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Dark Matter searches at the LHC use simplitied models " “see voung-Kee
« Production of Dark matter goes via a mediator \___ Kim'stalk

q Z X g t i . v ) b\C\nb)r//X

Resonance searches are complimentary to these direct DM searches
« Look for mediators decaying into quarks (dijet resonance)

q DM q q
Cannot be
detected

q DM q q

Mediators produced by quarks ... also decay to quarks
(which decay to Dark Matter) (producing jets)
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QCD predicts smoothly falling dijet invariant %
mass (M;) @
New mediator decaying to jets will
introduce a bump e

8

Benchmark Leptophobic Z' model parameters
« Axial-vector (or vector) mediator (Z)

Coupling to quarks - g, (universal)
Coupling to leptons - g,=0 (Ieptophob|c) =7 I"mg =30 2000

Coupling to dark matter - gpyy === femmeomeeeos \ e mij[GeV]
See Sébastien Rettie’s

E talk for dilepton

: Dijet

resonance searches Resonance ™

Dark matter mass - mp,

_______________________

Not in benchmark model
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Limits are dependent on a number of factors
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ATLAS Baseline Dijet Search

EXPERIMENT THE UNIVERSITY OF
MELBOURNE

Selections are applied to
* Ensure trigger and selection efficiency Lead Jet pT > 440 GeV
* Reduce backgrounds (y* rapidity difference) Second Jet pT > 60 GeV
Estimate background from sliding window M > L1 Tey

fit using f(z) = p1(1 =272z z=mj;/ s ly =05 |y, -y, <06

Search for excess with bumphunter algorithm
Limit on axial vector Z’ quark coupling
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004
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How do you access lower masses?

ATLAS
Vs=13 TeV, 29.3 fb"!
ly*| < 0.6

Events / Bin

e Trigger-level jets
—— Offline jets, single-jet triggers
Offline jets, single-jet triggers, prescale-corrected

L I L P L L L
600 1000 2000 3000 4000
m, [GeV]

Trigger Level Analysis (TLA)

Lower the trigger threshold by reducing
amount of data saved per event,
keep only trigger level objects

q q
gq gq
q q
g
q q
gq gq
q q

Initial State Radiation (ISR) Selection

Examine a boosted signature by
requiring an ISR photon or jet to pass
the trigger threshold
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First stage hardware trigger identifies
jets using coarse calorimeter 40 MHz
i i Collision Rate
information

Second stoge SOftWO re trlgger then Hardware trigger threshold requires offline jet pT > 220 GeV

reconstructs jets using same
algorithm as offline jets (anti kt) ~ 3 kHz
.. . . \ 4
lelted bOﬂdWldTh SO hlgh threShij Software trigger threshold requires offline jet pT > 440 GeV
required to save entre event Save only
. . N Save data from
. . trigger jets 30 Hz )
Save only trigger jets ¥ (<0.5% size) } entire detector
« Small size I | )
. T . 3
* Higher rate > Tk ' l | | .
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» Similar bandwidth o N
1';_ ATLAS Trigger Operations _;'
= Vs =13 TeV “ 3
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102 Rate of j360 (lowest unprescaled trigger)

_LU.LU.IJ‘ 111

=
~
kN

N [TTTTm

D

1 I 1 Il 1 1 | 1
10:12 10:58



ATLAS

EXPERIMENT

Trigger Level Analysis

THE UNIVERSITY OF
MELBOURNE

Jet energies are calibrated similarly to offline jets (Eur. Phys. J. C 76 (2016) 581)

Absolute MC-based
calibration

Jet-area based
pileup correction

Applied as a function of
event pileup pr density
and jet area only

Residual in-situ
calibration

A smooth residual
calibration is derived by
fitting in-situ measurements
and applied only to data

scale. Both the energy an
direction are calibrated

Derived for
offline jets

Derived specifically
for trigger jets

v
Calibrate using momentum ba

offline jets against well calibrated objects

Needs to be smooth as
can introduce bumps

» Use polynomial fit in
log(p+) rather than spline

Corrects the jet 4-momentum
to the particle-level energg

Global sequential
calibration

Reduces flavor
dependence and
energy leakage using
calorimeter variables only

¥

!

