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Jet+X signatures

Searches at ATLAS for (non-SUSY) new
physics involving final states with one or more
jets as the most prominent signatures

Probe new physics that carries baryon number,
strongly-coupled
e Cross sections for colored processes
typically much larger than for uncolored
processes
e Highest energies directly accessible by LHC

Background is also large!

Today:
Jet + MET
Jet + Photon
Multi-jets + Lepton
Jet + Jet

Datasets from 1-4.8/fb

Not discussed: many SM measurements that
could also be used to constrain NP
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Jet and MET, Quality and Calibratiofnis ®

(covered in more detail in Stephanie’s talk
on Saturday)

Criteria such as number of cells, EM
fraction, and timing of jet used to reject fake
jets
e Selection efficiency for real jets measured
in-situ using dijet tag-probe
“Jet Vertex Fraction” sometimes used to
suppress pile-up

Criteria are very efficient for normal jets,
(check if your model predicts abnormal jets)

o Slow/high EM fraction/low prompt track
multiplicity

Monte Carlo-based jet energy calibration

e Pile-up correction: energy offset per pile-up
interaction

eJet origin (vertex) correction

e Energy correction to hadronic scale as a

function of jet prandn
e Correction for calorimeter non-
compensation, non-uniform response, etc.
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Search for Jet + Missing Er
ATLAS-CONF-2011-096, 1 fb1

Many possible signals: graviton emission,
unparticles, wimps, (SUSY)...

Backgrounds: Z/Y*/W + jets, multijets, top

Selection:
FEvents with large missing ET,
exactly one high prjet
No second jet
No electrons or muons

A (Get, EM™) > 0.5 rad

Trigger:
Missing ET > 60 GeV
(fully efficient by 120 GeV)

g G g G

very
low pTt high pt high pr
(GeV) (GeV) (GeV)

Jetpr> 120 250 350

EMS 5> 120 220 300

Second

Jet pr < 30 60 60



Search for Jet + Missing Er

normalization from events with
electrons or muons, otherwise
passing analysis selection

Background Predictions = (stat.) + (syst.)
LowPt Selection  HighPt Selection veryHighPt selection

Z (= vv)+jets 7700 £90 £400 61027 +£47 124+ 12£15
W (= Tv)+jets 3300 4 90 + 220 180+ 16+£22 36+7+8
> W(— ev)+jets 1370 £ 60 £ 90 68 +10+£8 8+1+2
W (= uv)+ets 1890 + 70 + 100 1134+14+9 18+442
Multi-jets 360 + 20 == 290 3046411 34£242
Z/y*(— vt )+ets 59+3+4 2.0+£0.6+0.2 -
Z/y*(— utu)+ets 45+3+2 2.0+0.6+0.1 -
it 174143 1.740.3+0.3 i from events
y+jet - - - with MET
Z/y*(— eTe )+jets - - - .
> Non-collision Background 370 +£40 4170 8.0+£3.3+4.1 40432421 pbointing
Total Background 15100170 £680 1010 £37£65 193+ 15+20 toward second
- —1
Events in Data (1.00 fb!) 15740 965 167 jet above
threshold

from events in empty, unpaired bunches



Search for Jet + Missing Er
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Search for Jet + Missing Er
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Search for Jet + Missing Er

Low pr Results
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Search for Jet + Missing Er

High pr Results
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Search for Jet + Missing Er

Very High pt Results
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Search for Jet + Missing Er ,
s Candidate Event
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Jet + Missing Er Limits

No excess observed => set model-independent 95% CL limits on the
effective cross section (product of cross section and acceptance) of the
signal:

Low pr: 1.7 pb

High pr: 110 fb

Very High pr: 35 fo

High prlimits in the context of ADD models:
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Search for Black Holes in Leptons+jets

ATLAS-CONF-2011-147, 1.04 fb-1
(also searched for in multijet and same-sign dimuon events)

Signals: low-scale gravity models (extra dimensions; BH, string balls)

High multiplicity BH decay

Benchmark: BlackMax, Charybdis
Backgrounds: QCD multijets (Pythia), top (MC@NLO), V+jets (Alpgen), dibosons (Alpgen)
Trigger: single electron/muon (pr>20/18 GeV)

Selection:

Events with at least three electrons/muons/jets with pr > 100 GeV
(including at least one lepton)

Sum profleptons and jets > 700 GeV

Search variable: sum pr of electrons, muons, jets



Lepton+jets background techniques

Pure QCD contribution from jet mis-identified as a

lepton

. . . . Npass = Nieal + Ntake,
Fake electron estimate from in-situ extrapolation pass = Ereal f¥real T Cfake Mfake
from background-enhanced data sample Ntait = (1 = €cal)Nreal + (1 — €fake ) Nake
(loosened electron selection)

