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Inner tracker

Inl< 2.5
o(p7)/pr = 0.05% p,/Ge

1%

3.0<|n|< 4.9
o(E)/E = 100%/\E

the ATLAS detector

o(E)/E = 10%/N(E/GeV)

O0<|nl<1.7
1.7<|n|< 3.2
o(E)/E = 50%/E




Overview

+What's left to discover in
Run I1?

+Why jets? Why now?
+Jet substructure tagging

+experimental challenges +
solutions

+Run | constraints on
models of new physics
using substructure tags

+Outlook



Prospects for discoveries
IN Run |l




Probing the electroweak scale in

Standard Model Production Cross Section Measurements siiws: sy 2014 JLdt

-1 Reference
- - - ']
b 0.035 PRD 85, 072004 (2012)
total
!Z” ATLAS Preliminary 0.035  PRD 85, 072004 (2012)
lola
T 4.6 arXiv:1406.5375 [hep-ex]
tt X
total Runi1 +/s=7,8TeV 20.3  arXiv:1406.5375 [hep-ex]
ti—chan 4.6 arXiv:1406.7844 [hep-eiq
total 20.3  ATLAS-CONF-2014-007
WW+WZ LHC pp Vs =7 TeV 47  ATLAS-CONF-2012-157
total -
wWw Theory 4.6 PRD 87, 112001 (2013)
total Data 20.3  ATLAS-CONF-2014-033
ry a Stal oyst 49  JHEP 01,086 (2013)
fiducial
H ek 4.8 ATL-PHYS-PUB-2014-009
total LHC pp VE =8 TeV 20.3 ATL-PHYS-PUB-2014-009
Wt 2.0 PLB 716, 142-159 (2012)
total Theory 20.3 ATLAS-CONF-2013-100
W2z 4.6 EPJC 72,2173 (2012)
total - Eritta 13.0  ATLAS-CONF-2013-021
z stat+syst 4.6 JHEP 03 128 (2013)
total 20.3  ATLAS-CONF-2013-020
Hvsr 20.3  ATL-PHYS-PUB-2014-009
total
tty 1.0  ATLAS-CONF-2011-153
fiducial
Wy 46 PRD 87, 112003 (2013)
fiducial, njet=0
Zy 4.6 PRD 87, 112003 (2013)
fiducial, njet=0
total
ttZ _ 20.3  ATLAS-CONF-2014-038
total
Zjjewk 20.3  JHEP 04,031 (2014)
fiducial
W:tw:tjj EWK 20.3 arXiv:1405.6241 [hep-ex]
fiducial
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data/theory



Probing electroweak symmetry

breaking in Run |

ATLAS Prelim. |—o(stat)  Total uncertainty
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Beyond the electroweak scale