Trigger-to-offline
data-derived correction

Corrects trigger-level jets
to the scale of offline jets,

Jet Energy resolution improved by
8% (jet py 85 GeV) to 40% (1 TeV)

applied only to data

A4
Correction is 1% on average

up to 4% at high eta

After calibration energy of trig
offline jets agree within 0.05%
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Jet energy scale uncertainty is 1-2%, similar to that of offline jets


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4395-z
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ATLAS Trigger Level Analysis

Jet energies are calibrated similarly to offline jets (Eur. Phys. J. C 76 (2016) 581)

Jet-area based Absolute MC-based Global sequential : Trigger-to-offline
pileup correction calibration calibration data-derived correction

Applied as a function of Corrects the jet 4-momentum Reduces flavor Corrects the scale of forward Corrects trigger-level jets
event pileup pr density to the particle-level energy dependence and Jjets in data to that of central to the scale of offline jets,
and jet area only scale. Both the energy and energy leakage using  jets, using the pr balance ratio applied only to data

direction are calibrated calorimeter variables only petween data and simulation, .

) applied only to data .
Residual in-situ g%%ﬁdj;?sr A4 v
calibration Jet Energy resolution improved by Correction is 1% on average
i »==== Derived specifically 8% (jet py 85 GeV) to 40% (1 TeV up to 4% at high eta
A smooth residual for trigger jets o (jet pr ) o ( ) P 0 g

calibration is derived by
fitting in-situ measurements

and applied only to data § 1.04 — anti-k, R=0.4, Elv;t‘JES ' " amas -]
. 3 I 1s=13TeV, 27 fb’ Data 2016 ~
: i,’ 1.02 [~ Fit based combination In|<0.8 I
v g - . " Aytet .
. . 2 - . Total uncertainty, fit based combination 0 Z+et 7]
COllbrOte USIng momentum bOIO nce Of g% ’1‘? - Total uncertainty, spline based combination & Multijet —]
offline jets against well calibrated objects P g 1 SO e F—
+ Needs to be smooth as \ N e S Ljf [T SN
can introduce bumps : — .
0.94'—I ) ) ) ) T —
» Use polynomial fitin gl T~ ]
log(p+) rather than spline 2 ol I

- > G 162 2x10°  3x10? 163 2x10°
Jet pr o [GeV]

After calibration energy of trigger and
offline jets agree within 0.05%

Jet energy scale uncertainty is 1-2%, similar to that of offline jets
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Jet energies are calibrated similarly to offline jets (Eur. Phys. J. C 76 (2016) 581)

Jet-area based Absolute MC-based Global sequential ) Trigger-to-offline
pileup correction calibration calibration data-derived correction

Applied as a function of Corrects the jet 4-momentum Reduces flavor Corrects the scale of forward Corrects trigger-level jets
event pileup pr density to the particle-level energy dependence and jets in data to that of central to the scale of offline jets,
and jet area only scale. Both the energy and energy leakage using  jets, using the pr balance ratio applied only to data

direction are calibrated calorimeter variables only ween nd simulation,
appliey only to data

Residual in-situ Deri {ved_ for
; : offline jets
calibration

A smooth residual Rellved specifica)

for trigger jets
calibration is derived by ggery
fitting in-situ measurements

and applied only to data § 1.04 — anti, R=04, Elvi'r.’JEs ' " amas —]
H 3 - Is=13TeV, 27 fb Data 2016 -
: i,’ 1.02 [~ Fit based combination In|<0.8 I
v 2 - . o A v+et .
. . 4 - - Total uncertainty, fit based combination o Z+jet 7]
COllbrOte USIng momeﬂtum bOIG nce Of g% ’1‘?-- Total uncertainty, spline based combination 4 Multijet —
offline jets against well calibrated objects ~_§-7." S e | M—
 Needs to be smooth as N\ e e (S S Ry
can introduce bumps - .
0.94'—I . . . L —
» Use polynomial fit in R e
log(p+) rather than spline . ol I

