predictions made using the
alpgen and mc@nlo samples. The ISR/FSR uncer-
tainty is determined by using the AcerMC [41] gener-
ator interfaced to Pythia, and by varying the ISR and
FSR scale ⇤QCD, as well as the ISR and FSR cuto↵ scale.
The e↵ect of the top quark mass is studied by generating
dedicated samples with top-quark masses of 170 GeV and
175 GeV and is found to be negligible.

The diboson backgrounds have an uncertainty of 6%
on the production cross section [42] and a combined gen-
erator and parton-showering uncertainty of 24% based
on comparisons between sherpa and powheg, and from
renormalization and factorization scale variations [43].

In addition to the uncertainties described above, un-
certainties from the measurement of trigger e�ciency, the
muon reconstruction and identification (including uncer-
tainties due to muon pT resolution), and the tracking
e�ciency are considered for each background along with
the uncertainty on the integrated luminosity (2.8%). The
total systematic uncertainties on the final background
estimates from the di↵erent sources are summarized in
Table I.

B. Uncorrelated Background Estimates

The uncorrelated background is estimated from data
by first measuring the probability for a track to be recon-
structed as a muon in a control sample. This probability
is then applied to data events with one muon and at least
one track to predict the number of dimuon events. This
probability is referred to as a fake rate in the subsequent
discussion, and the background estimate is referred to as
the µ+fake background.

TABLE I: The systematic uncertainties on the event yields
in the signal region for the di↵erent backgrounds and sources,
in percent. The uncertainties on signal acceptance are also
summarized in the table.

Source µ+fake tt̄ Diboson Signal

Fake rate measurement 34

Photon trigger 13

Prompt correction 18

ISR/FSR 0.7

Parton showering 9

Generator 11 24

Cross section 10 6

Muon trigger 1.2 1.3 1.3

Muon reconstruction 2.0 1.2 2.3

Luminosity 2.8 2.8 2.8

Tracking e�ciency 10 10 10

Fiducial e�ciency 15

PDF (Acceptance) 5

Total 41 21 27 19

The fake rate is measured in a control sample consist-
ing of photon+jet events. These events are collected by a
single-photon trigger with a threshold at 40 GeV on the
photon transverse momentum. The trigger is prescaled,
and the collected dataset corresponds to an integrated
luminosity of 56 pb�1. The photon is required to have
pT > 45 GeV, and to satisfy the requirements of Ref. [44].
The photon is also required to satisfy E�R0.4

T < 5 GeV,

where E�R0.4
T is the sum of transverse energies of cells in

the electromagnetic and hadronic calorimeters in a cone
of 0.4 around the photon axis (excluding the cells asso-
ciated with the photon). The denominator for the fake
rate measurement is the number of events with one pho-
ton and at least one track. The track must satisfy all the
requirements imposed on an ID track associated with a
muon as described in Sec. IV. The track is required to
be separated from the photon by �R > 0.4. The nu-
merator is the subset of these events that have at least
one muon passing all the criteria associated with the sub-
leading muon as described in Sec. IV. In events with more
than one track (muon), the track (muon) with the high-
est pT is chosen. The fake rate can have contributions
from processes such asW (µ⌫)� and Z(µµ)� that produce
prompt muons and bias the fake rate measurement. This
prompt-muon bias is corrected by subtracting these con-
tributions based on MC samples generated using sherpa.
The prompt muon correction ranges from approximately
1% at muon pT = 15 GeV to 30% at pT = 100 GeV.
The fake rate is parameterized as a function of the pT

and ⌘ of the track, and as a function of Ntrk. Since
the signal black hole models produce isolated photon
events as well, the fake rate is measured by requiring
Ntrk < 10 to reduce any potential signal contamination
of this control sample. The Ntrk dependence is parame-

Signal Point: rotating BH, n=4, MTH =5 TeV, MD = 1.5 TeV
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Quantum Black Hole selection

- Exactly one lepton: 

- electron: pT > 130 GeV, |η| < 2.47 

- muon: pT > 130 GeV, |η| < 2.4 

- Jets: pT > 50 GeV, |η| < 2.5 

- construct invariant mass with lepton and 
highest pT jet. 

- signal acceptance is very high, ranging 
from 50-90 %. 

!

