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Motivation

@ Why Search for “new” physics after the discovery of a  $2000F cus preiminay + 5B Wogpied Owia
N o . C A — S48 Fit
"Higgs”-like particle? G600 Se7BV LD SO avg i Conponen

~ [ \s=8TeV,L=53fb"

@ We have a hierarchy problem if this is the Higgs and it
is so light. The possible solutions from “new” physics:

¢ SUSY: R-parity conserved and violated scenarios
¢ Warped Extra Dimension

@ We expect new physics if this is not the Higgs:
¢ Need to find out a “Higgs”-like mechanism
¢ Strong Dynamics?

25 ’
\e\ Selected dipholon sample

. Data 2011 and 2012
Sig + Big inclusive fit (m,_» 126.5 GeV)

-------- 4th oeder polynomial

Events / GeV

|$:7TeV.del =481

@ We need to find solution for Dark matter no matter what 1400
happens to Higgs 1000
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@ Jets are everywhere, with several orders of magnitude 200f 3
higher cross section than other processes. Jets are ’ T '
either part of searching signal or background. This talk
focus on the searches with jet(s) in the final state

Data - Bkg




The CMS Detector

Key; Muon
Electron
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Charged Hadron (e.g. Pion)
)“'l — — — - Neutral Hadron (e.g.Neutron)
"y ====- Photon

Transverse slice
through CMS
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Jet Reconstruction

OF lowa

Anti-kt (AK) clustering algorithm with cone size of 0.5 (AK5) and 0.7 (AK7)
€ Infrared and collinear safe

Jet types:

€ Calorimeter Jets:

Reconstructed from energy deposits in the EM and HAD calorimeter,
grouped in projective calo towers

@ Particle Flow (PF) Jets (Details in next slide):
Use all detector elements to reconstruct particles and cluster fo jets.
¢ Fat Jets:

Clusters of AK5 PF Jets within radius of 1.1, optimize dijet resonance
resolution by recombining FSR into the two leading jets

Jet energy corrections: using MC truth information and real data
(i.e. y+jet) for residual correction

¢ Uncertainty on jet energy scale 2%
¢ Uncertainty on Jet energy resolution ~“10%
MET: negative vector sum of transverse momenta of all particle



OF lowa

» HCAL
A g Clusters

neutral :
© | Detector:
. 4 —
: _AL

hadron
S photon

charged \|&/
hadrons \ <PF|OW

Particles Clusters and tracks




PF energy fraction

JEC uncertainty [%]

Parhcle flow Jet
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HCAL: 120%/ VE + 6.9%

€

ECAL: ~1% NE

Precise

CMS preliminary, L =16 fb1 \}L 8 TeV
!

-Total uncertalnty 3
— Absolute scale
—~+Relative scale
- Extrapolation
-=Pile-up, NPV=12
-=Jet flavor
-=Time stability

Anti-k, R=0.5 PF
. |=0
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DP-2012/012
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Tracker o(py)/p: |-2% for 10 GeV track

Precise <10% for 100 GeV track

@ 60% of pileup mitigation using charged
hadrons attached to secondary tracks
@ Remaining mitigation using jet area



@ Signature: Monojet + MET
(graviton)

€ MET >200, 350 GeV
¢ At most 2 jets (p>30 GeV)

) G KK q G KK

u+jets sample, consistent with QCD MC

S§—number of extra spatial dimensions v prpl10 GeV, | n,<2.4
M,?=M %2 R® parameters—6, M, v p:>30 GeV, A ¢ ,<2.0
Graviton (G,,) escapes into extra dimension (undetected) .
50 LR B A L RS
g 2 19F cwms S E
Pair-produced Dark Matter O | s/ |c-7Tev 3 w-» 1
q DM (DM) at LHC escape out of @y . JL T—— ] oco 3
CMS detector (undetected) , 10° Bz .
— ® - Do 3
GC) """ OMA 9 GoV m« 1 GoV ;
End up with jet+MET AT ADDMg=2TeV,5+3 3
T DM
@ Data-driven background estimation using

® W/Z +jets 2] e
@® Z(vv) + jets } i E
@ No significant excess is observed 200 400 600 800 1000

arXiv:1206.5663, EXO-11-059 Er [G;geV]



%-Nucleon Cross Section [cm?] :

Best constraints for low mass dark matter,
first time below 3.5 GeV, unexplored before
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most stringent constraints by orders of

Observed and expected 95% CL
lower limits on the ADD model

parameter M, (in TeV/c?) as a

magnitude over 1-1000 GeV mass range

454 <« function of 8, with and without NLO

LO NLO
J | Exp. Limit Obs. Limit | Exp. Limit Obs. Limit
(TeV/c?) (TeV/c?) (TeV/c?) (TeV/c?)

