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LHC performance
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aRun 2 has been amazing so far!
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CMS searches in a nutshell
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Diboson
resonances

tt
resonances
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The toolbox

Jets
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K/

“* 1,/1, for top tagging
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: : : CMS,/!
B-tagging In boosted topologies
b
:t ————— H— —— b

BR(t > W*b - qqb) = 68% BR(H - bb) = 58%

o Boosted top quark and Higgs bosons form final state of
many BSM particle decay.

» Use fully hadronic decay to enhance signal

+ B-tagging subjets improve signal sensitivity
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The Run 1 excess
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And then Run 2 started.... | \
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: : CMS/
Extradimension models 2
\\.‘“"'\ \\ \1
o Warped extradimension models as o Additional degrees of
solution to the hierarchy problem. freedom
1o SM fields can propagate in the “bulk”. + Radion (spin 0)

bulk graviton (spin 2)

b

Plank scale My, : )
Warp factor « ; > XHLi b
Mass scale i BN
— i p 8
~TeV (xl ~ 35)

0o Search strategy: Bump hunt
over a smooth background

+ Mostly QCD dijet production

Invariant mass of di-jets

Rock Chalk, |AYHAWK!
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The heavy vector triplets 2

o Extension of the SM gauge sector
oW’ and Z': Heavier partners of the SM W and Z bosons
o Comparable coupling to quarks and SM bosons — Model A

a Mostly coupling to SM bosons — Model B For no quark couplings,
accessible only through

+ Accessible through diboson resonance searches  ygr productions
+ Resonance mass, couplings to fermion g- and gauge bosons gy a

JHEP 1409(2014) 060

0.02 1073 gy =3
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M, [GeV] M, [GeV]
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Picking the signal 2

a Narrow resonances — peaking signal
+ Jet substructure to reduce multijets backgrounds
+ Jet groomed mass and N-subjettiness main workhorses
s To/14 <0.450r 0.45 < 1,/1,<0.75
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Measurement in the data

o W boson jets from tt events used for comparing simulation to the
data

<N
A\ \\ |

|

CMS-EXO-15-002

2.21b"at s = 13TeV

300

T

UL AL L L

(o))
(=]
T

TT

ARRRE RN ARRS RAR~~SARAC=~E L LAREE ERRRR RRRRS
I CMS .tf DsingleTop 1

- Preliminary

. wW . Wijets ]

+ data W- 9/11 v HP

TS AT AT

40 50 60 70 80 90 100 110 120 130
pruned jet mass (GeV)
T <045 m[GeV] o[GeV ]
Data 84.7 04 GeV 8.2+0.5 GeV

Simulation 853+04 GeV 73+04 GeV

Rock Chalk, |AYHAWK!

D. Majumder/ ICTS, Bangalore/ 27 Jan 2017

13



Modelling the qV/ VV processes

o Resoance particle mass reconstructed from dijet pairs

a Several categories
« WW/ WZ/ ZZ

« qW/ qZ
CMS-B2G-16-021
o Smoothness test of background using functional fits

(13 TeV)