Muon contribution is negligible



Lepton+jets background techniques

DY, W, and top background contributions from MC

Normalized to data in control regions

DY:

80 <muy<100 GeV
o sian let SF (muons): 0.85 + 0.04 (stat) + 0.14 (syst)

opposite sign lepions SF (electrons):0.93 + 0.03 (stat) = 0.08 (syst)
300 < sumpr< 700 GeV

W/top:
40 < Mr <100 GeV SF (muons): 1.05 + 0.02 (stat) + 0.12 (syst)
30 <MET <60 GeV SF (electrons): 0.93 + 0.02 (stat) + 0.14 (syst)
300 < sumpr< 700 GeV



Lepton+jets background validation

Leading lepton pr distributions in background-enhanced ‘preselected’ sample before final background rejection.

Electron+jets Muon+jets
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Lepton+jets results

FElectron+jets Muon+jets
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Good agreement between data and background prediction observed (p-values 0.43-0.47).



Lepton+jets results

Set 95% CL limits on effective black hole
production cross section.

Oeff =0 (pp = 1X) - effrec - effacc,

O (pp — IX) is the production cross section
for a high-sum-pT multi-object state
containing a high-pr (> 100 GeV) isolated
lepton inside experimental acceptance.

For sum-pr>1.5TeV, the upper limits on the
cross section are 8.7 fb for the electron channel
and 4.8 fo for the muon channel, at 95% C. L.

>, pr (GeV) Teff 95% C.L. Upper Limit (fb)
Observed (Expected)
Muon Channel Electron Channel
> 700 77 (94) 169 (188)
> 800 51 (58) 102 (112)
> 900 32 (39) 65 (73)
> 1000 20 (24) 43 (45)
> 1200 13 (12) 20 (22)
> 1500 4.8 (4.8) 8.7 (9.7)
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Lepton+jets results

Set 95% CL limits limits on effective

production cross section.

MTH [TeV]
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Search in the Photon+Jet Mass Distribution

arXiv:1112.3580, submitted to PRL, 2.1 fb!

e Backgrounds: SM photon+jet, dijet with fragmentation photons
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Search in the Photon+Jet Mass Distribution

arXiv:1112.3580, submitted to PRL, 2.1 fb!

e Backgrounds: SM photon+jet, dijet with fragmentation photons

Y
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Photon+Jet Resonance Models

Photon+jet sensitive to many models: excited quarks, Regge recurrences, topological pions
Complementary to dijet searches for some models (e.g. excited quarks)

Few searches published
e Much tighter constraint possible with LHC data

FExcited quark model used as benchmark model

TABLE II. Relative branching ratios B;=I(f*—/fV)/
S, T(f*—fV) for decays of excited fermions into gauge bo-

q/G q/q sons form*=A, f,=f=f"=1,and @, =0.11.

Decay mode_ _ B Decay mode B

e®* —ey 0.28

> v svZ 0.39 e* —eZ 0.11

q v seW 0.61 e* >vW 0.61

g y u*-—ug 0.85 d* —dg 0.85
u* —uy 0.02 d*—dy 0.005

u* >uz 0.03 d*—-dZ 0.05

u* —>dw 0.10 d* —suW 0.10

PRD 42 (815)
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http://prd.aps.org/abstract/PRD/v42/i3/p815_1
http://prd.aps.org/abstract/PRD/v42/i3/p815_1

Search in the Photon+Jet Mass Distribution

e Previous most sensitive direct search published in 1994 (CDF)
e Excludes 80 < mg~< 460 GeV

PRL 72 (3004)
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0 100 200 300 400 500 600
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FIG. |. The photon candidate +leading jet invariant mass
distribution (points) compared to an estimate of the QCD back-
ground (solid curve) and excited quark signal at four different
g* mass values (dotted curves). Corrected for acceptance and
efficiency except for the cuts |7,] <0.9 and |cos8*| < z
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Photon+Jet Resonance Models

Example: LHC is sensitive to Regge excitations of fundamental strings at “string disk” (tree)
level

PRD 78 O]

4
IM(gg — g7)|? ~ g‘lQEC(N)%(f Ut (s,tu< ).

5 R -
":':" N
2 407l ] -
L§ E 10-3» A l l L 1 l 1 ! N
2 ] 1 125 1.5 1.75 2 225 25 2.75 3 325 35
8 i
GTUB— —
1 Y
b Q
A O
g ~
10°- é
S -3
\1 - L l 1 I | ' 1 l 1
: S O 7725 15 175 2 225 25 275 3 325 35
o' ™
u 1 L ] ] | 1 m
50 60 70 80 90100 200 300
km,,(GEV)

