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LHC AND JET PHYSICS

IN A HADRONIC ENVIRONMENT THERE ARE
EASIER THINGS THAN JETS TO DEAL WITH

(e.g., ISOLATED LEPTONS OR PHOTONS)

ON THE OTHER HAND, ANYTHING ELSE
THAN JETS IS EXPENSIVE (LOW BRS AND/
OR ACCEPTANCE). A LARGE FRACTION OF

THE SIGNAL (e.g., SIGNALS WITH W OR Z)
COULD BE HIDING IN MULTIJET EVENTS

EVEN IN EVENTS WITH LEPTONS, THE
SIGNAL VS. BKG DISCRIMINATION COULD BE
IN THE JET KINEMATIC AND JET
PROPERTIES

LHC DETECTORSTTHEORY PROGRESSES
MADE OUR LIFE EASIER: JET PHYSICS IS
NOW A KIND OF PRECISION PHYSICS

AFTER ALL, ONCE WE KNOW OUR DETECTOR
AND WE APPLY SOME CLEANUP, LIFE IS NOT
THAT HARD...
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Events / GeV

THE ADVANTAGES

MULTIJET EVENTS PROVIDE COMPLEMENTARY INFORMATION
(E.G. STRONGEST LIMITS WITH LESS INTEGRATED LUMINOSITY)

OFTEN, JETS ARE IMPORTANT FOR S VS. B DISCRIMINATION
EVEN IN PRESENCE OF LEPTONS (E.G., STOP SEARCHES)
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THREE EXAMPLES

THREE EXAMPLES OF INTERESTING/CHALLENGING/NEW
THINGS THAT WE DID WITH JETS DURING RUN1 AND WE

SHOULD KEEP DOING (POSSIBLY EVEN BETTER) FOR
RUNZ2

DATA SCOUTING: DIJET RESONANCE SEARCHES

JET SUBSTRUCTURE: SEARCH FOR HEAVY
RESONANCES DECAYING TO WW/WZ/ZZ SEARCHES

JET KINEMATIC VARIABLES: SUSY SEARCH AS
A BUMP HUNT WITH RAZOR



NEEDED “TO0O0OLS”

THE HIGH RATE: AT HIGH PEAK LUMINOSITY THE
LHOC 1S A “dUNK” MAKER. THIS IS WHY WE HAVE A
TRIGGER SYSTEM. EASY WITH RARE OBJECTS (E.G.

E,l]). WHEN YOU WANT TO LOOK AT JETS AND ALL

YOU GET IS JETS, YOU NEED TO MAKE CHOICES

THAT COME WITH A PRICE TRIGG
ER

THE MAJORITY OF THE HIGH-PT LHC EVENTS COME
WITH JETS. EVERYTHING IS A BACKGROUND TO DEAL

WITH IN g
G

JETS ARE NOT ONLY A WAY TO RECONSTRUCT
QUARKS & GLUON. A JET COULD COME FROM
BOOSTED W,Z,H, TOP WITH OVERLAPPING
DAUGHTERS. NEW OPPORTUNITIES, WHICH COME
WITH NEW NEEDS (GOOD GRANULARITY TO RESOLVE
THE SUBSTRUCTURE)



THE CMS TRIGGER

HARDWARE L1 TRIGGER
INTERFACED TO THE DETECTOR
(STANDARD)

NoO L2/L3 TRIGGER. INSTEAD,
SOFTWARE-BASED TRIGGER
RUNNING ON PC FARM

RUNNING ONLINE A FASTER
VERSION OF THE OFFLINE
RECONSTRUCTION

IN PRINCIPLE (AND IN PRACTICE)
ONE COULD RUN THE ANALYSIS

SELECTION ONLINE

THIS IS WHAT WE DO TO KEEP
THE ANALYSES AS LOOSE AS
POSSIBLE
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~ 350 HZzZ OF PHYSICS
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FOR NEXT YEAR (NOT
ENOUGH CPU @T0O)



PARTICLE FLOW

COMBINE THE INFORMATION L
FROM ALL DETECTORS TO l.
RECONSTRUCT SINGLE | N
PARTICLES
photon

PROVIDES LISTS OF .
PARTICLES (E,M,G, hadron
CHARGED AND NEUTRAL
HADRONS)

[CMS Preliminary | Barrel
IMPROVES HCAL g 0043 _ e P
RESOLUTION WITH TRACKER § "0 \ e |

? 0.25 I WO il s WO ST T WO
REPLACE THE HCAL 3
GRANULARITY WITH oo »
TRACKER GRANULARITY [ particle Flow converges
(IMPORTANT FOR JET Factor 2 P[GeVicl  toa calorimetric

measurement at high pT

SUBSTRUCTURE) improvement
at low pT



DIJET RESONANCE
SEARCHES



THE FASTEST LHUOC SEARCH
EQSj to 50y

SELECT TWO JETS AT LARGE PT, REGARDLESS OF THE REST OF
THE EVENT

LOOK FOR A BUMP ON A FALLING INVARIANT-MASS SPECTRUM

But Life is harder thawn thak

MASS RESOLUTION IS NOT THAT GOOD EVEN AT GEN LEVEL
AT LARGE PT, QUARKS AND GLUONS RADIATE AND MAKE IT WORSE

THE DIJET RATE IS VERY HIGH AT TRIGGER LEVEL. CANNOT LOOK
FOR LIGHT RESONANCES WITH SMALL CROSS SECTIAONS



THE FASTEST LHOC SEARCH

AT LARGE PT, QUARKS AND GLUONS RADIATE AND MAKE IT WORSE
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THE ‘“WIDE”’