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: ICHEP 2014 [Ldt=(1.0-203)f0" V5=7,8TeV
Model Ly Jets ET™ fraqm Mass limit Reference
L T T T T T T L T T T
ADD Gik + g/q - 1-2j Yes 4.7 Mg n=2 1210.4491
ADD non-resonant {{ 2e.pu - - 20.3 n=3HLZ ATLAS-CONF-2014-030
ADD QBH — fg lep 1] - 20.3 n=6 1311.2006
g ADD QBH - 2j - 203 n=6 10 be submitted to PRD
- ADD BH high N, 2u (88) - - 203 n =6, Mp = 1.5 TeV, non-rot BH 1308.4075
= ADD BH high X pr >lep >2j - 20.3 n =6, Mp = 1.5 TeV, non-rot BH 1405.4254
E RS1 Gy — €F 2ep - - 20.3 k/Mpy =01 1405.4123
S RS Gk — WW — fuiy 2epn - Yes 47 KiMp =01 1208.2880
g Bulk RS Gk — ZZ — (fqq 2eu  2ji1d - 203 ki Me =10 ATLAS-CONF-2014-039
W Bulk RS Gxx — HH — bbbb - 4b - 19.5 590-710 Gev [l kMg = 1.0 ATLAS-CONF-2014-005
Bulk RS gxi — tt Tep =1b, =102 Yes 14.3 BA =0.925 ATLAS-CONF-2013-052
s'/Z, ED 2ep - - 5.0 4.71 Tev 1209.2536
UED 2y - Yes 4.8 1.41 TeV ATLAS-CONF-2012-072
SSM Z" — (f 2eu - - 20.3 1405.4123
g SSMZ" — 17 27 - - 19.5 ATLAS-CONF-2013-066
§ SSM W' — (v leu - Yes 203 ATLAS-CONF-2014-017
EGM W' — WZ — {v {'f' 3epn - Yes 203 1406 4456
g’ EGM W' — WZ — gqlf 2epu 2j/1d - 20.3 ATLAS-CONF-2014-039
&  LRSM W} b les  2b0-1j Yes 143 ATLAS-CONF-2013-050
LRSM W, — tb Oep =1b14J - 20.3 o be submitted to EPJC
Cl gqqq - 2] - 4.8 12101718
G Clggtt 2eu = - 203 e =-1 ATLAS-CONF-2014-030
Cl uutt 2ep(SS) 21bz1j] Yes 143 Icl=1 ATLAS-CONF-2013-051
S EFT D5 operator (Dirac) Oepu 1-2j Yes 105 = at80% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
Q EFT D9 operator (Dirac) Qep 1J,<1j  Yes 20.3 at 90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 1°* gen 2e =2j - 1.0 LQ mass 660 GeV =1 1112.4828
S} Scalar LQ 2™ gen 2p 22 - 1.0 |LOmass 685 GeV A=1 12033172
Scalar LQ 3 gen leulr 1b1j - 4.7 LQ mass 534 GeV =1 1303.0526
Vector-like quark TT — Ht + X 1epy =22bz4j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018
g-_g Vector-like quark TT — Wb+ X 1epu =1b=3] Yes 14.3 isospin singlat ATLAS-CONF-2013-060
8 § Vector-lke quark TT — Zt + X  2/z3e,p  z2/z21b - 20.3 T in(TB) doublet ATLAS-CONF-2014-036
I & vectorlke quark BB - Zb+ X 2/z3e,u z2/z1b - 203 B in (B.Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB — Wt + X 2e u(SS5) 21b,z21] Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
E Excited quark q* — qy 1y 1) - 203 only u® and d°, A = m(q") 13093230
% 9  Excited quark g — qg - 2] - 20.3 only u* and d*, A = m(q") to be submitted to PRD
l}j 5 Excited quark b* — Wt lor2epu1b2jor1j Yes 4.7 b* mass 870 GeV Istt-handed coupling 1301.1583
Excited lepton £* — {y 2epu 1y - - 13.0 A=22TeV 1308.1364
LSTC a7 — Wy leply - Yes 203 to be submitted to PLB
LRSM Majorana v 2eu 2] - 21 m(Wg) = 2 TeV, no mixing 1203.5420
5 Type lll Seesaw 2eu - - 5.8 |V, [=0.055, | V,,[=0.083, |V, |=0 ATLAS-CONF-2013-019
= Higgs triplet H** — ¢ 2e,p(8S) - - 4.7 DY production, BR{H** — £{)=1 1210.5070
o Multi-charged particles - - - 4.4 DY production, |g = 4 1301 5272
Magnetic monopoles - - - 2.0 DY production, |g| = 1gp 1207.6411

“Only a selection of the available mass limits on new states or phenomena is shown.
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Lessons from Run |

Higgs mass requires us to study a variety of

decays:
-large branching fraction to bb

«Searches for exotic di-higgs, etc. require fermionic decay
channels

Next searches must probe multi-TeV mass

scales
large pT for final-state particles in decay
parton luminosity requires large acceptance in searches

Hadronic decays and boosted object



Looking towards Run I

We will probe higher
masses/boosts at the
same luminosity...

Quigg: http://lutece.fnal.gov/PartonLum



Jet substructure at ATLAS




Hadronic measurements at ATLAS

Tile extended barrel

Tile barrel

LAr electromagnetic
end-cap (EMEC)

EM Barrel/Endcap

In|< 3.2: 8¢ ~ 0.025-0.1
o(E)/E = 10%/(E/GeV)

LAr electromagnetic S G P
¥ lArforward (FCal)

Hadronic
0<|nl<1.7::0¢p ~0.1
1.7<|n|<3.2:0¢p ~0.1
o(E)/E = 50%/E




Hadronic reconstruction

perturbative shower suggests iterative, pairwise
merging algorithms:

string fragments
® jadrons right-to-left
string fragmentation

. 3
B B
e oleo
BB \
@

o 96\ meson
RGEB \\
e
RED\
BB\

80 80

/ BB \\ barvon
@ @

jet reconstruction



jets

Jet reconstruction

stable hadrons

Calorimeter jet

Calorimeter cells

. Truth jet
| iteratively combine closest pairs of particles
distance = min(p:¥) (AR/R,.,)
- AR = /(A2 + (A¢)%
)
I

topological clusters



Jet constituent observable

moments: calculations

jet mass average jet charge

m*= (ZE) - (Zp)’

V2 ~ . X2 p2 q L Juq(E, R, 5, p)
(M=) = C ’.'TptR (QF) = 67°  J,(E. B p0) Z

_/

jet functions

from fragmentation functions



Jet constifuent observables: parton

shower

Fe——

jet charge top jet mass
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Jet constituent calibration

Cluster constituents calibrated to local
hadron scale .