2 3.81 4.08 4.20

3 3.06 3.24 3.32 3.51

4 2.69 2.81 2.84 2.98

5 2.44 2.52 2.59 2.71

6 2.28 2.38 2.40 2.51

K-factors applied

Significant improvement compared

to previous experiments
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Dijet Resonances Search

CMS Simulation

@ Parton resonances decaying into dijets
from various models

@ Search for 3 generic types of narrow
dijet resonances

® qq.qg9.,9g resonances
¢ Using fat jet in this search

€ Fat jets shows better resolution due
to more recovery of FSR
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Quark-Quark (Fat Jet)

1T 1 1

—— —— Quark-Gluon (Fat Jet)
-------- Gluon-Gluon (Fat Jet)

—— + = Gluon-Gluon (Anti-kt R=0.7)

EXO-11-015
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Mixed

Chan
0.02 qg
0.004 qq
0.05 14
0.05 99
0.01 qg, 99
0.01 qq
0.01 qq

0.003-0.037 qg, 99,99
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Dijet Resonances with 8 Tev [
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@ Fat PF Jet, [n1<2.5 & |A n1<1.3
@ Data are in good agreement with QCD
@ Fit to a parameterization
@ No evidence of new physics
8TeV EXO-12-016
; 10 g prrrrTT L I§ — TT l T TTT ] T TTT l TTTT l T 1T I T 1T ll—‘-l T 1T l T T TT
8 = 8 TeV —e— CMS Preliminary (4.0 fb™) 3 e : 8 TeV v ]
= 1E -1 - = - L W' X - —]
f,l_ E 4.0 fb Fit | § g 4_ W' (1.5 TeV) 4.0 fbl o ]
c w0k N T QCD Pythia . L_,f i - E E |
Q § Jet Energy Scale Uncertainty E 1 ~ E- ) , m
8 10% — I 2 L N
= W (1.5 Tev) s CDU i ) : |
10° £ __;“" * E; diquark (3.5 TeV) = ~ ¢ - ' ' .
E h;—!,l |__: E 0__ — oy | P L. —
10 ! = - .
- Vs=8Tev ] i ]
10°E ml<25, A< 1.3 W S o B
.F Wide Jets - © CMS Preliminary (4.0 fb') ]
. O .E " \E=8Tev E, diquark (3.5 TeV) "
R T Ml<25, jAn|< 1.3 -
2 % -4~ Wide Jets ]
- :‘% 11 | | | I 111 I | I I | I | | I L1 11 | | | | 1 1 I_

5500 3000 3500 40004500 1000 1500 2000 2500 3000 3500 4000 4500
Dijet Mass (GeV) Dijet Mass (GeV)
11
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Event (3D)
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CMS Experiment at LHC, CERN
Data recorded: Sat May 26 13:25:29 2012 CEST
Run/Event: 195016 / 425646417

Merged

8 TeV
4.0 fb?

** Three distinct particle-flow jets. The two lower p; jets have been combined by

the “fat” jet algorithm into a single jet, M= 4.5 TeV.
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Dijet Resonance Limit with 7&8 Tev E
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;i | T T I‘,“Y +“ 17 TT | T \"\I T 1T 17T 1T 17T | 17T 17T | T T I: 3 :' | \"J“ T T ‘k"l T T T T TT T T T | T T TT | T T | TT ]:
A A g -.-~ String Resonance ] ¥ L % e ---- string _
_ ‘o N N . Excited Quark | ~— 1 0 L "\ """ Excited Quark —
Axigluon/Coloron < E k Axigluon/Coloron 3
= 3 E Diquark - 5. Eg Diquark .
E W, eS8 3 X AN -- 88 .
: Lo : NS o w .
- = — E Sas .., . zZ 3
L *— RS Graviton - X O\ S RS Graviton .
ok : | s |
- - g = 107 . -
= “ ] (@) E S ., 3
B R 3 - 1 qJ : l\ 2 o :
I CMS Preliminary (5.0 tb™!) "»\l ", 7 P 102 CMS Preliminary (4.0 fb™) Byis