HARD RADIATION HAPPENS AT SMALL

ANGLES — THE RADIATED ¢/g¢ SHOULD
PRODUCE A JET NEARBY

ONE COULD USE A LARGER CONE

OR TRY TO RECOVER THE RADIATION
LOOKING FOR A JET NEARBY. WE ADDED
TO THE INITIAL JET ALL THE JETS WITHIN

AR=1.1 AND PT>40 GeV (PU IS A
PROBLEM FOR SOFTER JETS)

A BETTER SOLUTION WOULD BE AN ANTI-
KT CLUSTERING OF THE CLUSTERED
JETS, INFRARED SAFE (WORKING ON
THAT)

PEAKS MOVES AT THE RIGHT PLACE.
RESOLUTION IMPROVES (PARTICULARLY
FOR GG RESONANCES, AS GLUONS
RADIATE MORE)
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(Data-Fit)/op,,,

A SELECTED EVENT

MANY SIGNAL EVENTS (FROM

SIGNAL MC) LOOK LIKE THIS

(REAL DATA) EVENT
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CMS Experiment at LHC, CERN
Data recorded: Sat May 26 13:25:29 2012 CEST
Run/Event: 195016 / 425646417

| Lumi section: 384

WHEN THE RADIATED JET IS
MISSED, THE MASS IS
UNDERESTIMATED AND THE
SIGNAL EVENT MOVES T0O A
HIGHER-BACKGROUND BIN
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THE FASTEST LHOC SEARCH

THE DIJET RATE IS VERY HIGH AT TRIGGER LEVEL. CANNOT LOOK
FOR LIGHT RESONANCES WITH SMALL CROSS SECTIAONS
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THE DIJET DATA SCOUTING

THE BOTTLE-NECK IS THE I/0 (MB/S) AND NOT THE
RATE (EVENT/SEDR)

WE ONLY NEED THE JET PT, AND SOME MINIMAL
INFORMATION TO REJECT NOISE

WE WRITE MUCH MORE THAN THAT

THE COMPROMISE L1 HLT Reco HLT Filter

Yes
ACCEPT WORSE —>

9 )
RESOLUTION —> S Write Full

@HLT Yes event

—>

WRITE ONLY N
MINIMAL \ o
INFORMATION _V vy
(4AMOMENTA ~ Write only 4
JETS&LEPTDNS) Calo DiJet mass Momenta Of

<10 Kb/s the jets

No
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O(1 KHZ) DATA OUT

26/10/11 PROTON PHYSICS DAQ state Run Number Lv1 rate Ev. <Size> kB DeadTime(AB) Stream A HLT <CPU>
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THE DIJET
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16 HOUR RUN AT THE END OF 2011 RUN (7TeV)

COLLECTED ~-4 TIMES THE STATISTICS WE HAD IN 2010
(35 pb'') WITH EQUIVALENT TRIGGER

IMPROVED THE LIMIT PUBLISHED
OF MAGNITUDE
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BACK TO THE ‘80s/¢90sS

THERE 1S A REGION OF THE O v§S MASS PLANE WHICH WAS
NOT PROBED SINCE UA1,UA2 AND TEVATRON RUNI

4‘/\ 104\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

BA1 (49

PLE Votume
| Issuet, 28
1 1988, Page
127134,

/

E Es Diquark

-
10 E

. N
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\“\\\\ ‘ ‘

| SN ! [ L1
200 300 400 500 600 700 800 900 1000 1100

New Particle Mass (GeV/c?)

SCOUTING CAN BE USED TO EXPLORE THAT REGION

CoLLECTED ~18 fb'' wiTH SEOuUTING SWITCHED ON
RESULTS EXPECTED BY THE SUMMER
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WW/WZ/ZZ RESONANCE
SEARCHES



FROM JETS TO BOOSTED VS

THE DIJET ANALYSIS IS LOW BOOST HIGH
SENSITIVE TO WHATEVER LOOKS G
LIKE JETS

BOOST

IN PARTICULAR, TO BOOSTED W/
Z (E.G. RS BULK GRAVITONS)

A SIMPLE CUT ON THE JET CMS Simulation
w [ [ [ [ | [ [ [ [ | [ [ [ [ | [
MASS WOULD REMOVE THE 2 L VSHIG13.008  — Swrigge,m a0 cey
OBVIOUS RCD BACKGROUND O R R ungroomed jetmass |
a i —L W+dJets, MadGraph+Pythia6 |
= oL ungroomed jet mass _|
THE JET MASS FOR A QCD JeT £ 0-21 _

IS A PT MEASUREMENT, SO IT IS
NOT QUITE USEFUL (— V MASS
PEAK FOR HIGH-ENOUGH PT)

THIS IS WHY GROOMING

TECHNIQUES ARE INTRODUCED i e S B
0 50 100 150
22 jet mass




m/oc Ao / am

JET GROOMING

WITH JET GROOMING WE MEAN A SET OF TECHNIQUES TO
“CLEAN?” THE JET FROM SOFT RADIATION

ONCE THIS

THE PARTON SEEDING THE SHOWERING

MOREOVER, THESE TECHNIQUES ATTENUATE THE EFFECT OF

PU (WHICH LOOKS LIKE SOFT RADIATION)

SEVERAL TECHNIQUES:

0.6

05 F

04 F

0.001

plot by G. Salam

m [GeV], for p; =4 TeV
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100

1000

plain jet mass

m—— ass-drop tagger (yy,=0.09, 1=067)

e Pruner (z,,=0.1)
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Pruning
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Recluster

on scale Rsub

jet mass/pt
sets Rprune

Recluster

©

.
O

discard subjets

1S DONE, THE JET MASS RELATES TO THE MASS OF

| »
with < Zeut pt

discard large-angle

soft clusterings

Mass-drop tagger (MDT, aka BDRS)