- > G 162 2x10°  3x10? 163 2¢10°
Jet pr o [GeV]

After calibration energy of trigger and
offline jets agree within 0.05%

Jet energy scale uncertainty is 1-2%, similar to that of offline jets .
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ATLAS Trigger Level Analysis

Jet energies are calibrated similarly to offline jets (Eur. Phys. J. C 76 (2016) 581)

Jet-area based Absolute MC-based Global sequential : Trigger-to-offline
pileup correction calibration calibration data-derived correction

Applied as a function of Corrects the jet 4-momentum Reduces flavor Corrects the scale of forward Corrects trigger-level jets
event pileup pr density to the particle-level energy dependence and jets in data to that of central to the scale of offline jets,
and jet area only scale. Both the energy and energy leakage using  jets, using the pr balance ratio applied only to data

direction are calibrated calorimeter variables only petween data and simulation, .
) : applied only to data :
Residual in-situ Derived for A4 v
; : offline jets
calibration Jet Energy resolution improved by Correction is 1% on average
A smooth rasidual Defr(;\;etcrfi gsgeefljtzc;//y 8% (jet p; 85 GeV) to 40% (1 TeV) up to 4% at high eta

calibration is derived by
fitting in-situ measurements

and applied only to data § 1.04 — anti-k, R=0.4, Elv;t‘JES ' " amas -]
. 3 I 1s=13TeV, 27 fb’ Data 2016 ~
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+ Needs to be smooth as \ N e S Ljf [T SN
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» Use polynomial fitin gl T~ ]
log(p+) rather than spline 2 ol I
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After calibration energy of trigger and
offline jets agree within 0.05%

Jet energy scale uncertainty is 1-2%, similar to that of offline jets .


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4395-z

THE UNIVERSITY OF
MELBOURNE

ATLAS Trigger Level Analysis
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Two selections based on

HW 75 GeV Trigger | HW 100 GeV Trigger
. A -
trigger threshold target (3.6 fb) (29.31b)

) Second Jet pT > 85 GeV > 85 GeV
Fit background and look
m;; > 450 GeV > 700 GeV
for bumps
. o ly¥l=0.5|y;-y,] <0.3 < 0.6
Set Bayesian limit
Limit on axial vector Z* coupling
.E E T T T T T I T ¥ T T ; " '< '- T l O)U- __I T T T I T T T | T T T I T T T l T T T I T T T l T T T I T T T I—_
@ 108 _EATLAS - ggéibfgfn;bﬁi vi<08 0.2 : ATLAS 95% CL upper limits E
§2] = —— BumpHunter interval - .
5107 = —o— z',cgggoe Ve os 018~ |s=13TeV —— TLA Observed —
> m. = ev,g =0. e — _ n
- = BH p-value = 0.44 016 36 ' | 293fp ! Tl:A Expected (+ 1-20) —
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Add energetic ISR photon or q
jet to signature to allow better
sensitivity to light resonances dq
 satisfies the trigger threshold