- Fit function:

!36

3

cation selection, and the EW template is taken from MC
simulation where electron candidates pass the normal se-
lection. A fit to the Emiss

T distribution is performed in the
interval [0, 150]GeV in five separate detector-motivated
regions of ⌘, to determine normalization factors for both
the multijet and EW backgrounds.

To extrapolate both the multijet and EW background
to the SR, functions of the form p1x

p2+p3 ln(x)(1 � x)p4

(with x = minv/
p
s and fit parameters p1–p4) [40] are

used and the contributions are scaled by the correspond-
ing normalization factor derived in the LIMCR. A simple
power-law fit, with p3 and p4 fixed to zero, adequately
describes both data and simulation. This is used as the
baseline, while p3 and p4 are allowed to vary as part of
the evaluation of the systematic uncertainty.

In the muon channel, the multijet and EW back-
grounds can be discriminated on the basis of the trans-
verse impact parameter (d0) distribution of the muon
since multijet background is dominated by jets contain-
ing charm and bottom hadrons decaying to muons while
EW backgrounds are dominated by prompt muons. The
template for the EW background is selected using Z-
boson decays to two muons while the template for mul-
tijet background is taken from muons that fail the isola-
tion requirement. Both templates are taken from data.
The fit to the d0 distribution is performed in the interval
[�0.1,+0.1] mm. The fraction of multijet background,
0.046± 0.005, is neglected when extrapolating the back-
ground in SR. The procedure for extrapolating the EW
background to the SR is the same as for the electron
channel.

The background estimate in the SR, shown in Fig. 1,
was not compared to data until the final fit method and
parameters were fixed. The hatched area in Fig. 1 shows
the total uncertainty in the background estimate, which
is dominated by the systematic uncertainties. In extract-
ing the limits, the fits described above are used to extrap-
olate the background into the high invariant-mass region.

The systematic uncertainties on the background are
evaluated as a function of minv, and are dominated by
uncertainties on the fits used to extrapolate the back-
ground to the highest minv, uncertainties on PDFs, and
the choice of MC generator. Systematic uncertainties due
to the choice of fitting functions are evaluated by fitting
the minv spectrum with parameters p3 and p4 free and
taking the di↵erence between these fits and the fits with
p3 and p4 fixed to zero. Additionally, SHERPA samples
are used instead of ALPGEN and the fits are repeated.
The uncertainty on the PDFs is estimated using a set
of 44 PDF eigenvectors for CTEQ6.6 [41]. For each of
the 44 sets, the background fits are repeated and the ex-
trapolated backgrounds are estimated. To estimate the
uncertainty on the multijet background in the electron
channel, an alternative selection of background-enriched
data events, based on photons, is used. The system-
atic uncertainties from the simulation of the detector re-
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FIG. 1. Distribution of the invariant mass of the lepton
and highest-pT jet in (a) the electron+jet channel and (b)
the muon+jet channel, for data (points with error bars) and
for SM backgrounds (solid histograms). Overlaid are two ex-
amples of QBH signals. The sum of the uncertainties due to
the finite MC sample size and from various sources of sys-
tematic uncertainty is shown by the hatched area. To extract
the upper limit on the lepton+jet cross section, a fit to the
invariant-mass distribution is performed, replacing the uncer-
tainties due to MC sample size by the statistical uncertainties
on the fit parameters.

sponse are associated with the jet and electron energy
scales and resolutions, the muon momentum scale and
resolution, and the trigger requirement. The combined
uncertainty on the background prediction ranges from
16% (1TeV) to 100% (6TeV) for the electron channel and
from 50% (1TeV) to 170% (6TeV) for the muon channel.
Background systematic uncertainties forMth = 5TeV are
given in Table I.

Uncertainties on the signal e�ciency in each of the
mass bins are associated with the requirements on �⌘,
��, h⌘i, minv, and isolation. In addition, uncertainties
on the detector simulation, mentioned above for the back-
ground, as well as the uncertainty on luminosity are taken
into account. The combined uncertainty on the signal ef-
ficiency from these sources ranges from 3.5% at 1TeV to
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cation selection, and the EW template is taken from MC
simulation where electron candidates pass the normal se-
lection. A fit to the Emiss

T distribution is performed in the
interval [0, 150]GeV in five separate detector-motivated
regions of ⌘, to determine normalization factors for both
the multijet and EW backgrounds.