S

decluster &

discard soft ju

rﬁ

0

repeat until

find hard struct
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PRUNING

START FROM A LARGE-RADIUS JET( CA wiTH R=0.8 FOR
CMS)

RECLUSTER THE JET CONSTITUENTS AND EVALUATE THE
HARDNESS AND ANGULAR SEPARATION OF THE LAST

RECOMBINATION

hardness angular separa’rlon B B
;,, _ h“"x x-e1|:¢ soft anhd large /{ o \ / — ] ~ x
. F I:l 0 |:| ~.~1 angle recombinations / |:| . |:| N
min ; ; MJET "L O - . O \
g =mnProPr) o1 AR <05 SERER >() —( &
P, jer Proer | \\g.. 0/ BT e g o/

REMOVE THE SOFTEST SUBJECT IF CONDITIONS NOT
SATISFIED

PROCEDURE REMOVES SOFT AND LARGE-ANGLE RADIATION
FROM QQCD. IMPROVES THE MASS RESOLUTION

ALSO MITIGATES THE PILE-UP CONTAMINATION

arXiv:0903.5081 arXiv:0912.0033
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SUBSTRUCTURE

SUBSTRUCTURE CONSISTS IN LOOKING FOR
CLUSTERING OF JET CONSTITUENTS (SUBJETS) INSIDE
THE JET (I.E. “MULTIPOLE” VS ‘“‘MONOPOLE” SOURCE OF

GQCD RADIATION)

GROWING LITERATURE ON THIS SUBJECT. ABOUT ONE
NEW VARIABLE PROPOSED EVERY MONTH. DEDICATED
SERIES OF CONFERENCES (E.G. BoosT)

THE NAME OF THE GAME IS IN GOOD MOMENTUM AND
ANGULAR RESOLUTION

MORE EMPHASIS IN THE CALCULABILITY OF THE
VARIABLES, IN ORDER TO IMPROVE OUR
UNDERSTANDING OF THIS GROWING SUBJECT

ALSO IMPORTANT IS THE EFFECT OF PU (wWHICH
REDUCES THE DISCRIMINATION POWER)
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S VS B AFTER DETECTOR EFFECTS

N-subjettiness Mass drop Q jets volati ity

- CMS‘ Preliminar‘y 3|mU|ati?N, le=38 T?V, W+jets UMS Preliminary Simulation, .3 = 3 1eV, W+jets CMS Preliminary Simulation, Vs = 8 TeV, W+je.s
N T T T T T T T T T T T T T T | C B T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T i C r T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ]
,9 - — i T O - i - o H
"5' L CAR=08 X WLWL’ Pythia6 | -l__—" 0.4+ CAR=08 7 X— WLWL’ Pythia6é | = B CAR=0.8 X— WLWL’ Pythia6
o | 250<p <350GeV —— +<PU>=22+sim. _C:} "L 250« p,<350GeV —— +<PU>=22+sim. - _8 | 250<p <350Gev —— +<PU>=22+sim.
"-?) 0.3+ <24 T + .<PU> =12+ si.m. — _,Jb) i mi<2.4 +<PU>=12 +sim. | b= mi<24 +<PU> =12 + sim.
3 - W+jets, MG+Pythia6 3 L e W+jets, MG+Pythia6 | é .............. Wijets, MG+Pythia6 |
N 0 W Ne) L — +<PU>=22 +sim. | - 03? — +<PU>=22 +sim. i = L — +<PU>=22+sim. -
Q e +<PU>=12 + sim. - D S +<PU>=12 + sim. - D . +<PU>=12 + sim. -
mass N 0.21 N A I ] N I l
Se ec lon B - B B B i :6
; : 0.1 - . 1
L=< 0 i i ‘ ]
0 | 00 02 04 06 08 .
Ty ¢4 mass drop I qjut
CMS Preliminary Simulation, (s 3 TeV, W+jets - CMS‘ Preliminar‘y Sil’nu'ﬂti(rn, s ‘EV, Wije.s - CMS Preliminary 3imulation, Vs = € TeV, W+jets
c — T 1 r r ] ] T Tt T 7“ T T T T UL “‘7 L L Y I L B L BB
:) B = .9 ............ — i 9 B — i
.g | CAR=08 7 X— W|_W|_s Pythlas -IS - CA R=0.8 X WLWL’ Pyth|a6 .5 | CAR=08 7 X WLWL! Pythla6 1
O 0.3 250<p <350Gev — + <PU> =22 + sim. | ! L 250<p <350GeV T + <PU> =22 + sim. e | 250<p _<350Gev <~ + <PU> =22+ sim. |
.E B <24 T +<PU>=12 + sim. - ,E-) B <24 T + -<PU> =12 + si.m. | g 0.6 m<24 +<PU>=12 +sim. |
2 © 60<m,<100GeV W+jets, MG+Pythiaé | ~ 0.2 60 <m, <100 GeV - W+jets, MG+Pythia6 _| a | 60<m,<100GeV W+jets, MG+Pythia6 |
W mass % i — +<PU>=22+sim. | - - — +<PU>=22+sim. - i —— +<PU>=22+sim. |
t @ oo +<PU>=12 + sim. _| () I + <PU> =12 + sim. Q - e +<PU>=12 + sim.
selection X °7 | N | Noa
© i (qv] «
€ [ £ | 1 €
- | —
O - g 0.1+ — o)
p - - {2
0.1 [ 1 0.2
L 0 - e ! O .
% 0 06 0.8 0

mass drop

CMS-PAS-JME-13-006

20



TAGGER DEFINITION

ONE WANTS TO SEPARATE A TWO-PRONG
FROM A SINGLE-PRONG ANGULAR
DISTRIBUTION OF THE DECAY PRODUCTS
AROUND THE JET AXIS

SEVERAL VARIABLES “0ON THE MARKET” TO
EXPLOIT THIS DIFFERENCE

CMS STUDIES THEM AND COMPARED
PERFORMANCES (ALSO WITH MVA
TECHNIQUES). AN OBVIOUS WINNER IN
PERFORMANCE VS SIMPLICITY COMPROMISE