a q q

* allows lower masses to be
examined Selectlons ISR Photon

» reduced production rates ISR Object >150 GeV > 430 GeV
First (Second) Jet p; > 25 GeV
PR : S - Second (Third) Jet p; > 25 GeV
S [ X+y(P, >150GeV) ATLAS Preliminary
> B 5 el e T *| —
sl M1<08 {s=13 TeV, 15.5 fb N ly*| = 0.5 |y, - y,l <0.8 < 0.6
= . Data E
[ &8G90 . — Background fit ]
i . —— BumpHunter interval |
10 — m°'0-55_I""\"“\"'A#,I‘_‘A'S'ﬁ‘i.“.l"“\"""'- = 0.55 T T T AT AS Preliminary
E E 0 5:_ — obs. limit reliminary B E o5 — obs. limit reliminary . E
B g TE @ exp. limit s =13TeV, 1551 3 “E @ exp. limit Vs=13TeV, 155fb B
- - 0.45F X+ (P, >150 GeV) 3 0.455 X +] (P, >430 GeV) 3
"l | aE ' 3 0.4E- ’ E
10°E E = E 0.35}- =
E ] E- 03f =
- --o--Z' (gq=0.30), mZ,=350 GeV, o x50 . E 025; 3
|~ p-value = 0.67 T = E E
10? = Fit Range: 169 - 1493 GeV E 0.2E E
E . - . = 0.15E E
8 oF A E 0.1F- E
S of 0.05% : DOBL s
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m [GeV] ATLAS-CONF-2016-070 .



cds.cern.ch/record/2206221/files/ATLAS-CONF-2016-070.pdf
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ISR selection has allowed masses down to 200 GeV to be examined
« Targets regime where jets from the mediator are separated
* To go lower examine a larger single jet instead

ISR dijet search Boosted ISR dijet search

Jet (R=0.4)

Large
. Radius
Iower Z’ mass
Jet
R(q,q) ~ TLZ (R=1)
Jet
Less boosted by ISR, separate jets More boosted by ISR, jets are more collimated

Reconstruct as single large radius jet

To reduce pileup and soft radiation effects, large radius jets are trimmed
» Reclustered with smaller radius using kt algorithm
« Removed if smaller clusters if carry < 5% of total jet pT (Eur. Phus. J. C 76 (2016) 154)

Use jet substructure to reduce background and select the signal y


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-3978-z
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ATLAS  Boosted ISR Dijet Search &,

Signal has two particles in the jet vs one for the background
* 1y IS a measure of jet’'s compatibility with having N subjets
* 1,,= 1,/ T, discriminates between jets due to one particle and two

However 1,; is correlated with the large radius jet’s mass (m;)
Use designated decorrelated tagger method  JHEP 05 (2016) 156

\

m . .
p"PT = log | Now independent of jet mass
pr X U
~ ¥ ]
(1,7 859 ATLAS Simulation ER|
N ~ F {s=13TeV i
. . . 0.8~ Photon channel =
H DDT r ] .
Linear reDch;tlonshlp Define ©°" a g 1| control Region
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: 0.6 o
version of 1. 1 ]
0.5; ;
0.4f- i
0‘35_ +skg.,5oo<p;<7oosev +S|g., 500 < p! < 700 GeV _f Signal Region
> 0_2§_ $ Bkg., 700 <p! <900 GeV 4 Sig., 700 < p < 900 GeV _é
1 pDDT 0_1§_ +Bkg., 900 < p? < 1300 GeV +sug.. 900 < p! < 1300 GeV _§
GE PR S T N T T S T N T S TN S N SO S S N SN E v
50 100 150 200 250 300

Large-R jet mass [GeV] 15


arxiv.org/pdf/1603.00027.pdf

ATLAS  Boosted ISR Dijet Search %
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ISR Object pT > 155 GeV > 420 GeV
Large Radius Jet pT >200 GeV > 450 GeV
Agp(Large Jet, photon/jet) > T1/2
Large jet momentum > 2 x the jet mass
DDT
Tos <05
pPPT >15
% ¥ L | LA | L I LR I LR j=n T T LI LI LI LI LI T 1T T T T
8 " F amas 4 Data o5 047 ATLAIS ! ' ! I
2 = 1 [ Background est. N —_— o imit -
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T 2::3: :I:: ;":;’;t 0.3 I Expected limit +1 6 -
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10° 0.25 =
3 Probes Z' - :
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102 to 100 GeV 015:_ _:
10 0.1 &
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Specific searches for resonances with pairs bottom or top quarks in the
final dijet resonance T liTImem T :