To extrapolate both the multijet and EW background
to the SR, functions of the form p1x
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(with x = minv/
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s and fit parameters p1–p4) [40] are

used and the contributions are scaled by the correspond-
ing normalization factor derived in the LIMCR. A simple
power-law fit, with p3 and p4 fixed to zero, adequately
describes both data and simulation. This is used as the
baseline, while p3 and p4 are allowed to vary as part of
the evaluation of the systematic uncertainty.

In the muon channel, the multijet and EW back-
grounds can be discriminated on the basis of the trans-
verse impact parameter (d0) distribution of the muon
since multijet background is dominated by jets contain-
ing charm and bottom hadrons decaying to muons while
EW backgrounds are dominated by prompt muons. The
template for the EW background is selected using Z-
boson decays to two muons while the template for mul-
tijet background is taken from muons that fail the isola-
tion requirement. Both templates are taken from data.
The fit to the d0 distribution is performed in the interval
[�0.1,+0.1] mm. The fraction of multijet background,
0.046± 0.005, is neglected when extrapolating the back-
ground in SR. The procedure for extrapolating the EW
background to the SR is the same as for the electron
channel.

The background estimate in the SR, shown in Fig. 1,
was not compared to data until the final fit method and
parameters were fixed. The hatched area in Fig. 1 shows
the total uncertainty in the background estimate, which
is dominated by the systematic uncertainties. In extract-
ing the limits, the fits described above are used to extrap-
olate the background into the high invariant-mass region.

The systematic uncertainties on the background are
evaluated as a function of minv, and are dominated by
uncertainties on the fits used to extrapolate the back-
ground to the highest minv, uncertainties on PDFs, and
the choice of MC generator. Systematic uncertainties due
to the choice of fitting functions are evaluated by fitting
the minv spectrum with parameters p3 and p4 free and
taking the di↵erence between these fits and the fits with
p3 and p4 fixed to zero. Additionally, SHERPA samples
are used instead of ALPGEN and the fits are repeated.
The uncertainty on the PDFs is estimated using a set
of 44 PDF eigenvectors for CTEQ6.6 [41]. For each of
the 44 sets, the background fits are repeated and the ex-
trapolated backgrounds are estimated. To estimate the
uncertainty on the multijet background in the electron
channel, an alternative selection of background-enriched
data events, based on photons, is used. The system-
atic uncertainties from the simulation of the detector re-
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FIG. 1. Distribution of the invariant mass of the lepton
and highest-pT jet in (a) the electron+jet channel and (b)
the muon+jet channel, for data (points with error bars) and
for SM backgrounds (solid histograms). Overlaid are two ex-
amples of QBH signals. The sum of the uncertainties due to
the finite MC sample size and from various sources of sys-
tematic uncertainty is shown by the hatched area. To extract
the upper limit on the lepton+jet cross section, a fit to the
invariant-mass distribution is performed, replacing the uncer-
tainties due to MC sample size by the statistical uncertainties
on the fit parameters.

sponse are associated with the jet and electron energy
scales and resolutions, the muon momentum scale and
resolution, and the trigger requirement. The combined
uncertainty on the background prediction ranges from
16% (1TeV) to 100% (6TeV) for the electron channel and
from 50% (1TeV) to 170% (6TeV) for the muon channel.
Background systematic uncertainties forMth = 5TeV are
given in Table I.

Uncertainties on the signal e�ciency in each of the
mass bins are associated with the requirements on �⌘,
��, h⌘i, minv, and isolation. In addition, uncertainties
on the detector simulation, mentioned above for the back-
ground, as well as the uncertainty on luminosity are taken
into account. The combined uncertainty on the signal ef-
ficiency from these sources ranges from 3.5% at 1TeV to

4

TABLE I. Breakdown of relative systematic uncertainties
on the SM background for the threshold mass Mth = 5TeV.
The uncertainties are added in quadrature to obtain the total
uncertainty.

Source Electron+jet Muon+jet
% %

Lepton reconstruction, +2
�1

+30
�7

scale and resolution

Jet reconstruction, +31
�15

+5
�5

scale and resolution

Multijet modeling +27
�27 -

PDF +52
�33

+100
�69

Fit +77
�77

+130
�71

Total +100
�89

+170
�100

TABLE II. Numbers of expected background (Exp.) and
observed (Obs.) events, along with the cumulative signal ef-
ficiencies (E↵.), with uncertainties including both the statis-
tical and systematic components for various values of Mth.
Numbers of events are integrated above minv requirement for
the given Mth.