1-€bkg

A FUNDAMENTAL INGREDIENT HERE IS PF:
NOT ONLY THE ENERGY RESOLUTION BUT
ALSO THE ANGULAR RESOLUTION AND THE
DETECTOR GRANULARITY AT PLAY. THE
INTEGRATION OF THE TRACKER WITH THE
CALORIMETERS PROVIDES THIS AT OPTIMAL

CMS-PAS-JME-13-006
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JET N-SUBJETTINESS

N-SUBJETTINESS IS SMALLER IF THE
CONSTITUENTS OF A JET CAN BE
ARRANGED IN N SUBJETS

ONE CAN USE THE VARIABLE TO TEST
DIFFERENT HYPOTHESES (E.G. V VS
TOP VS QCD JET)

IN REAL LIFE, RATIOS ARE
PARTICULARLY USEFUL TO
CATEGORIZE EVENTS (HIGH PURITY VS
Low PURITY) AFTER A MASS CUT ON
THE JET IS APPLIED

CORRELATION WITH JET MASS AND
PU EFFECTS TEND TO REDUCE THE
DISCRIMINATION POWER

POLARIZATION ALSO MATTERS (E.G.
SEPARATION MORE EFFECTIVE FOR V_
THAN V7)
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TAGGING EFFICIENCY

TAGGER CONSISTS OF MASS CUT

[60,100] GeV + To/T1<0.5 “_.f’

__CMS Simulation, (s = 8 TeV, dijets

-.-..'-’.'.'. -u\.,.::;’..'\'v‘&;:;‘“'"‘ CA R=0.8
. l<2.4

[

R,

WORK IN

PROGRESS n

@ 60<m <100 GeV

— &1,,<cut ’
B &7, <05

0.95

EFFICIENCY IS BETTER FOR VL. THAN

FDR VT 0.9

<PU> =22, 400 < pT <600 GeV
—— WL
<PU>=12
generator, PU =0
- W,
quark
gluon
0.8< pT <1.2TeV

SIMILAR DISCRIMINATION POWER VS
GQUARKS AND GLUONS

0.85

’

[ A S R SR N T T N NN T SR SR N N
0.2 0.4 0.6 0.8

EVEN A MINIMAL

o
o3

PILEUP (12 Ssig
INTERACTIONS/
CMS Preliminary Simulation, (s = 8 TeV, W-ets ___CMS Preliminary Simulation, is = 8 TeV, W+jets
BUNCHX) HAS AN L B R B R g T | |
c Q
IMPACT ON BKG 2 4 1 2 osl 1
E . i 1 qq—) L
REJECTION VS SIGNAL CHE o ] f
0.61 &g&’“w“” e W R 0.6 R
EFFICIENCY L T s - - CAR=0.8
EN CA R=0.8 ;%gé% : 0.4; 250<pT<350 GeV N
0.4+ A
B &g : D signal, mass cut :
i D signal, mass cut i 0.2 —
0.2 I I signal, mass + t,/t, cut ]
i %signal, mass +1,/t, cut : 07 ‘ §l T T
10 15 20 25 30

CMs-pAS_JME_13_006 200 458 7600 800 E)?)(% 70 number of vertices



A DOUBLE-TAG EVENT

CMS Experiment at LHC, CERN

Data recorded: Sat Sep 24 12:58:42 2011 EDT

Run/Event: 177074 / 1171400298
invariant mass = 1044.56

CMS Experiment at LHC, CERN

Data recorded: Sat Sep 24 12:58:42 2011 EDT

Run/Event: 177074 / 1171400298
invariant mass = 1044.56
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pt=226.18
eta=0.758
phi =-2.450
mass = 13.69

pt=272.23
eta = 0.536
phi=0.888
mass = 13.86

pt=164.72
eta=0.723
phi = 0.598
mass = 7.49

pt = 253.26
eta = 1.085
phi = -2.402
mass = 22.37




VALIDATION WITH DATA

SELECT A SAMPLE OF BOOSTED tt AS ONE bJdET+ 1 LEPTON
RECOILING AGAINST ONE bJET AND ONE JET (THE W CANDIDATE)

FIT THE W MASS TO SEPARATE SIGNAL FROM BKG

STUDY SUBSTRUCTURE VARIABLES DATA VS MO

DERIVE A SIGNAL SYSTEMATIC FROM DATA-MOC AGREEMENT

CMS Preliminary, 19.5 fb at /s =8 TeV, W— u v ® CMS Preliminary, 19.3 fb” at \'s = 8 TeV, W+jets CMS Prellmlnary 19 3 fb at \E 8 TeV W — u
500 LT TT | TTTT | T TTT | TTTT | TTTT | TTTT | TTTT | TTTT | T T T1T1] 800 : I I I I I I I I : ..2 : mT | | | | :
. tt SingleTop | > 9ok b > 200 GV 4 Data |:| Z+dets 1 2 ol .
B n i 700 o T inl<2.4 = m 250 B Ei q; ( ptT )’J + Data W - + Data W + |
- — - . . — — K LA 1
i WW/W2Z/ZZ +jets 4 -~ 40 <m, <130 GeV DS'"Q'e Top .WW’WZ’ZZ I g C 2t jety s
- [ dat% ....... N‘C fit 7] 500 - .W+jets Pythia — i powheg = B ]
[ — dath fit | ] s00f —iimeanio  [ucsaesys 3 B ;
- 1 — = 150|— —
- A o :
i | | | ] 300 E - )
] | | 1 200F 4 oo =
200 I I ] : 5 . 1
i | ] 100 3 3 sor- ~
I \ | e - - :
100~ ] £ 2F E oL ~ ]
- 1 (d)) r .