FIG. 2: Behavior of the QCD cross section for pp — ~ + jet (dot-dashed line) as a functio
k1 min- The string cross section overlying the QCD background is also shown as a solid line .
M, =1TeV. -3 | 1 1 | N

2 225 25 275 3 325 35
M(TeV)

FIG. 5: do/dM (units of fb/GeV) vs. M (TeV) is plotted for the case of SM QCD background
(dashed) and (first resonance) string signal + background (solid).
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Search in the Photon+Jet Mass Distribution

c . s[ ATLAS \s=7TeV ]

Selection: > 0 2 JLat-211i’ =
) LLI h : ]

At least one photon with ET>85 GeV 41 ? ¢ Data —
10" g . =

At least one jet with Er>30 GeV = 5 —Fit 3
Photon isolation Er (0.4 cone) < 7 GeV 10 g5 ©:Q7(0.5TeV) _;
Delta R (eta-phi) > 0.4 between leading photon and any jet - | A (1.0 TeV) 3
Invariant mass of photon and jet pair M, >260 GeV 102 ;_ -4 (2.0 TeV) _;
Background estimate: 10 ;_ RN _;
Fit mass distribution to an ansatz motivated by massless = = %-‘ =
2->2 scattering formulae 1L f"g}‘ _
flx =my/Vs) =pi(l —a)P2gPePalne - —I_I_Q :
10-1§||||||||||||-||-i-i-|-i-i-i-i-|?

BumpHunter: L, - ! | | | ! =
Most significant excess appears in the interval 784-1212 GeV "é - ]

- o “F ]
p-value of 0.20 & oF l | l | l l l_:
500 1000 1500 2000 2500

m,; [GeV]
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Photon+t+Jet Model-Independent Limits

Set 95% CL Bayesian limits on Gaussian-shaped resonances.

1072

95% CL Limitono x B x A x ¢ [pb]

107

_I T T T T T T T T T T | T | T | T | T | T T T J-

- ATLAS .

\s=7TeV
fLolt=2.11fb"1

O5/Mg
— 10%
—— 7%
— 5%

00 3000
m. [GeV]
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Photon+Jet Excited Quark Limits

Set 95% CL Bayesian limits on excited quark model.
Compare My-> 2.46 TeV with ~3 TeV from 1/fb dijet search.

Q - T T
O - _
— - PYTHIA g* prediction -
;’(" ns 95% CL upper limits: B
< - —e— Observed E
X -\ mme-- Expected n
m i I 1o ’
X +20
© 107 =
10°E E
 \s=7TeV ]
10° L dt = -1 —
= [Ldt=2.111b -
- ATLAS :
P T R N | PR ! PR | PR ! P | -
1000 2000 3000

My [GeV]
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Search for New Phenomena in Dijet Mass and Angular Distributions

ATLAS-CONF-2012-038 (just updated), 4.8 fb1

e Bump search in dijet mass distribution
e Shape comparison in X = exp(Jy: - yz/)

e Many many models predict resonances with two-body decays to jets:
Z°, excited quarks, chiral color, axigluons, black holes, KK gravitons, ...

o New physics tends to prefer central production (s-channel)
e QCD multijets has strong t-channel component

e Some new physics will not produce a peak in the dijet mass distribution
but could appear in angular distribution
* e.g., effective contact interaction due to NP at higher energy
e angular search also benefits from cancellation of systematic effects in
numerator/denominator

g}m/<q | | | | QMQ
g q q q g q g g
+ ...
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Search for New Phenomena in Dijet Mass and Angular Distributions

e Selection common to mass and angular analyses:
At least two jets (pT > 80 GeV)

Y2/ < 2.8 x = exp(|y1 —y2|) = exp(2[y*])
1y°] < 0.6 y=4in(5E)
mj; > 850 GeV A Dz

e Mass analysis:
e Single high prjet trigger

e Angular analysis:

e Different high prjet trigger for each ,, pr= W fcoshy® (o
distribution A ' '
*ly[< 1.7 <=>X <300 cos 6% = tanh y*

° F’ X = N, central/ Niotal o
M/2 / M/2
* Neentral: [Y*[ < 0.6 <=> X< 3.32 * |:> "I;L-;-(;\ZZ) tanh y*
* Fy divided into 11 bins of my; o gﬁgg
Y—=Y=Vp
Y2 (E y) = (M/2, —y¥)
Laboratory Frame Parton-Parton Rest Frame
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Search in the Dijet Mass Distribution

Background estimate:
Fit mass distribution to an ansatz
motivated by massless 2->2 scattering
formulae

Perform BumpHunter search for bin
range with most significant deviation
from background

Most significant discrepancy appears
in the two bins spanning 1.08-1.25 TeV.