Mth Electron+jet Muon+jet
Obs. Exp. E↵. Obs. Exp. E↵.

TeV % %

1.0 1200 1210+�
230
220 57± 4 620 550±280 38± 4

1.5 100 110±40 57± 4 49 65+�
45
40 36± 4

2.0 12 19+�
13
12 56± 4 8 14+�

16
14 36± 4

2.5 0 5.3+�
4.5
3.9 55± 4 3 5+�

6
5 34± 4

3.0 0 1.8+�
1.8
1.6 54± 4 1 2.1+�

2.9
2.1 34± 4

3.5 0 0.76+�
0.79
0.67 54± 4 0 1.0+�

1.6
1.0 33± 4

4.0 0 0.35+�
0.38
0.34 53± 4 0 0.57+�

0.94
0.57 33± 5

5.0 0 0.09+�
0.10
0.09 52± 4 0 0.24+�

0.39
0.24 32± 5

6.0 0 0.03+�
0.04
0.03 52± 4 0 0.13+�

0.22
0.13 32± 6

3.9% at 6TeV for the electron channel and from 3.6% at
1TeV to 5.6% at 6TeV for the muon channel. The cu-
mulative e�ciency, shown in Table II, is taken from the
signal MC simulation for charge +4/3 QBHs. The dif-
ferences in the e�ciency between the charge +4/3 state
and the other charged states are much smaller than the
uncertainties mentioned above and are neglected.

The observed numbers of events and the expected
backgrounds, shown in Table II, are in agreement within
the total uncertainty. There is no evidence for any ex-
cess. Upper limits on ⌃�qq ⇥ BFqq for the produc-
tion of QBHs above Mth are determined in the interval
1�6TeV assuming lepton universality and using the CLs
method [42, 43], which is designed to give conservative
limits in cases where the observed background fluctuates
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FIG. 2. The combined 95% CL upper limits on ⌃�qq⇥BFqq

for QBHs decaying to a lepton and jet, as a function of Mth,
assuming MD= Mth and n = 6 ADD extra dimensions. The
limits take into account statistical and systematic uncertain-
ties. Points along the solid black line indicate the mass of the
signal where the limit is computed. Also shown are the ±1�
and ±2� bands indicating the underlying distribution of pos-
sible limit outcomes under the background-only hypothesis.
The predicted cross section for QBHs is shown as the solid
curve.

below the expected values. The statistical combination of
the channels employs a likelihood function constructed as
the product of Poisson probability terms describing the
total number of events observed in each channel. Sys-
tematic uncertainties are incorporated as nuisance pa-
rameters into the likelihood through their e↵ect on the
mean of the Poisson functions and through convolution
with their assumed Gaussian distributions. Correlations
between channels are taken into account.
Figure 2 shows the 95% confidence level (CL) combined

lepton+jet upper limit on the cross section times branch-
ing fraction for the production of QBHs as a function of
Mth. Above 3.5TeV, the limit is 0.18 fb. For the n = 6
QBH model assumed in this Letter, the 95% CL lower
limit on Mth is 5.3TeV. For n = 2, and all other model
assumptions the same, the 95% CL lower limit on Mth is
4.7TeV. The e↵ect of a 0.65% uncertainty on the beam
energy [44] is found to be negligble. Treating the chan-
nels separately, the 95% CL upper limit on the electron
(muon)+jet ⌃�qq ⇥BFqq above 3.5TeV is 0.27 (0.49) fb,
and the n = 6 lower limit on Mth is 5.2 (5.1)TeV.
In conclusion, a first search for two body lepton+jet

final states with large invariant mass has been performed
using 20.3 fb�1 of pp collisions recorded at

p
s = 8TeV

with the ATLAS detector at the LHC. In the invariant-
mass region above 1TeV the observed events are consis-
tent with data-driven extrapolated backgrounds from the
low-invariant-mass control region. Above 3.5TeV the ex-
pected background drops below one event and the 95%
CL upper limit on the electron (muon)+jet ⌃�qq ⇥BFqq

is 0.27 (0.49) fb. Assuming lepton universality, the 95%

Table of relative systematic uncertainties
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