T \l\l_
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Substructure moments re-calibrated at jet level



Substructure-based
tfagging




Interesting particles are color singlet

Color singlet Color octet

3\ T T T T [ T T T T | T T T T
% - ATLAS Simulation Preliminary
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-0.15~ === Track —
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Il
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< L _
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Op jet pull angle
e Constituent of Jy (size weighted by pr)
LY

L4

Ay =y—yy,



Charge conservation is powerful




LHC backgrounds are ... gluey




q/g tagger

Sensitive variables Modeling
Color factor (g=3 vs. q=9/4) Iin ~ 30—
substructure moments leads to s | ATLAS A Pythia Dijets

[\]
(&)

many sensitive variables - anikR04ni<os M VM T

® Extracted

[ Extracted from 2011 Data
| Gluon Rejection | ——— group of 5 20 C l Ldt=471" \s=7TeV Closed symbols: Quarks ]
,,,,,,,,,,, best pair - ' Open symbols: Gluons
3 charge * girth i
10 _ charged mult R=0.5 15j

,,,,,,,,,,, subjet mult Rg,1,=0.1
_______ girth R=0.5

- optimal kernel

,,,,,,,,,,, 1st subjet R=0.5
,,,,,,, avg kr of Rey1p=0.1
— mass/Pt R=0.3
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Extracted Data/MC

Gallicchio and Schwartz, PRL107 (2011)
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High p; BG are mostly light partons

T& 4__HH”H"'"""'\""\""|-Iuu..

o ATLAS Simulatio 200

T 350 Pythia Z' — tt, t — Wb 15180

< 3160

Partially merged _ ne

hadronic top 250 B

(W jet + b jet) : |

2:_ — =100

1.5f— —f a0

1 60

Fully merged : 20
hadronic top jet ‘ 0-5;_ 0
) 0

v b b b b b b b
00 100 200 300 400 500 600 700 800
P [GeV]

L

/e

Leptonic top with non-
isolated lepton




hadronic top
candidate

teptonic top
candidate

UATLAS
i EXPERIMENT

Run Mumber: 180144, Event Number: 43671503

Date: 2011-04-22 09:46:15 EDT




Splitting scale ~(m/2)

di; = min(py;, pi;) AR;;
n-subjettiness ~ 0
N ZF:kRit

typically combined in a “tag

TN

> prs min(ARY AR5 )
k

Butterworth, Cox, Forshaw (2002)

Thaler, Van Tilburg (2011)



Top-tagging performance

IS v
I3) ®
b]
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c :
g 102 ; \V/
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tagging efficiency

HTT (tight)

HTT (default)

HTT (loose)

fd_ﬂ & N-subjettiness tagger VI
mP' & Vde & tha tight tagger V
mit & V‘Tu & tha tagger IV

m* &\ d,, tagger Ill

m™ tagger II
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W-tagging correlations
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W-tagging performance

) QCD Jets
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Challenges in
substructure tagging
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Jet grooming

Filtering

Type 1 (Trimming) : If p; (subjet i) / p; (jet) < f,, : discard subjet.
Tvne 2 - If N_ ... < N_._ :discard iet.

Pruning z = p(i) / py (i+)
pr(i) < p+()

°
8 °

o o% TR o@

At each step:
If ARij< dcut OR z> T e -

continue to next step. l als
Otherwise, discard object . e /




Modeling substructure variables

Theory typically
predicts moments —
tagging uses
distributions

Parton showers may
disagree, and require .= L
tuning S

220 3]
Jet Mass mye [GeV)



Modeling substructure variables

[22]
—
[}
]

10000

8000

6000

4000

2000

Data / MC
o = =

n o mo

e Data ]
Herwig++ Dijets -
1] Pythia Dijets -

ATLAS
det:4.7 b’ \s=7TeV -
antik R=0.4, [/ <0.8 -
60 GeV<pT<BO GeV .