Probability of observing an upward
fluctuation of background at least as
large anywhere in the spectrum is 0.96.

£0) = pa(1 )it

—h
Q

ATLAS Preliminary

e Data

— Fit

-6- (*(1300)
A (" (2000)
- (*(3250)

T T
\'s=7 TeV, det =4.8 b’

1
N
III|I

significance
o N

.I.l.l. .I.l.l.
1000 2000 3000

Reconstructed m, [GeV]
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Search in the Dijet Mass Distribution

Background estimate:
Fit mass distribution to an ansatz
motivated by massless 2->2 scattering
formulae

Perform BumpHunter search for bin
range with most significant deviation
from background

Most significant discrepancy appears
in the two bins spanning 1.08-1.25 TeV.

Probability of observing an upward
fluctuation of background at least as
large anywhere in the spectrum is 0.96.
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Search in the Dijet Mass Distribution

q/q

q/q
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Limits using the mass distribution:

Set specific limits on excited quark and

color octet models.
1 02 EI [ [ [ [ [ [ [ [ [ [ [ E
B — —— 88 _
: —e— Observed 95% CL upper limit _
oL Expected 95% CL upper limit_|
E 68% and 95% bands E
-\ -
L\ i
N . i
TE 4 ATLAS Preliminary 7
= X, [Ldi=48 fo! A
""""""" s =7 TeV ]
107 E
i \ 1

\

10'2 - ! ! ! | ! L\ ! | ! ! ! ! | —
2000 3000 4000
Mass [GeV]



Search in the Dijet Angular Distribution

Background estimate:
2->2 Pythia 6 with NLOJet++
k-factor in each mj bin
Two statistical tests:
p-value with binned likelithood: 0.052

BumpHunter and TailHunter:

most discrepant range 2209-3498 GeV
p-value of 0.082, corresponding to

1.390
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Search in the Dijet Angular Distribution

. . x 06_ | | | | | ]
Background e.stzmc%te. L " ATLAS Preliminary -
2->2 Pythia 6 with NLOJet++ ) i fL e 28 1T Tav =]
: : 5F =4.81b7\s= = -
k-factor in each my; bin - 7 aCD Prediction = -
- [ ] Theoretical uncertainties s
. . . 0.4 [ ] Total Systematics _ ]
Two statistical tests: L e data ]
aREEELLLLELE Contact Interaction:A=7.5TeV : _¢ -
i ) vy . T QBH (n=6) : M_=4.5TeV : )
p-value with binned likelihood: 0.052 03— " mq*n= it ~
i Upper boundary to control region i
Bump Hunter an d TCI,Z l Hunter: 0-2‘_ Lower boundary to search region : N
most discrepant range 2209-3498 GeV 0.1 | e 'Qi.q,.-_-l- #— -
p-value of 0.082, corresponding to i i
[ | | | | | | L]
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Search in the Dijet Angular Distribution

ox A [pb]
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Limits using the angular distribution:
Using F y (mj):

New physics that does not interfere
with QCD (semi-model independent),
quantum black holes

Contact interactions: \ >at 7.6 TeV
with an expected limit of 8.2 TeV

Also set separate limits on QBH and

contact interactions using the 11 y
distributions

Lower limits at 95% C.L. on Mp of the QBH model with n=2 to 7 extra dimensions.

n extra
dimensions

Expected Observed
limit (TeV) | limit (TeV)

~N N Dt W

3.82
3.95
4.03
4.09
4.14
4.18

3.79
3.93
401
4.06
4.11
4.15
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Summary of dijet limits

Table 3: The 95% C.L. lower limits on the masses and energy scales of the models examined in this
study. All limit analyses are Bayesian, with statistical and systematic uncertainties included. For each
NP hypothesis, the result corresponding to the highest expected limit is the result quoted in the abstract.
Model, and Analysis Strategy 95% C.L. Limits (TeV)
Expected  Observed
Excited quark, mass of g*

Resonance in m; 3.09 3.35
Resonance in F, (m;) 297 2.58
Colour octet scalar, mass of s8
Resonance in m; 1.95 1.94
Quantum Black Hole for n = 6, Mp
F,(mj;) 4.14 4.11
11-bin x ,m;; > 2.6 TeV 423 3.96
Contact interaction, A, destructive interference
11-bin  ,m;; > 2.6 TeV 8.7 7.8
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These and other results at
e ATLAS Exotic Results
e ATLAS Public Results