i < 155 “H E % T I

% (i) 15 ;_ ..... | ...... =
""""""" = 8 4
77777 N © E :
40 50 60 70 80 90 f1 OO 110 120 130 . : ] ] ; ] : ; : E O o.5F- r = ...... 3
pruned jet mass (GeV) 002 03 04 05 06 07 08 09 1 0E 05 04 07 0 02 04 05 08

T /1:1 jet charge (x = 1.0)

CMS-PAS-JME-13-006



FULLY-HADRONIC X—™VV

BUMP HUNT IN DIJET FINAL STATE AFTER APPLYING V
TAGGING

2V TAGS REDUCE JCD BY A FACTOR 200 RETAINING 10%

—_— I T T T T T T T T T [ T T T T T T T T T [ o ) T .' r o '. LA L L L LR '_'
% 107 - Medium Purity Double W/Z-tag data = % 10" 3 ®-High Purity Double W/z-tag data =
) - — Fit . Q) : — Fit :
S 1072 o 102 Gpe->WW =
o 107 g - Gpg->WW = g_ = - Ypg™ E
Q. - . = 2 ]
3| | ) - . 1=
E 0 e CMS Preliminary (19.8 fb™)= £ 0 CMS 8PrTell\;nmarv (19.8 fb™)
O ¢ \'s =8 TeV : B f \s=g7e ]
Q a4l <25, |An < 1.3 _ S 14k ml <25, |An| < 1.3 =
8 ) g 4 8
- ] LG, ->WW (1.5 TeV .
107 - Gre>WW (1.5 TeV) = 107 " E
10-6 ;_ _; 10—6 E_ !-'! \\"\ ]
F , 2f 2 E| 5 2f _ -
I-Ic'r_s‘go.. . . _ ' 9§0—=HJ - - E— :
o 2k ©lo 2k ; | i
) 1000 1500 2000 2500 3000 a 1000 1500 2000 2500
Dijet Mass (GeV) Dijet Mass (GeV)

CMS-PAS-EXO-12-024
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X2PWI((IE V)V

PREDICT THE BKG FROM CMS-PAS-EXO-12-021
THE JET MASS SIDEBAND

N MC- Bkg
_ Sig— Reg NDATA Bkg NDATA
o= N MC Sig— Reg SB —Reg
UseE THE MC 1O SB—Reg
TRANSFER THE MWW MASS CMSPrellmlnarv 195fb at\r‘BTeV W—)E\_’HP
.W+jets .mmwz;zz i
DISTRIBUTION FROM THE ~ L r Single Top __
10 =
% ® data 2 Uncertainty
SIDEBAND T0O THE SIGNAL e .
(D 102 """ Bulk Graviton M=1.5TeV k=0.2 (x100) —=
REEIDN 8 ----- Fit to data ;
CMS Preliminary, 19.5 ' at {5 =8 TeV, W e v HP NS E
- 1; ] ~ - i
0.25H { — + — Sideband —7 n 1L oo
Lo . . 7] e = ”"0’0‘0 o]
- -.---- Signal Region - - - ""’"”‘52253225’33.0...
. —a = 2
A= 02 b o Alternate PS N I 107E e
% - o Alternate Function Js - ;
: I‘ ot 16 ] 10—2 i L "Tt Ll b
g 0.15— i at 2o —:4 =3 1000 1500 2000 2500 3000
4= ; : . mWW (GeV)
Q i E = 41— | -
G 8 ottty i, ! H
| O 0 T T ] T T 2 —
0.05 ©o - &) ! ! ! -]
© 4 _
- o J 5 1000 1500 2000 2500 3000
| | | | | | rr‘*."'h'-‘-"-'- RN NS PR —| | [ — |

0
1000 1500 2000 2500 3000

My (GeV) 33




XPZ(EEYV

SIMILAR TO THE OTHER ANALYSES, WITH THE
COMPLICATION OF TW0O COLLINEAR LEPTONS

STANDARD LEPTON ID CHANGED TO ACCOUNT FOR
THE “INTERFERENCE?” BETWEEN THE ISOLATION

CMS Preliminary Simulation Vs = 8 TeV

1:III|III|III|III|III|III|III|I:
Bulk Graviton, k = 0.2, M_, =2 TeV
JHUGEN + PYTHIAB
10_1 | Tracker-based relative isolation |
Modified tracker-based relative isolation E

Normalized to unity

-
o

E||ma||5h||||a||||||||

0.2 0.4 0.6 0.8 1 1.2 1.4
Relative Isolation

CMS Preliminary Vs = 8 TeV [Lat- 188t CMS Preliminary Vs = 8 TeV [Lat= 108"
:||||||||||||||||||||I|IIIIIIIIIIIIIIIIIIIIIIII_ EI|III|III|IlllIII|IIllIIIIIIIIIIIIIIIIIIIIIIII:
®  CMS 2012 (ee, 1JHP) ] C ®  CMS 2012 (up, 1JHP) ]

Background estimation

[ z+jets (Madgraph) E 1
[ other Backgrounds (it Vv) ]
Bulk G* (M_=1000 GeV, k=0.5 (x100) }

Background estimation

[ Zz+jets (Madgraph) E
[ other Backgrounds (i, Vv) .
Bulk G* (M_=1000 GeV, k=0.5 (x100) )|