102 1s=7Tev “"\,‘ > : 9) = 1s=8Tev soood
E ml<25,]An <13 ‘ Q C Mmli<25,]an <13 ss : ‘ )
- 95% CL Upper Limit R O 10 95% CL Upper Limit E
T —e— Gluon-Gluon 7 TeV \"\4" ; —— Gluon-Gluon 8 TeV sll‘»,~ "".. E
10_3 - —e— Quark-Gluon 5 O fb'l - = I —e— Quark-Gluon 4 O fb-l "‘u,/, "’..‘ .
F -8 Quark-Quark . g ] 10 E- —&— Quark-Quark ~"~.,~, "*.7:
_I | 11 1 | L 111 | L 11 1 | | I | | L1 1 1 r"J l 1 \? 1 I_ :[ | L1 11 | L1 11 | L 111 | L1 11 | L1 11 | L1 11 | L 111 | 1I~‘f“4§

1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000 4500
Resonance Mass (GeV) Resonance Mass (GeV)

7TeV EXO-11-094 :201 | 8TeV EXO-12-016 :2012

- Resolution: gg > qg > qq. Limits more stringent for: qq > qg > gg.
- Limit on any dijet decaying model may be estimated from those generic limits.

The dijet resonance searches have been extended to b-tagging (7TeV EXO-11-008)
and W/Z tagged searches (7TeV EXO0-11-095).
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Paired Dijet Resonance Search (4-jets)
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g Gl g L g w4 G
g g
G:,, }ii >mmvii
g Gl 9 Gl g G, 4 Gl
@ Benchmark model: pair produced colorons

@ Require well separated central jets: all jet | nl<2.5, deltaR(j,j)>0.7
24 jets with p;>150 GeV, optimized for a generic coloron search
), select the best

¢ ©

3 pairs, examine average dijet mass of pairs—(m
matched pair—Am/m_,<15%

avg

avg

@ Diagonal cut to have a smooth falling background:

7TeV EXO-11-016
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Paired Dijet Resonance Search (4-jets) o0

1000

CMS Simulation

800

600

400

(PT)I - Myyg (GeV)

A=

-200

-400

i=E,;

N
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o
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| | | | | l l

4 Jets from QCD Madgraph

el
100 2

o

00 300 400 500 600

1
700 800 900 1084°
Paired dijet average mass (GeV)

| Run: 166380
|Event : 417060509

17050509

Jet'l

Anti-kt 5 Jet p,

944 GeV

771 GeV

380 GeV

270 GeV

! [alwN]m

L
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CMS Simulation
QCD Simulation

—— w/o A>25 GeV

Arbitrary Unit

; -~ —e— with A>25 GeV
10-1;_ - _O_—o— ++-0-

= o= e

- o g

- -+ - e
10-25_ e

= -0

C —o—_o_
10°F T

. +
10.4_.|.|I...|I||..I|.||I....I|...I.||.I...|I....I||..

0 100 200 300 400 500 600 700 800 900 1000

Paired dijet average mass (GeV)

A > 25 GeV cut removes the second
broad sructure and the dijet mass
smoothly falling

A typical paired dijet event
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Paired Dijet Resonance Search (4-jets) &au

; CMS Preliminary

L
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fL =221b"

e Expected Limit (95% CL)

CMS Preliminary 2.2 fb’
> 10° &
8 = —=— 4-Jet Data

= ——— Background Fit
3 i — - - QCD Simulation
5 10° Coloron (400 & 800 GeV)
o
@ B
c 10
$ E  7TeV
W 2.2 bl N

1 e ,
10"

T T

IRERE

Cross Section x BR x Acc (pb)

Pair-Produced Dijet Resonances
Observed Limit (95% CL)

T =10
[ ] =2

—— Coloron

700 800 900 1000 1100 1200

Paired Dijet Average Mass (GeV)

¢ ©

No evidence for new physics

©

1 l 1 1 1 l 1 1 1 l 1 L 1 I 1 1
400 600 800 1000 1200

Resonance Mass (GeV)