CMS Simulation Preliminary
T T I T

o r | ‘ \ ] i 12.9fb" (13 TeV) 12.9 fb" (13 TeV)
o M=1.0/1.8/3.0/40TeV — Gg,,— WW (MADGRAPH) >10Elb'\é'l"‘|‘"\'+‘-\"'|"‘|"w"'\' > 107 e g
O AK, R=0.8 -Gy~ ZZ (MADGRAPH) $ ECM CMS data S £ CMS +cus data
) L , R=0. Bulk i (0} C (O} C
> p, >200 GeV, In| <25 —Z'-> WW (MADGRAPH) 8 10* & Preliminary {3 par. background fit 8 10° E Preliminary 83 par. background fit
c 0.4+ -++W'— WZ (MADGRAPH) | - E -+ G(2 TeV)>WW (c = 0.020 pb) = 105 R ---q(4 TeV)qZ (6=0.01pb) ]
= —q*— qW (PYTHIAS) 5 F . E
o) - ---q*— qZ (PYTHIAS8) € 10° = WW, high-purity < 10t qZ, high-purity ]
E e E i<2.5,p, >200 GeV o WE hi<25,p >200GeV 3
1] - M, > 955 GeV, jAn | < 1.3 L 10° é* M > 990 GeV, jAn | < 1.3,;
C 102 é,
0.2/ — 10¢ N
! ? y 1 é ) .
’[.‘.1...{."..)".‘.J...r'-..‘..‘ ol b
=S 2 1 — =6 2 } —
S ohbd ool e l “‘;50;11%111%141 l*w A8
8 T e P I B RIS AR RS
q B - Olgo - Olg-2H + }
000 4000 1000 500 2000 2500 1000 2000 3000 4000
ij (GeV) Dijet invariant mass (GeV) Dijet invariant mass (GeV)

THE UNIVERSITY OF Rock Chalk, |AYHAWK!
wm D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 14



Results on the qV/ VV res. searche

o Limits set on different models in — 12 s ey
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Di-Higgs resonance
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o Exact background
estimation based on
control regions
(“Alphabet” method)

¢ Both normalization and

shape

N
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:
Graviton Radion =
2,7 b (13 TeV) 2.7 b (13 TeV)
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o Low and high mass range — Alphabet method
a Intermediate mass range — Smoothness test CMS-B2G-16-008
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Wide resonances
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o Currently in preparatory stage with 13 TeV data
2 Will require different strategy than bump hunt due to wide nature

of signal.

+» Exact background prediction (normalization+shape) very important.
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Not so high mass resonance Y

CMS-EXO-16-030 AT

of )

o Alight mass Z'->qq resonance

o Z' with a recoil to get into boosted regime
+ Ease of triggering (trigger uses substructure too!)

+ Allows to go lower in mass than possible using a dijet bump hunt. :
o Uses the designed decorrelated tagger (DDT) 1603.00027 A
+ Takes out dependence of 121 and jet mass g 0
+ Uniform jet mass window across p; range
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Not so high mass resonance 2

o Background estimated from the data

H

[ “fail” ki 0.04
a Mass and t2PT sidebands used to e 1 5
predict multuets background. =038
. ) ¥¢pass” pDDT :
o Fit of signal and background shapes /—’ o
used to compute limits on the signal A i
cross section. . I
Sidebands Pass/ fail ratio
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CMS-EXO-16-030
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tt resonance searches Z

CMS-B2G-15-002, CMS-B2G-15-003 K11
o Semi-leptonic and fully-hadronic A e 3.3:;133%3
final states. {2
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B sm B sm it 3
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——2TeV Narrow Z' | ——2TeV Narrow Z' 3
——3TeV Narrow Z' 3 ——3TeV NarrowZ J
4TeV Narrow Z 4TeV Narrow Z' |

o Hadronic analysis:
+ 2 top-tagged jets with event
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+ Non-top multijets using the data.
mistag rate measured using control
samples with invertecd top tag:
> >0.69
Y CMS Prellmlnary _ 26fb (13'1"53\'/) " erjeytsl,1‘ tla‘g‘ o '2.'6'fb'1 (13TeV)
S . I t . I . : 5150: AKﬂle‘ e sooevmku} 0% _: g 505— grhg?minaiy | +Dalal _f
o Semi-leptonic analysis: R ] i b | W
. . 100~ [HEl unmatched to top — F S Z'3TeV (o=1pb)
< Leptons (e’ M), ETmISS’ and Jets E ----- Z'37TeV (6=1 pb) 1 30;, ;
» Events categorized using N(top jets). i ] o
+ M(tt) reconstructed using the leptonic 2 ot H T . H TT. '“7|‘ =
. . T ¢+w¢’*v*¢+ 4 s 2 +’“¢$ + fl |
and hadronic top quark candidates £ost sahalk: £ oot # N
. . . 0""50” 00 B0 E00 20 300 0o ' 0002000 3000 4000
+ SM tt+jets and W+jets are the main Jetsotciop mass (GeV] My(Ge

backgrounds.
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tt resonance limits Z,