ﬂ -uu HP |3

il i

Events / GeV
Events / GeV

il i

L1 | 1 1 1 1
600 800 1000 1200 1400 1600 180020002200 2400 2600 2800 600 800 1000 1200 1400 1600 18002000 2200 2400 2600 2800
M,, [GeV] M,, [GeV]

CMS-PAS-EXO-12-022
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VV - fully hadronic

CMS Preliminary, 19.8 fb”, i's = 8TeV

WV - semileptonic

CMS Preliminary, 19.5 fb" at (s=8TeV, e+u combined

—— Observed
Expected

[ ]+ 10 Expected
[ + 2 6 Expected
— G > WW

T
T \I.,HI|

G x BR(X — WW) (pb)

"
.,
L 1 | ‘ [ | L 1 | ‘ [oa] | ‘ | 1 |

—8— Observed

----------- Expected

| Expected,* 16

| ] Expected, + 20

----------- GgyX BR(G— WW),k=0.2
—— O, X BR(G-WW),k=05
—— Observed, cross-check method 3
................. Expected, cross-check method 7|

Gyey, X BR(G*— ZZ) [pb]

LIMITS COMPARED

ZV - semileptonic

CMS Preliminary Vs = 8 TeV JLdl =19.81"

L PPPPPPPRRRE saaaaaninnsdinsansansaasaanmannaaaaann

B T S R SUNS. S ISR I ............ § I I
. T I I O AV I

|||||||||||||||

—— ASympt. CLSDtrserved

- Asympt. OZILS Expected+ t¢ = |~ -
........ Asympt. ELS Expected + 20

o, X BRIG" — 22), k=050 |

________ % BRIG® — 22), k=020

Resonance mass (TeV)

1400 1600 1800 2000 2200 2400

My (GeV)

[ 1
600 800 1000 1200 1400 1600 1800 2000 2200 2400

M. [GeV]
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SEARCH FOR NATURAL
SUsSsY WITH RAZOR



SEARCHING FOR SUSY@LHC

\s=7TeV, [Ldt=11fb"

CMS Preliminary
R

- WITH THE 7TEV RUN WE N% pg T i
LEARNED THAT, IF THERE, SUSY S "Pmp-aonse  EHwr
IS NOT AS SIMPLE AS WE IMAGINED £ | st
- AND THIS WAS NOT EVEN 73
UNEXPECTED (E.G. EW PRECISION, AN D
FLAVOR)
RETHINKING THE SEARCH 0 a0 &0 80 1000

- NEW MOTIVATIONS (WHAT DO
WE SEARCH FOR)
- AN ANALYSIS STRATEGY (HOW?)

CU- ""JP"“S"j /657{4(&1/ 5 U g

NP scale A (TeV)
80)
I

105;
L300 T 5 10_
10°F
Yoo i ﬁl—-)’R 5 L’L_ 102;_
M :
2o \‘\, 10

2 2

uku/o'\io\ue' —\7"’\1275: (Hy:_fzf ) ’ (%)



ONE SCENARIO, MANY SIGNATURES

@

= MULTIJET FINAL
STATES WITH §—>tb')~('i
MANY B QUARKS

(4t, 3tlb, 2t2b, 1t3b, 4b) 5
FROM GLUINOS -

= HIGH-PT LEPTONS

FROM W DECAYS t—bx* t—tx g — bby
- SAME/OPPOSITE

CHARGE LEPTON . -

PAIRS, WITH SAME X" = W'

OR DIFFERENT
FLAVOUR

O

H+

>< 1

>

= RATHER THAN FOCUSING ON ONE SIGNATURE, WE DECIDED TO

DESIGN AN INCLUSIVE SEARCH
= RATHER THAN FOCUSING ON THE TAIL OF SOME KINEMATIC
DISTRIBUTION, WE DECIDED TO USE A LOOSE SELECTION. MORE

SIGNAL, BUT ALSO MORE BACKGROUND
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THE RAZOR

THE PROTOTYPE PROCESS IS

SEUARK-SQUARK -> JJd + 2 LSP SQUARK REST FRAMES

IF WE COULD PUT THE SRQUARKS
IN THEIR REST FRAMES, WE
wOuLD SEE TWO JEST WITH SAME
7|

M2 — M3
My = -1 X — 2M.
A Mq x'YA,BA

WE OBSERVE THE JETS IN THE
LAB FRAME, BOOSTED BY
RELATIVE SQIUARK MOMENTUM
AND PARTONS BOOST

WE wWOULD LIKE TO UNDO THE
TWO BOOSTS

39 >
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THE RAZOR

IN REALITY, THE BEST WE CAN DO IS TO COMPENSATE

THE MISSING DEGREES OF FREEDOM WITH ASSUMPTIONS
ON THE BOOST DIRECTION

- THE PARTON BOOST IS FORCED TO BE

LONGITUDINAL RAZOR

- THE SQUARK BOOST IN THE CM FRAME CONDITION

IPRji]= PRz

IS ASSUMED TO BE TRANSVERSE

® Wwe REQUIRE THAT THE TwW0O JETS
HAVE THE SAME MOMENTUM AFTER
THE TRANSFORMATION, AND WE
SOLVE FOR THE BOOST

® THE TRANSFORMED MOMENTUM

DEFINES THE Mgr VARIABLE

Mg = \/(Ejl + Ejz)2 — (plzl T pJZZ)Z
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THE RAZOR

MRr IS BOOST INVARIANT, EVEN IF
DEFINED FROM 3D MOMENTA

NO INFORMATION ON THE MET IS
USED

THE PEAK OF THE Mpr DISTRIBUTION

IIIIIIIIII-

| |

lllllllllll

M

1
1
1
1
1
1
1
1
1
1
I

80

Hllllll[llr

lllllllllll'V

o dlnca(bncn o
1000 1200 1400

M, [GeV]