Well described by QCD MC and parameterization (same as in the dijet search)

Exclude pair production of colorons with mass between 320 and 560 GeV (95%)
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7 TeV EXO-11-060 arXiv:1208.293 |

CMS, 5.0 fb™ \s=7TeV 1 B
‘:‘\ : T T T T I T T T T T T T T [ T T T l: CMS 5.0 fb- \'s — 7 Tev
> C ] 10 == — Observed -
) N — serve Jous
g102 = 7 TeV 3 - b --- Expected
= £ o i} 3 o AN\ B =+ 1o
S oL’ 5.0 bt NS L e
= 10, M0 10 N ==== O o(gluino)
S E, x o E N - Owo(gluino) ©
1 = = e
2 3 f =J I e
1 — -l F
10 E * Data 3 Cg -
C | ---300 GeV gluino ] 5 B
102| ---450 GeV gluino — o
E — Four-parameter background fit 3 10" =8 i
— [ 1 1 i 1 1 1 i 1 1 1 1 i ~I | 1 1 1'\ 1 1 1 1 i 1 1 1 1
10° A R R R B IR 300 400 500 600 700 800 900 1000
0 500 1000 1 SOR/I (GeV) M;; (GeV)
]

©

Benchmark model: RPV SUSY gluino

@ Similar to paired dijet search, no mass match between the pair of triple jets,
critical to apply diagonal (A>25 GeV) cut

No evidence for new physics

Exclude gluino masses below 460 GeV (95% C.L.) assuming a branching fraction
for gluino decay into three jets (RPV scenario)

¢ ©
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7 TeV EXO-11-075

Benchmark model: hyper-rho (Vector), hyper-pion

d
(m./m, can have different ratio) ﬁ,‘g,.-%
ija A """

Two particular challenges:

¢ ISR/FSR contamination g
(4t jet matches to ISR w/ 50% chance ’_‘0%
8th jet rarely matches to real Parton) P, A L g

¢ Combinatory background ’_"d"'% o

(2520 combinations for doublets)

MVA is more “appropriate” in this case

6 kinematic variables each one giving a small sensitivity: Leading jet p;, 4™ jet py,
7t jet p;, 8™ jet p;, H; (sum of 8 jet p;), 8-jet mass

First time search

18



Events

105 | T T T | T T T | T T T l T T T I
CMS Preliminary H, > 750 GeV
104 \S=7TeV p_|'°’ >30 GeV, W®'1 <25
7 TeV

10°

5.0 fb?

10°
M =800 GeV, m = 267 GeV, w = 10%
« data(5.0f7"
[ QCD Multijets
[ signal
1 1

L 1 1 L " 1 " 1 1 1 L 1 1 1 L
0 02 04 0.6 08 1
ANN Output

10

Fit of signal and background templates to

the data NN output.

Set limits of the decay chain for different

ratio of m,/m and m width.

First limit in 8-jet final state

95% CL limit o x BR x A (pb)

95% CL limit o x BR x A (pb)

7 TeV EXO-11-075

10

E T I T ‘< '[ l_ T T IOI T T I T T T I T T T I T T

3 /nmp—loé m = M4, w=10%

- —&— Observed

1 E — - Expected Median

= I Expected 1o

C Expected 2 o
10 ----- Coloron Model
102 E

- CMS Preliminary
10° s=7TeV

E L=5.0fb"

-4 PO T TN YT TR N SN TR SN (NN TN TR TN SN TN ST THNN T SHNNE SO SR NN ST SO S |
10 400 600 800 1000 1200 1400 1600
Vector Boson Mass (GeV)

10

ET T 5~ " T ., T T T T T T T T T T T T 3§

E — 0 |

=M/ M =20%  w-wow-m |

I —&— Observed 7

1 i — - Expected Median =

= [ Expected 10 E

C Expected 2 0 ]

10 e . Coloron Model =
10° E
F CMS Preliminary 7

10° & Is=7TeV =
F L=5.01b" E

10 T R R S S R |

400 600 800 1000 1200 1400 1600

Vector Boson Mass (GeV)
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Microscopic Black Hole Search
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@ ADD (Arkani-Hamed, Dimopoulos and Dvali) models solution to the
hierarchy problem:

® M 2=8M™2r", where M; is the Planck scale (710" TeV), M is the
“true” Planck Scale in 4+n dimension at the electroweak scale

® The parton-level cross section 0 =mr2, where r, (Schwarzschild radius)
is defined as:

1
! Mgy 8T (152) ™
ﬁMD Mp n+2

@ Signature: high multiplicity, democratic, and highly isotropic decays with
the final-state particles carrying hundreds of GeV of energy.