CMS-B2G-15-002, CMS-B2G-15-003 T
a NO Signiﬁcant excess S 261" (13 TeV) ~ 261" (13 TeV)

b]

2%
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gluons of different : :
widths. ] L

T T

1 -
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" NoE I +10 Exp. r  F I +10 Exp.
':: 10° 12 6 Exp. ] 2 1k 12 ¢ Exp.
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o Comparable mass
. . . . s CMS Preliminary 2.6 (13 TeV) CMS Preliminary 2.6 (13 TeV)
limits. Semi-leptonic zve~. TR - S — S oot 0% 01
= - o —— Observed (95% CL) = - i R . —— Observed (95% CL)
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Vector-like quark searches =2

2 VLQs in BSM: Composite Higgs, GUT, extra dimensions

o Interesting properties:

+» Same transformation for left and right-handed particles => bare mass
term respects gauge symmetry

+ Plays role of top quark partner to regularize the Higgs mass at higher
orders

o Rich phenomenology: many production and decay modes

T/ B VA | 19.7 b (8 TeV)

L
O
AR(bp

] ] . . 5760 200 300 400500 600 700 800 900 1000
Pair-production: strong interaction p, of Higgs boson [GeV]
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Single VLQ production CMS|
the focus of Run 2 |

o Search for high mass
vector-like top partners at
13 TeV

o Single production
dominates in the high
mass regime.

a Jet substructures heavily T
used N -
+ Trigger
+» Event reconstruction

il o by b by b by S~
400 600 800 1000 1200 1400 1600 1800 2000
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Vector-like top quark partner

. +1 std. deviation

M(T) [GeV] M(T) [GeV]

-
=

+2 std. deviation

- o Selecting top and Higgs jets
w/Z
.o Pairing them to find a resonance
e
_,/n. . 2310 (13 TeV)
‘ 10 e e T
,@\ﬂﬁﬁﬁﬁmﬁy T~ 2 — Observed limit CMS 7
. T %10’ - - Expected limit Preliminary 3
%102 .11 std. deviation _;
E +2 std. deviation ?
'; 10 Tba, ¢=1.0, BR(tH) = BR(bW)/2 3
0 2.31b" (13 TeV) 231" (13 TeV) g ]
> R DL L L L A B N b Y S S NSNS BN L B B B BB 5 4 ]
@ [ —— Thq (LH) 1000 GeV CMS ] 2 2E ¢ Data E"m.ie:s CMS 1 c 3
g L —— Tbq (LH) 1200 GeV Simulation Preliminary S £ Multii W 3 2
@10~ Tbq (LH) 1500 GeV | g ultijets ! Wajets Preliminary ] E1q
B L Thq (LH) 1800 GeV ] £ | Total background X Total bkg. error — j
-t L 4 E - ] o
§ o . g £ Tba (LH) 1200 GeV ----Tbq (LH) 1800 GeV = o | | | | | | |
wo- b 2 = ] = ® 4000 1100 1200 1300 1400 1500 1600 1700 1800
C . w ] M(T) [GeV]
o 1 g 10 Pt E
o h 3 E 2.31b" (13 TeV
4- ] = 3 F10° g I...,.y.v..y..,..'.w...,...(vlu.-)
C : = E 2 Tba, ¢=1.0, BR(tH) = BR(bW)/2 CMS
2 ] = i E % 10° — Observed limit Preliminary
- | ‘ ] Fl 2] ‘ Lo b o g - - Expected limit
050550008 u,;‘g.q;;;‘—,s'oé TR T Y 0 800 1000 1200 1400 1600 1800 2000 2200 2400 g”’
8
1
g

Very good signal resolution .
of ~5% S
R T

gr

M(T) [GeV]

arXiv:1612.05336
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Dark matter™ ™ .
LY ; . \:;~ 5