PROVIDES AN ESTIMATE OF MA

MA COULD BE ALSO ESTIMATED AS

=

THE “EDGE’” OF MR 3

lllllllllllllll

I I I = = = = E-E .

| ll 11111 Il ll 11111 Il ll 11111 Il

=

‘ 1 2 =i 7l ]2
M} = \/ E¥"™(pr +pr) — E¥™(Pr +Pr)
N 2

M-rR 1S DEFINED USING
TRANSVERSE QUANTITIES AND IT IS
MET-RELATED

THE RAZOR (AKA R) IS DEFINED AS
THE RATIO OF THE TWO VARIABLES
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SUSY SEARCH AS A BUMP HUNTING

CMS simulation Vs=7 TeV CMS simulation Vs=7 TeV
- —— 7 T L I B L IR I IR I
0.07= — . =1150 GeV.m =900 GeV 3 0.071— — my = 1150 GeV, m_= 900 GeV
- q i ] - ]
0.06F- m; = 1150 GeV, m_=750 GeV 0.06F m; = 1150 GeV, m, =750 GeV_5
- ] : — m. = 1150 GeV, m_ =500 GeV 1
- —m. = 1150 GeV, m_= 500 GeV 1 - M > My E
" = 1150 GeV, m. =50 GeV - - My = 150 GeV.m, =50 GeV -
S 0.04] | o = = 0.04F -
c:; ] CCS C = ]
0.038 — 0.03 —
0.02F- = 0.02F =
0_01; _f 0.0li— —i
O o T " _ : n E OZI....I....I....I....I....I....I....I....I.. =
M, [GeV] R’
&+ Ly B . -=1150GeV,m_=900 GeV
PEAKING SIGNAL AT MR MA m%zllSOGeV,m;:%OGeV
B - -=1150 GeV,m”? =500 GeV
(DISCOVERY AND m, = 1150 GeV, m% = 50 GeV
B H ARAET E RI SATI D N ) 3.0e-05 6.3e-08 1.2e-10 . 2.0e-13 3.3'6-]6

g MS simulation (s=7 TeIV_‘
= R HAS A MILD DEPENDENCE ' -

ON TOPOLOGY
= CORRELATION ALLOWS TO TUNE “

ool 5N
THE AMOUNT OF BACKGROUND B R S
PR R TR
VS SIGNAL IN THE ANALYSIS 0'2:;::i'L::;'.~'.~i.:,;_;
500 1000 1500 2000
M, [GeV]

2500
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INCLUSIVE SEARCH: THE BOXES

WE TARGET A MULTIJET
MET TOPOLOGY 3

WE BUILT A FRAMEWORK L / :.

FOR DIJETTMET DECAYS (

WE CONSIDER ALL THE (/ ?

POSSIBLE WAYS TO SEPARATE
THE JETS IN TwWO ‘“MEGAJETS”

WE COMPUTE THE FOUR-MOMENTUM OF ONE MEGAJET

AS THE SsUM OF THE FOUR-MOMENTA OF JETS IT
CONTAINS

WE TAKE THE CONFIGURATION FOR WHICH THE
MEGAJETS GIVE THE SMALLEST SUM 0OF INV. MASSES
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INCLUSIVE SEARCH: THE BOXES

Requirements
Box lepton b-tag kinematic jet
Two-Lepton Boxes
(Mg > 300 GeV and R* > 0.15) and

> 1 tight electron and

> - > 21
MuEle > 1 loose muon > 1b-tag (Mg > 450 GeV or R? > 0.2) = 2)ets
> 1 tight muon and (Mg > 300 GeV and R* > 0.15) and :
> - >
MuMu > 1 loose muon > 1b-tag (Mg > 450 GeV or R? > 0.2) = 2)ets
- 2
FleEle > 1 tight electron and > 1b-tag (Mgr > 300 GeV and R~ > 0.15) and > 2jets

> 1 loose electron

(Mg > 450 GeV or R? > 0.2)

ingle Lepton boxes

(Mg > 300 GeV and R* > 0.15) and
(Mg > 450 GeV or R? > 0.2)

(Mg > 300 GeV and R* > 0.15) and
(Mg > 450 GeV or R? > 0.2)

(Mg > 300 GeV and R* > 0.15) and
(Mg > 450 GeV or R? > 0.2)

(Mg > 300 GeV and R* > 0.15) and
(Mg > 450 GeV or R? > 0.2)

Hadronic Boxes

(Mg > 400 GeV and R* > 0.25) and
(Mg > 550 GeV or R? > 0.3)

(Mg > 400 GeV and R* > 0.25) and
(Mg > 550 GeV or R? > 0.3)

MuMultiJet > 1 tight muon > 1b-tag > 4 jets

Mu]jet > 1 tight muon > 1 b-tag 2 or 3 jets

EleMultiJet > 1 tight electron > 1 b-tag > 4 jets

EleJet > 1 tight electron > 1 b-tag 2 or 3 jets

MultiJet > 1 b-tag > 4 jets

2b-tagged jet > 2 b-tag

2 or 3 jets

BINNED IN BTAG (lb, 2b, 23b)
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FIT AND PREDICTION

FIT THE BKG IN THE SIDEBAND

—k;(MrR—M3 .)(R>—R2 .
Fi(Mg, R?) = [kj(MR—M%]-)(RZ—R%J-) _1] o o Ki(Mr—MR )(R2-R3 )

EXTRAPOLATE TO THE SIGNAL-

SENSITIVE REGION

N
T 10 CMS Preliminary (s =8 TeV -4-Data
o =
Dl [ Razor MuMultiJet Box f L=193f "' — Total Bkgd
10° —1 b-tag
?EE —=2 b-tag
107 =
- —o—
10 =
1=
o ;I““l ““““““ | R | IR S S
c>3§
X 2;
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S TEV RESULT

CMS Preliminary, 19.3 fb™, {s =8 TeV

CMS Preliminary, 19.3 fb™!, Vs =8 TeV
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CONCLUSIONS

SEARCHES WITH -JETS@LHE: ARE CHALLENGING BUT

RICH. ONLY A FEW EXAMPLES HERE. MANY MORE OUT
THERE...