Di b-jet search

q b
q b

For lower mediator masses For higher mediator masses
Excludes masses up to 1.02 TeV (g,=0.1) Excludes masses up to 21 TeV (g,=0.25)
assumes on/y Z - bb

= | S B L L B B L L o N I T
g 10 e~ = =) 10 ATLAS Internal r 13 TeV 361 fb‘ —
] = T~ 3 = = 3
o —— 3 = o 2 b-tag —-LODMZ - bb (9,,=0.25) 7
- ] £ - —e— Observed 95% CL .

>~ | e E ted 95% CL
1E -3 % 1?\\ -ijp:ce E
- Vs=13TeV, 243 b 3 o = ~ e +26 3
- —-LODMZ- qd(g, =0.1) - - ]
-1L— —e— Observed 95% CL — L - —
e Exoectod 5% CL ATLAS Internal E 107 E
T EEiio _ . - ]
_____ iy 2 b-tag N - ]
102 = 102 = =
E 0 by b e b b b by e = PRI IR I | PP AT RFETEE EFRPEE A 3
0.6 0.7 0.8 09 1 1.1 1.2 1.3 55

m;. [TeV] m,, [TeV]

70% b-t i ffici
SoSme S EXOT-2016-33
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Specific searches for resonances with pairs bottom or top quarks in the
final dijet resonance

{ See Siyuan Sun’s talk for details \'
Search for top quark pairs

q t
gq gq
q t
Vector Mediator g, = 0.25
%103IlllllllllllllllllllllIII'III'IIIIIIIII'III'III
= ATLAS /s =13 TeV, 36.1 fb" Vs = 13 TeV, 36.1 fb”
o Expected 95% CL upper limit Expected 95% CL upper limit
o 10? Observed 95% CL upper limit
pn  Expected 95% CL upper limit + 1o
Expected 95% CL upcs:'er limit+2 o
10 —

Observed 95% CL upper limit
Dark Matter simplifie

Expected 95% CL upper limit = 1c
. Expected 95% CL upper limit 2 ¢
model, vector mediator Dark Matter simplified model, axial-vector mediator.

v ey by by by s by v g by
05 1 15 2 25 3 35 4

T A Ale g g daaa sty g a e a st s aaadtaa gt el
45 b5 %5 1 15 2 25 3 35 4
Mediator mass [TeV]

Excludes masses up to 1.4 TeV

%575
Mediator mass [TeV]
. Excludes masses up to 1.2 TeV
arxiv: 180410823
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- r 13 TeV. 3.6.37.0 fb_1 arXiv: 1801.08769 —
IS = €V, 2.0-5/. Dijet + ISR (v), 155 b —
B ‘ o ATLAS-CONF-2016-070 |
- 95% CL upper limits . . -
[ Observed Dijet + ISR (jet), 15.5 b~ —
: ---- Expected X ATLAS-CONF-2016-070
B Dijet TLA, 3.6-29.7 fb | _]
Boosted ISR ISR (photon) arXiv: 1804.03496 [
- Dijet, 37.0 fb™ ST
— Phys. Rev. D 96, N —
_ 052004 (2017) ‘ ]
N o, ; ]
[ J ! _
— ISR (jet) —
L —
- * Trigger level analysis ]
— 5[ <03 Baseline —
b 12 . oo —
— Axial vector mediator CTISwE N Dijet .
— Dirac Dark Matter —
— mpy =10 TeV ]
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94=025 gpy=1 g,=0 94=01 gpy=1 g,=0.01
1B DM Simplified Model Exclusions ATLAS Preliminary July 2017 1o DM Simplified Model Exclusions ATLAS Preliminary July 2017
« ! T T T B T T < . T ' B i g T T T T T T T
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= Dijet emTTTETTTTET " Mediator Mass [TeV] 7 Mediator Mass [TeV]
Y5 = 13 TeV, 37.0 fo” See YO,Ung-Kee = Dijet —_— E?ISS+X
arXiv:1703.09127 [hep-ex) Kim’s talk Dijet 8 TeV ¥5 = 8 TeV, 20.3 fb” ET s E=13Tev. 3610 See YOUu ng_Kee
Phys. Rev. D. 81 052007 (2015) Eur. Phys. J. C 77 (2017) 393 sy
= Dijet8 TeV = E?iss.;.'y Diet & = 13 TeV. 37.0 o' E™ jet 5 = 13 TeV, 36.1 b Kim’s talk
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ATLAS has an extensive program of searches for dark matter
mediatorsin run 2