R

wms UNIVER§K(§ Rock Chalk, |JAYHAWK!
D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 28




Top and Higgs portal DM

o Mon-top/ mono-Higgs signature

i
q

t

Scalar mediator< .
o \ q
t
- 13 TeV
I o e B I B I I L L B
[ o 0 ” imi — m,=600GeV, m =10GeV ]
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% 0.4:— G m, =600 GeV, m = 100GeV |
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0.15F
0af
0.0
ok N il
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of dark matter
e + Top tagging with AK8 jets

! + Higgs tagging using AK8 jets
A0 + Large missing E+.

By s \
A
A\ \ \

CMS-EXO-16-012

2.3 fb" (13 TeV)
1

Events

I M |
[ CMS Preliminary
Z'-> DM+H(bb
101 5R.2 Chibor

-« M,=1000
- Mz.=1400
--Mz=2000
M Top — Pre-fit E

VV  — Post-fit ]
%3 Stats. Unc. ]

10? E
10
1
2 L LI UL LA LA LR S
&) [ MC uncert. (stat + syst) 22223 MC uncert. (stat)
= 1.5 §
N *
= 0
= 0 ! !
50 200 250
m,, [GeV]
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Mono-Higgs DM search e \
o Simultaneous fits in many control and signal regions yields\\limits
on DM candidate and mediator masses

— 10% F—————— AN (13TV) CMS Preiiminary 12.91b” (13 TeV)
'8_ §CMSPreIin;ninary g AL L L | T
— r Z'-> DM+H(bb) (20OM) : ¢+ 1 B e Q| Raeeonant 0 eee-eee-
3 [ m,=30 e, im'= b0 Gev S f Re%onant Expected .
@10 3 — 3 il L, - production —e— Observed P
© S Otsonved . i -eee Exp. £1 std. dev. (exp) = B s dev.
o) — s Expecled £ 1o | - —— Observed 95% CL = 10 =
F cecccsssess 3 = — F
f - s— PO . S BO00EH ... Ops. £ 1 . dev. (theory) g f Zotddev.
R Gy g§=_0.8 oosewxsng L % a L —— Theory 5% SR
1k i i 10} S 1L mx=100GeV,gDM=1 |
E = _ g % 1 std. dev. (theory)
- — -
C £ O
S
o 107'F R
Py g
102 F E
1078 — 500 18002000 2800 500 T T R N R SR R
1000 1500 2000 2500 3000 _ 3500
m,. [GeV] my [Ge\ M, [GeV]
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Detectors

< i] Digitizers
@D —— Front-end pipelines

T
Trigger challenges [ s

In all-hadronic environments M| switching networks

«

QID | Processor farms
o Substructure to the rescue — =
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Triggering using boosted jets < \

/-
A\ ‘\\ \ |
2015, 13 TeV 2015, 13 TeV
:>' : T T T T T T T T T T T T T T T T T T T ‘ T T T T E 5\ D‘ \\\\\\\\\\\\\\\\\\\ T ‘ T T T i 5.
< 1027------ppaT(tH)bj,M(T):BOOGeV CMS _- 16 & < 10?5 -----* PP — T(tH)bj, M(T) = 800 GeV CMS - 16 S
E Simulation - L2 = . ) E S
E —a— Eff. (AK4 H_>800 GeV) E & = Eff. (AKE H_>800 GeV) Simulation &
- —21.4 - —14
1ol —=— Eff-(AKSH, > 600 GeV, trimmed AKS jet mass > 50 GeV, =1 loose b-tag) 10l —=— . (AK8 H_ > 600 GeV, trimmed AKS jet mass > 50 GeV, =1 loose brtag)
E —e— Eff. (Trimmed AK8 jet mass > 30 GeV, p"'> 250 GeV, p* > 200 GeV, =1 loose brtag) - 1.2 E o it (Trimmed AKS jot mass > 30 GeV, "> 250 GeV, p** > 200 GeV, =1 loose brag) —1.2
1 = ¥ T 'l' 1 1 ...m_ el L —— EL
TR 3 3 - : I
Et —0. = i :
= e 1° - B
E_é_. ______ ;0.6 i :"'"- :_': i
Eé— D 3 10 % e H . —40.6
1072 T —0.4 SR TR i
- S : = E —304
- emmmay - ' .—‘—. . i
= —0.2 102 . e e ,
1% e - —0.2
E coo e b by Ly -\“\“\ | i | \_0 %._‘_ e 4
200 300 400 500 600 700 800 900 i R B B R R B B (Y
400 600 800 1000 1200 1400 1600 1800 2000