5585 R
eteteteteleletetetetelst

S e
Ro% 0% % %% o2 % %2 "

Jets

6000

5000

4000

3000

2000

1000

Data / MC
o = =

n o mo

N
Seseeen.
]

7

3
355
bl

::
.:
.

v
D
bt
s
KR
255
bt

X KRR R
XXX

T
9%
R
KL
555
Lot
Sole!
50

:::::
0
]

%)

v
::
:’
.:
:’

o

RSN
SRR
2055
5252525
555
505055
5
25255
2R
%
55
oS
oo,
55
SRS
3
o
<]

X
o

3
- v
5
S

%
3
50
2

%%

kS
b
£
%
k-
£s
2
Po

I\II‘Illll\II\II\I\Il\I

RN
2

2585
botese;
SRR
30
K
RS
S0
Jotate
bolale!
555K
Pt
HIHH
Jogetete!

&4

25
X5

%

2525
e
55

2

’
AR RLLS
KA RIS
$50% e %t %% %% %

e Data

Herwig++ Dijets

Pythia Dijets
ATLAS

j Ldt=471fb" \s=7TeV

anti-k, R=0.4, n| < 0.8
60 GeV<pT<BO GeV

OLIL0S600,
eseleieiese;

P
ey
e,
.‘0‘|
o7y
b

0

0.05 0.1

0.15 0.2



Data-driven efficiency: g/g tag

atlevarel

afrtist. ivi. SWiatiowskKi

artict: N C

construct width and n,,, distributions
expected for pure samples

* binin jet py, n; fix flavor ratios to
MC predictions

also fix heavy flavor templates (shape
and normalization)

Solve to extract pure templates




Data-driven efficiency: |et

charge/pull

Charge bias also

.

possible in W+jets,
dijets

Opposite to leptonic W
charge

J Color singlet




Jet charge validation

W — gqg candidate charge Performance of a W+ tagger

e




Jet pull validation
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W-tagging validation
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top-tagging validation
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Challenging the SM with
substructure tags




Search for W' = b In hadronic

channel

Consider new gauge interactions in models
preferring quark/3' gen couplings

£ Y atLas
% _ _ W' two b-tag category
= - Simulation
0 = = 8 ToV o] mw=15TeV
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i 0.0 & my =25TeV
. ———— fit (x2/ndof = 69.2/25)
@w v m, =3.0TeV
) : : - - fit (x®/ndof = 29.5/25)
0.1
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Top tagging variables
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Search for W' > W/Z, G* > 7/ In

leptonic Z+jet channel

apply three signal regions (2 jet and 1

jet)

Signal region LR ‘ HR l MR
Trigger Single lepton/dilepton triggers
Preselection Primary vertex exists

Event cleaning
Exactly two leptons (pt > 25 GeV)
Isolated (excluding other leptons)
Opposite charge (muon only)
66 < myep < 116 GeV

Dilepton pr

pY > 100 GeV [ pT > 250 GeV

P > 400 GeV

Jet multiplicity
Dijet pr

Dijet mass
Leading jet pr
Leading jet mass
Leading jet ,/yr

> 2 R=0.4 jets

p¥ > 100 GeV | p > 250 GeV

70 < mj; < 110 GeV

> 1 R=1.2 jets

pf > 400 GeV
70 < my < 110 GeV
VI > 0.45

Acceptance x Efficiency

LS L
ATLAS Simulation
1s=8TeV

W — ZW — eeqq

—— Total Acceptance
—e— Resolved Iow-pT
-m— Resolved high-pT
—4— Merged region

with dilepton isolation
--v-- Merged region
with nominal lepton isolatio

Illlll:.\\‘l\\‘_IIHII\I'IIII'H\I'IIIL
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M, [GeV]



Boosted channel backgrounds
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Limits
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Outlook




Confronting Run Il challenges

Strategy for 2015 Beyond Run II:
Tagger calibrations: § oz ariasomamon oy -
@ [ anti-k, LCW jets with R=1.0 =0

« W, top tags: In-situ efficiency/fake g o02F ';'-""ﬂf;";@gng°bﬁ:§:psgggj;"°” -
rate measurements from Run | g L;LTQ??E”&&} I0ceY oo
(being completed) 2 OB
- better g/g purified samples 0.1;

Pileup: ]
*groom N g and area 0550105 150200 250 300 350 4450 500
subtraction perform well Leading jet mass [GeV]

-also: track-based pileup
constraints (subjet JVT)



Looking ahead

No evidence of physics beyond the SM in Run |

...but a great laboratory for careful validation of
jet tagging observables in data!

Will hadronic final states show us new physics
first iIn Run I17?