« Complementarity between dedicated searches for mediators and dark
matter candidates

Searches for mediators with dijets in run 2 are examining:

« Lower couplings thanks to a large number of recorded events

« Higher masses thanks to higher collision energies

» Lower masses thanks to new experimental techniques
« Trigger level analysis extending to lower masses and low couplings
* /SR search extends search to Jower masses
» Boosted ISR further extends search to even lower masses

Searches cover all mediator masses between 100 GeV and 3.5 TeV

Looking forward to the full run 2 results
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ATLAS TLA - GSC 6y
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Uses (at trigger level)

« Energy fraction in Electromagnetic Calorimeter cibestion

 Energy fraction in Hadronic Calorimeter | 5:;’:;5:,,7}?3;4
« Minimum number of Calorimeter cells which contain A AN

90% of the jet energy

No track based variables available
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Correction factor applied to trigger-level jets using the Trigger-to-offline
pr response between trigger-level and offline jets split it ieiiza el

bg n and ok of the jet Corrects trigger-level jets
to the scale of offline jets,
applied only to data

:%: 1.04:5

2 nti-k, R = 0.4, EM+ + relative in situ correction — 1 '03"§

18==1.02 6

1 _: —1.01 EJ'

2 11 8
o — —0.99
1 1 o8
-1 | -10.97
E 0.96
2 —I0.95
0.94
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ATLAS TLA - JES Uncertainty
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.'25 0-04 _I I I I I I | I I I I I I I I I I I | I 1 I I I I I | I _
c ~ Data 2016, Vs =13 TeV ATLAS =
£0.035F anti-k, R = 0.4, EM+JES + in situ correction -
3 - =00 — .
- — [ Total Uncertainty, Trigger ~
5 0.03 :_ mmm Total Uncertainty, Offline _:
fﬁ — - Absolute in situ JES, fitted ]
= 0.025 - = Relative in situ JES ]
'© - -=-== Trigger Flav. composition, dijet events —
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L% 0.015 - =+ Trigger data-derived correction 7
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ATLAS  TLA Sliding window fit
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Fit over mjj performed in a sliding window to estimate background

Three functions are used to fit to the data  f(x) = p (1 — z)P2gPstralnetpsina
 Final function used has best chi squared

over the full range f(z) = pi(1 — a)P2aPstPalne gy
« Systematic uncertainty uses alternate
function f(z) = DX e—psw—paa®
P2

ly*| < 0.6 (0.3) uses first (second) function
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108 e v Fit window 3 100 "o" Fit window = 108 ., Fit window
,'% I Fit for this bin 3 E +."‘ B Fit for this bin - ....‘ B it or this bin
5 _ 5 "..,.. _ e,
1 0 g 10 E? ‘-’o g 105 .-.00
1 04 _’.‘ _§ 104 EE "q-_”' @E 1 04 ‘4-_.‘.
-t_‘ — ~ e . heS
5 ‘0. I 3 B *e 7] '..-.
10 g5 W0E 3 10 .
*3 g , & E s
. S R - ] ‘ . J . F ! :
4 O - . F E
° 2 15 2 ] % 2r .
S 1 g oW 5 owmrruww—
c c C 1 = - ]
5’ -2 3 09)’ -2 1 5 2f -
P 600 1000 2000 3000 4000 600 1000 2000 3000 4000 600 1000 2000 3000 %0
m. [GeV] m; [GeV] m. [GeV]