pT(2nd AK8 jet) [GeV]
H; (AKS jets) [GeV]

o Trigger utilizes features of an all-hadronic T->tH event:
+ Boosted top or Higgs: High pT jet with substructures and b-tagging
+ Qverall large jet activity: large H

0 Keeps trigger rates low while retaining high signal efficiency.
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Performance in the data Z

/-
A\ '\\ \ |
£ 108 L e S B S B S T LA B B B DL z c L e e e e e e e e e e T T L B B s B 3
g g —¢— Data, Run2015D 050ct ReMiniAOD 'C'MS P _§ g E —¢— Data, Run2015D 050ct ReMiniAOD 'ClMS —16 .g
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w —1.4 R0l = —414
10 ; —m— Eff. (AK8 HT>GOU GeV, trimmed AK8 jet mass > 50 GeV, =1 loose b-tag) F —a— Eff. (AK8 HT>600 GeV, trimmed AK8 jet mass > 50 GeV, =1 loose b-tag) E
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10 e = e i 10 == ShEE B $ 41
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- o o =
- o8 Cl —— —os
L i 3 B
10° o ®le —40.6 10° E —— —20.6
£ - e E E L :
m—— R o4 L e o4
L 3 . E
102 = "':’::."-0-“‘ e E 102 —— :
E R ) o = 0.2 E —— — 0.2
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E ror " E P =
:*4‘-‘ - [ E
con e b b b b by Ly 1, 739 B b b b b b 1, 740
200 400 600 800 1000 1200 1400 1600 1800 2000 200 300 400 500 600 700 800 900
H; (AKS jets) [GeV] pT(2nd AK8 jet) [GeV]

o Performance in the data follows expectation from simulation
studies.

o Deployed for collecting single vector-like top events since
Summer 2015
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Outlook s

o Run 1 vs Run 2:
+ Discovery mode started with the Higgs boson
+ Run 2 is warming up: Holds a lot of promise for new physics searches.

o Lessons learnt from Run 1:
+ Theory: Excluded ranges aka “where not to look for signals”.
+» Understanding the LHC machine and the detectors.
+ New reconstruction techniques.
+ Better analysis strategies.

o Current Run 2 goals:
+ Perfect new detection techniques like boosted boson and top tagging.
+» Search for signals in very high masses (out of reach at 7 and 8 TeV).

o LHC should deliver 100-200/fb of data at the end of Run 2:

= WIll be sensitive to a large variety of new physics signals.
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An incomplete list — 2016 dataset - A

0 (2016 ICHEP dataset) All-had VV resonances B2G-16-021
+ http://cds.cern.ch/record/22393817In=en
0 (2016 ICHEP dataset) Search for VW diboson resonances in semi-lﬁ
final state B2G-16-020
+ http://cds.cern.ch/record/22058807In=en

5 (2016 ICHEP dataset) Mono-V DM search EXO-16-037
« https://cds.cern.ch/record/2205746/files/EXO-16-037-pas.pdf

o (2016 ICHEP dataset) Mono-boosted top DM search EXO-16-040
+ https://cds.cern.ch/record/2205286
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An incomplete list— 2015 dataset

a

-
i

ke

—

2015 data Search for ZV Resonance in Semi-leptonic Final States at 13 TeV
B2G-16-010 res