37


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

Additional Slides



Fe-scintillator:
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scintillators (MBTS) Tile barrel Tile extended barrel

P T- | e
Cu-LAr accordian: T L T T R e —
1.5<|n <3.2 A I Ry
LAr hadronic ‘

end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

/

Pb-LAr accordian:

Il =25 \
\ LAr electromagnetic

barrel

LAr forward (FCal)
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Average JES correction
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95% CL limits on Mp for the ADD model

LowPt selection HighPt selection veryHighPt selection
n | expected [TeV] observed [TeV] | expected [TeV] observed [TeV] | expected [TeV] observed [TeV]
2 2.38 2.21 2.98 3.16 3.04 3.39
3 1.94 1.82 244 2.56 248 2.71
4 1.73 1.64 2.18 2.27 2.25 242
5 1.63 1.55 2.03 2.10 2.12 2.26
6 1.55 1.47 1.92 1.99 1.98 2.12

Table 2: Expected and observed 95% lower limits on Mp as a function of the number of extra dimensions
in the ADD model for the LowPt, HighPt, and veryHighPt selections.
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95% CL limits on Mp for the ADD model (§ < Mlz))

LowPt selection | HighPt selection | veryHighPt selection
n | observed [TeV] observed [TeV] observed [TeV]
2 2.20 3.16 3.39
3 1.76 2.50 2.55
4 1.54 2.15 2.26
5 1.37 1.89 1.90
6 1.24 1.68 1.58

Table 3: Observed 95% lower limits on Mp as a function of the number of extra dimensions in the ADD
model for the LowPt, HighPt and veryHighPt selections using truncated (§ < M3) cross sections.
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Figure 1: Trigger efficiency curve as a function of the reconstructed E%‘iss as determined from the data using an
unbiased data sample with muons in the final state (black dots). The data are compared to the predictions from a
W (— uv)+jets MC sample.
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Figure 2: Observed number of events (black circles) in the muon and electron control samples compared to the
sum of the different W/Z plus jets predictions (squares) as a function of the highest jet pt threshold, in events with
no second-leading jet with pt > 30 GeV. The MC prediction includes the normalization factors determined in the
LowPt region, and the band indicates the total systematic uncertainty.
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Figure 3: Observed number of events (black circles) in the muon and electron control samples compared to the
sum of the different W/Z plus jets predictions (squares) as a function of the highest jet pt threshold, in events with
no second-leading jet with pt > 60 GeV. The MC prediction includes the normalization factors determined from
the average of those extracted in the HighPt and veryHighPt regions, and the band indicates the total systematic
uncertainty.
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Figure 4: (left) Measured A¢ (jer2 — EMSS) distribution in the LowPt selection with no veto on the second leading
jet pr applied. The data are compared to the SM predictions, as determined by the MC simulation. The QCD jets
prediction is determined from PYTHIA and includes a normalization factor 0.94 +£0.04 that brings the prediction
close to the data in the region A¢( jetr2 — E%niss) < 0.5. The W /Z plus jets MC predictions contain the normalization
factors extracted from the electron and muon control samples, as explained in the body of the text. (right) Mea-
sured pr distribution of the second leading jet in the LowPt region before the veto is applied and after requiring
AP (jet2 — E%liss) < 0.5. The data are compared to QCD jets prediction from PYTHIA. The solid line shows a
linear fit to the turn-on part of the measured pr distribution (see text).
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Search in the Dijet Angular Distribution

Table 1: Comparing x distributions to QCD predictions. The header symbols in the first line of the
table stand for “log-likelihood” (LL), and “BUMPHUNTER” (BH). The second line labels the “p-value”
(p-val), the “most discrepant region” (Discrep), the “p-value with statistical uncertainties only” (Stats-
only), the “p-value with systematic uncertainties included” (Stats+syst) and the “p-value with the look-
elsewhere effect included” (+LEE).

m;; bin LL BH BH BH BH

GeV p-val | Discrep Stat-only Stat+syst | +LEE
800-1200 | 0.25 | bin1-4 0.00034  0.030 0.091 (1.30)
1200-1600 | 0.71 | bin 1-7 0.016 0.098 0.21 (0.80)
1600-2000 | 0.44 | bin 1-3  1.7E-6 0.070 0.28 (0.60)
2000-2600 | 0.21 | bin1-5 1.0E-8 0.094 0.15(1.10)
2600-7000 | 0.36 | bin I-5 0.00081  0.049 0.12 (1.20)
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