@ATLAS Boosted ISR - Control region
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DD

Control region inverts %," selection

* BOCkground eStimOted in SR ><’IIOIE'I T I T TTT I T TT [ T TT [ T TT I T TT I
using transfer factor woF. ATLAS + Data E
; u - 4 Bl W + jets .
« Method Validated on W/Z peak j20f g BTV AT 7 s E
. . E Jet channel [ Background est. E
Largest (systematic) uncertainty 100 |- Y Bkg. stat. uncert.
is from the transfer factor sof- (] Bl syt uneert. -
e 90% for M,. of 160 GeV 60 =

40

20
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$ATLAS Boosted ISR - Transfer factor
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BG = TF * (Number in CR - Expected number from production with an
associated vector boson)

DDT

Transfer factor = expected ratio of events which pass 1., to those which
fail

« Data measured away from Z° mass under consideration (20% buffer)

« Parameterised by log(Large radius jet pT /M) and pP°T



ATLAS Boosted ISR - Uncertainty e
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Uncertainty source Ap/ p [%]

mz =160 GeV  mz = 220 GeV
Transfer factor 90 88
Large-R jet 25 17
Total systematic uncertainty 93 91

Statistical uncertainty 10 11




ATLAS Boosted ISR - mj Shape
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Boosted requirement of large jet momentum > 2 x the jet mass results in
altered slope

Large Radius Jet pT >200 GeV | > 450 GeV

1
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E ! —— 7' (160 GeV) 3 F — 7' (220 GeV) 3
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ATLAS Leptophobic 7’
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Evector — _gDMZ;D_('YHX — Yq Z Z;L(j')/“q,
g=u.,d,s,c,b,t

Lasialvector = —9DMZL XV X — 90 > Zu@r" 4.
qg=u,d,s,c,b,t
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ATLAS Trigger Level Analysis
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Jet energies are calibrated similarly to offline jets

Jet-area based Absolute MC-based Global sequential
pileup correction calibration calibration

Trigger-to-offline
data-derived correction

Applied as a function of  Corrects the jet 4-momentum Reduces flavor Corrects the scale of forwald
event pileup pr density to the particle-level energy dependence and jets in data to that of centrial

Corrects trigger-level jets
to the scale of offline jets,

and jet area only scale. Both the energy and energy leakage using  jets, using the pr balance rafio applied only to data
direction are calibrated calorimeter variables only petween data and simulatio .
. : applied only to data :
Residual in-situ Derived for v v
; : offline jets
calibration Jet Energy resolution improved by Correction is 1% on average
A smooth rasidual Defr(;\;etcrfi gsgeefljtzc;//y 8% (jet p; 85 GeV) to 40% (1 TeV) up to 4% at high eta

calibration is derived by
fitting in-situ measurements

and applied only to data § 1.04 — anti-k, R=0.4, Elv;t‘JES ' " amas -]
. 3 I 1s=13TeV, 27 fb’ Data 2016 ~
: i,’ 1.02 [~ Fit based combination In|<0.8 I
v g - . " Aytet .
. . 2 - . Total uncertainty, fit based combination 0 Z+et 7]
COllbrOte USIng momentum bOIO nce Of g% ’1‘? - Total uncertainty, spline based combination & Multijet —]
offline jets against well calibrated objects P g 1 SO e F—
« Needs to be smooth as N\~ N e S Ljf [TTE 2SNE
can introduce bumps : — .
0.94'—I ) ) ) ) T —
» Use polynomial fitin y gl T~ ]
log(p+) rather than spline ~ 2 ol I

- > G 162 2x10°  3x10? 163 2x10°
Jet pr o [GeV]

After calibration energy of trigger and
offline jets agree within 0.05%

Jet energy scale uncertainty is 1-2%, similar to that of offline jets .