THE ENVIRONMENT IS CHALLENGING, BUT WE CAN
ACHIEVE UNEXPECTED RESULTS WHEN THINKING OUT
OF THE BOX, TWISTING THE RULES AND PUSHING THE
DETECTORS BEYOND ITS LIMITS

WE DID NOT FIND ANYTHING STRIKING SO FAR, BUT
WE ARE NOT DONE YET...

AND WE HAVE DATA @1 3 TEV NEXT YEAR:
UNEXPLORED TERRITORY AHEAD AND (HOPEFULLY)
BIG SURPRISES...
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Jet reconstruction in CMS

CMS preliminary, L=1.6fb" (s=8TeV

Muon

Electron

Charged Hadron (e.g. Pion)
)”“ — — — - Neutral Hadron (e.g. Neutron)

Key:

PF energy fraction
© o o o o
OO OO N 0 ©
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o o
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Tracker .,_u_;.‘f:‘
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| N | <2 5 "G
E CA L Ca'l-‘oarci‘r:’er:er

o
—

Superconducting
Solenoid

In[<3  HCAL Muon |n|<2.4 |
Tt Inl<5 i S S S y
« Particle Flow Jets clustered from identified particles : §
reconstructed using all detector components A

« Default jet clustering algorithms for p+p collisions: charged
Anti-K; with R=0.5 (and 0.7)
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Jet performance in CMS

Jet energy scale uncertainty: 1% for p-> 150 GeV

Jet calibration vs. n better than 1% per unit of pseudorapidity for |n|<2.5
Jet energy resolution: 10% @ p;= 100 GeV

Jet position resolution in ¢ and n: ~0.01 @ p;= 100 GeV

Jet trigger efficiency: >99.9% above p threshold

Event-by-event correction for pileup based on jet area [PLB659(2008)119]

JEC uncertainty [%]

1OCMS preliminary, ||_ 1 6fb1 's = |8 TeV - \s=7 TeV, L=359 pb'_ CMS
i —Total uncertalnty ) total systsmatic uncertainty PFJets
9 — Absolute scale 3 ggl — Mo (ctom addee (Anti-k Fi=0 9) |
gF ~+ Relative scale - @ | — MC truth O0<m=<05
- - Extrapolation ] ) — &— dam
76 = Pile-up, NPV=12 -
60 = Jet flavor ] S‘
- Time stability L 02+ —
SH =
- Anti-k; R=0.5 PF . i
45— |niet|=0 E ¢ .
3H E 0.1 e =
2 - et 4 ¢
16
0B vy .- . TR O 2 11l I
20 100 200 1000 50 100 200
p. (GeV) p, [GeV.
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HADRONIC V WITH FAT JETS

looking for one massive jet is RS 750GeV | S Rs 2000Gev]| B
the minimal requirement. High 3= tead-iet | i, lead.jet |
= o1 mass §0.15

efficient for /s>1000 GeV

i TR R A
20 40 60 80 100 120 140 160 180 200
Mass of the Leading jet (GeV)

magnitude. More effective if on both jets
One can do better digging in the jet substructure

= 107

Start with the objects (e.g. towers) forming a jet found with a
recombination algorithm

Rerun the algorithm, but at each recombination test whether:
- Z < Zat and ARjj > Dcut

] i o e -
120 140 160 180 200
ass of the Leading Jet (GeV)

It allows to suppress the background from QCD by several orders of
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Slope Parameter [1/GeV]
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THE BACKGROUND MODEL

1_

[
DETERMINE THE SHAPE WITH A
ML FIT
FIT PERFORMED IN THE
SIDEBAND
SHAPE EXTRAPOLATED OUTSIDE
BKG PREDICTION (INTEGRAL) 107 2
COMPARED TO DATA TO LOOK i

FOR AN EXCESS
A
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THE EVENT SELECTION

EVENTS COLLECTED WITH SET OF MULTIJET TRIGGERS (44,54,
64)

AT LEAST 6 JETS WITH PT>30 GEV

MR>500 GEV & R<%>0.03

THREE SUBSAMPLES ARE CONSIDERED, DEPENDING ON LEPTON
MULTIPLICITY AND BTAG

QCD
conbrol BES loose b&ag 1 medium b&ag Search
sample & no lepton & no lepton sample

“Losk Lﬁpﬁo
control K loose bEag

sample % owne i.ep&om

CONTROL SAMPLES
T0O0 STUDY
DEDICATED BKGS

56



THE BACKGROUND MODEL

10

E_qq CMS Preliminary Vs =7 TeV
% f Ldt=4.98 fb"

1 BJet Box

=3 —e— Data

S h " Loose leptons

s~ SM Total
7SS

QCD

—— WHjets

H
......
il

I
il

Entries

500 1000 1500 2000 2500 3000 3500 4000

M, [GeV]

57

10

CMS Preliminary Vs =7 TeV

f Ldt =498 fb"

BJet Box

—e— Data

------ Loose leptons

//////
S

< SM Total
7SS S

B é' QCD

E — W+jets

.EL_I_IJ_I_LI|||||§J§|IE:?1/’ __2/??1/4||||||||||||||||||||||
0.1 02 0304 050607 0809 1

R2