« http://cds.cern.ch/record/21996117?In=en

2015 data HH->4b resonance B2G-16-008
« http://cds.cern.ch/record/2202811?In=en

8 TeV + 2015 13 TeV VV resonance B2G-16-007
« http://cds.cern.ch/record/21543067In=en

2015 data Search for VH in the (I I, | nu, nu nu)bb final state B2G-16-003 res
+ http://arxiv.org/abs/1610.08066

2015 data Search for light vector resonances decaying to quarks at 13 TeV EXO-16-030
+ https://cds.cern.ch/record/2202715 res

2015 data all-hadronic T->tH B2G-16-005
« https://arxiv.org/abs/1612.05336

2015 data Z’->tT all-hadronic B2G-16-013
+ http://cds.cern.ch/record/2217867?In=en VLQ

res

res

VLQ
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An incomplete list— 2015 dataset Z

o 2015 data all-hadronic ttbar res. B2G-15-003

« http://cds.cern.ch/record/21602377?In=en

o 2015 data semi-leptonic ttbar res. B2G-15-002
+ http://cds.cern.ch/record/2138345%In=en

o 2015 data Search for dark matter in association with a Higgs boson decaying into a pair of
bottom quarks at sqgrt(s) = 13 TeV with the CMS detector EXO-16-012 -

« http://cds.cern.ch/record/2202804 DM
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BACKUP
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CMS/ |
The CMS detector Zi
|y
b L
SUPERCONDUCTING CALORIMETERS
COIL ECAL —
— Scintillating scintillator/brass

PbWO4 crystals sandwich

IRON YOKE

TRACKER

Silicon Microstrips
Pixels

Total weight : 12,500 t
Overall diameter: 15 m

Overall length : 21.6 m MUON BARREL

Magnetic field : 4 Tesla Drift Tube Resistive Plate Cathode Strip Chambers (CSC)
Chambers (DT)  Chambers (RPC) Resistive Plate Chambers ( RPC)
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SM status

,
[
i
ke
L—

Dec 2015 CMS Preliminary

QO - - =
o ' i 7 TeV CMS measurement (L < 5.0 fb™) =
1 05 === 5 8 TeV CMS measurement (L < 19.6 fb'' —
o VE (D) -
I - — Theory prediction _]

c 10 & | = CMS 95%CL limit i
@] — _ =
% — i _E_ 0
@ 10°= - =
0 = - e =
%) — - 9
8 102 = T T - =
bt — L =
O yol- T N | T
C = " = =
o — i < -
g 1= : jﬁ}—‘f 5
= T A 8 =
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o 1078 1
10% o E
10°- _ L i

‘ w |21|‘ ‘ >2j ‘zaj ‘ 24j‘ z |21j hgj [23j ‘ >4j ’wv ‘ Zy ’ww‘wzlzz ‘Emlgﬁ‘mlgwgm |wv7| tt } 1] | 2j } 3 ‘tmhw ’tm‘ tty IttW ‘ 174 |ggH‘g§£| VH ‘ ttH |
All results at: http://cern.ch/go/pNj7 EW: Woshv, Zo3l, 1=ep Th. Asy,in exp. Ac

wmgxosr Rock Chalk, |AYHAWK!
- D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 40



Sequential jet clustering

0 Distance measure between two particles

. oy i
d;; = min(kr*?, kTj*P) E]

RIPAV e \/(yi —yj)E+ (¢, — ij)z

= p = 0 for Cambridge-Aachen algorithm (CA)
« p = 2 for KT algorithm

+ p = -2 for anti-kT algorithm

+» D = Distance measure of jets

o Find the smallest of d; and dg. Combine 4-momentum of

particles iand . B is beam direction. dg = kP

o Continue until all particles are clustered into jets.

o 2p = 0 for Cambridge-Aachen algorithm
0 2p = 2 for k; algorithm
a 2p = -2 for anti-k; algorithm

wTHE UNIVERSIIT&Cg
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CM (!
Jets Z
R Y
o Reconstructed charged particles e
. . Calorimeter jet ¥ | N§ i
(tracker+magnetic field) St
: YR
+Reconstructed neutral particles M
I Particle jet BN [} o Kete
(calorimeters) Ay
+jet clustering algorithms . e
— JetS L ‘q‘«.’!‘lé.l
§—%—(
p & P
o CMS jet algorithms: )
+ anti-kT (R-0.5) B
+ Cambridge-Aachen (R=0.8, 0.15) =
s+ Anti-kT (R=0.4) in

Distance parameter R gives the “cone” size of the jet.
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CMS jet energy corrections

Applied on MC >

wﬂl[ UNIVERSIROSF
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CMS multijet event

in( CMS Expeamemt i PHC CERN
.C Data pecOraeds MO Oct 2 4
- Run/Event: 148564

| Lumy sechion: 520

OriliBaossing 136152948 / 1594

KU KANSAS
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Other kinds of jets s

q
W/Z/H Lorentz boost W/Z/H
opening ‘ Collimated
angle partons
qI

— \/(3’1 —y,)" + (P — P,)*

Rapidity Azimuthal angle
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Other kinds of jets s

q
W/Z/H Lorentz boost W/Z/H
Wide
angle
ql
— _ 2 _ 2
AR = \/(3’1 V)2 + (1 — ¢P,)
Rapidity Azimuthal angle

o Boosted SM particles can be reconstructed as a single jet.
+ Intrinsic jet mass
+ Internal substructure
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Jet grooming

Or how to unrayel subjets inside fat jets

T

Rock Chalk, |AYHAWK!
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Why boosted jets 2

fraction of 125 GeV Higgses in fat jet v. p,

8 TeV
> L ° _
10 w» S | eeemeT cMs |
Q (<) & Simulation m
= 2 . ] @
0.8 = 2 08 18
. : = : 18
1 g = —$—Merged jet efficiency _ B
0.6 o 5 0.6 18
. O S B single CA R=0.8 jet . e
14 B i : 10
N g 0 4; AR (W,jet) < 0.1 - 5
04 8 § s = —Ela— Resolved jets efficiency T
0.2 ~ c 0.0 B two AK R=0.5 jets .
| - i = AR (q,jet) < 0.1 -
o =+ ]
0.0 | | | | S = = TSN SIS TSNS
0 200 400 600 800 %00 400 600 800 1000 1200

p: [GeV] W boson p_ (GeV)

o Higher efficiency of reconstructing boosted W/Z/H
or top quarks using fat jets than using slimmer resolved jets.
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Effects of grooming

| 5
~5f" - - \ 1
CMS, L=5fb"at Vs = 7 TeV, AK7 W-jet — 150CMS’!‘ ‘Sﬂ" at\l? ‘7T9V1AK7V‘V”‘M — !
= T T \Ks‘ T — % O  Data, Ungroomed AK7 [ S—
N i
R 1 I S} Pythia6 22, Ungroomed AK7 |
- , Ungroomed AK5 1 m - Data, Filtered AK7 m
= ed AK7 1 O E ===] Pythia6 Z2, Filtered AK7 O
~ 4 AK b O Data, Trimmed AK? o
, Ungroome: 7 (U] 100 (@3]
Pythia6 22, Trimmed AK7
— | e~
ed AK8 1 N ¢ Data, Pruned AK7 N
, Ungroomed AK8 7 O [[] Pythia6 Z2, Pruned AK7 O
I =
1 W 1w
S0 o o
[T F. Qoeeeeese: |
1 © janssiesis 1 O
1 O 55555555 =
‘ N I N B R
ol 1 L L L
0 10 20 30 40 0 10 2 30 40
Ney Nev

o Large mass
acquired due to
multiple pp
interaction during
the same bunch
crossing (pileup)

o Excess mass

reduced by
grooming

o Grooming reduces dependence of jet mass on pileup.
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Pruning

o Removes the softest components of the jets.

o Jets reclustered using the Cambrdige-Aachen algorithm with a
distance parameter of 0.8 (CA8 jets). In each recombination step

a softer protojet is ignored, if it is soft enough or at a wide-
enough angle in comparison to the original jet.

Reut < M(CA8)/p;(CA8) z.,,>0.1  arXiv:1306.4945

-
e

N
~
L
~~~~~~~~

a1 7 i1+ 72 .
Initial jet ®) psz/p% I > zeut or AR;, j, < Reut Pruned jet
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Jet filtering 2
o Fat jet constituents are reclustered using the Cambridge-AéChen
algorithm with a smaller distance parameter (R = 0.3) compared
to the parent jet. This defines new subjets, ordered in
descending order of pr.

o The four-momentum of the new jet is defined as the sum of the
4-momenta of the 3 hardest pT subjets.

arXiv:1306.4945

-~
\\

Initial jet Rgy = min[0.3, —52] Filtered jet
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Jet trimming

By s \
<N
§\ A '\\ \

aReclusters jet constituents using the k; algorithm with

radius R, , = 0.2
alf pse > A .q KEEp, else remove.

H L Hard QCD scale = jet pT
Cutoff paramter = 0.03

arXiv:1306.4945
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JHEPO3(2QT NS5 |
N\

Jet N-subjettiness o

/i)
L1

o Look for structrues inside jets by counting hard energy ‘lobes’
inside the jet

1 .
TN —_ d_zka, kmln{ARl’ k? ARZ, kr» ) ARN’ k}

o N = Number of candidate “subjets”
without applying jet grooming techniques

o Subjet axes obtained using the exclusive k; algorithm and
reversing the last N clustering steps

a k = all jet constituents with transverse momentum pr,

0 AR, = \/(yi —yk)*+ (¢, — Pp)*
ad, = ), Pr kro» R, = distance parameter of the original jet
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: CMS/!
Jet pruning performance
A
A\ '\\ \ |
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a Pruning+N-subjettiness ratio t,/t, gave the best performance for
identifying boosted bosons in CMS in Run 1
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Comparing jet grooming techniques

CMS,L=5 fo'lat V\s=7 TeV, AK7 Duets

0.14 ot e e e T e T T

= - — e Filtered data RECO . E
3 0.12f Filtered PYTHIAG, 22 RECO I m
© [ semsrmees Filtered PYTHIAG, Z2 GEN 1 O
-8 0.1 — = Trimmed data RECO . 8
s [ amcmcaa. Trimmed PYTHIAG, Z2 RECO P
— .08l M Trimmed PYTHIA6, Z2 GEN HIN
© “-YOr e
= [ —&—— Pruned data RECO E
c ogoel e Pruned PYTHIAS6, Z2 RECO HWw
O T Pruned PYTHIAG, Z2 GEN ™ ‘5

O _|
¥= 0.04 =48

() - ]

0.02— .

0 8 B | o -l "" i o

0O 01 0.2 0.3 04 05 0.6 0.7 O 8 O 9 1

Groom
Mmoo [ myg

o Filtering is one of the least aggressive grooming algorithms,
followed by trimming.

o CMS used filtered jets for top-tagging in Run 1.
o Trimming being used for triggering with jets and substructures.
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Vertex
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How b-tagging works Z

/=
A\ '\\ \ |

o Track and vertex info combined using a multivariate technique.
o Trained on simulated samples of jets of light and heavy flavours.
o Commissioned on collision data.

o Residual difference between simulation and data measured and
accounted for as scale factors during data analysis.

Pixel detector
Prompt tracks

Silicon tracker

______ S

Jet Axis

Primary Vertex track dO e Secondary Vertex

arXiv:1106.2516 [hep-ex]
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Validation in the data
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3D IP significance of tracks

CSVv2 discriminator
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CMS-BT

Performance

Top jets Higgs jets
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