@ CMS search through S;=2E(jet, e, 4, v) w/ E;>50 GeV, MET s
included.

® Extract S; shape from N=2,3 samples.
¢ Normalize to events with N > 3,4,5,6,7,8.

20



Microscopic Black #Holes with 8 TeV

CMS Preliminary ys = 8 TeV, 3.7 fb™

a)
Multiplicity, N = 2

/10
<
Illllll IIIII[II| II[IIIIII T

* Observed Photon+Jets
— Background  IlW+Jets
10° Uncertainty Il ttbar

----- Mp =1.5TeV, MJ\"= 5.5 TeV, n = 6
--------- Mp =2.0 TeV, MJ\" = 5.0 TeV, n = 4
----- Mp =2.5 TeV, MI\" = 4.5 TeV, n = 2

10°

TT IIIIIII

10°

102 8 TeV

10 - 3.7 fbt
1 ) ___

II|IIII|IIIIIIIIIIIIIIIIlllll.

1500 2000 2500 3000 3500 4000 4500 5000 5500
S, (GeV)

@ Non-QCD standard model
backgrounds are negligible

@ Fit to parameterization
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CMS Preliminary s = 8 TeV, 3.7 fb" b)
Multiplicity, N > 4
® Observed
- Background
Uncertainty
----- Mp=1.5TeV, M= 5.5TeV,n =6
--------- Mp = 2.0 TeV, ME;‘;:“ =50TeV,n=4
----- Mp = 2.5 TeV, M" = 4.5 TeV, n = 2

.....
......

T IIIIIII

| TR, |"E"|"4”:;ai'

2000 2500 3000 3500 4000 4500 5000 5500
S, (GeV)

@ No significant excess is observed

8TeV EXO-12-009
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CMS Preliminary ys = 8 TeV, 3.7 fb™ a)
Multiplicity, N> 3

= QObserved

s Expected* 1o
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— — Observed, 2011 data
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it with 8 TeV

T IIIIIII

LI lllllll

102

LI IIIIIII
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CMS Preliminary ys = 8 TeV, 3.7 fb" f)

Multiplicity, N> 8

- Observed

s Expected + 1o
Expected + 26

— — Observed, 2011 data
Expected, 2011 data

2012,3.7" 8 TeV

S —
N i e ——— ———,

2011,4.7 b, 7 TeV
|

10

5000
S (GeV)

P P I I
2000 3000 4000

@ Examples for model-independent cross section limit with N23 and N28 as a

@ Model-specific limits on semiclassical black hole masses in the 4.1 - 6.1 TeV

range for a variety of model parameters are also given.

(8 TeV EXO-12-009)
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Conclusion
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@ CMS new physics searches using jets have been
presented based on 2011 and 2012 data.

@ No evidence for new physics yet.
@ Data significantly constrain many models of new physics.
@ 2012 data is quickly supersede 2011 results

¢ ~15 fb-! on tfape

® A few more fb! expected this year

@ Ample space for discoveries.

Stay tuned!
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fat jets definition
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Fat jets optimize dijet resonance resolution by recombining
FSR into the two leading jets

Fat Jets : clusters of AK5 PF Jets Fat Jets algorithm
Cluster radius : R=1.1 @ Select 2 leading AK5 PF jets.

@ For AKS5 PF jets j from 3 to n:
¢ Require:
v' pr; > 10 GeV
viInl<25
® If AR} < Ry, and AR,,.
v Add j to Fat Jet 1.
® If AR, <Ry and AR;.
v’ Add j to Fat Jet 2.

@ R =1.1is best choice for a single
search for qq, qg and gg resonances.
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Run : 165993
Event : 1553204810
Dijet Mass : 3.077 TeV

Run : 165993
i Event : 1553204810
Dijet Mass : 3.077 TeV

1.414 TeV

Jetlp =1.414 TeV

S ..'l-.-
Jet 2 Py = 1.389 TeV

Combined into 1 Fat jet
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 Background shape for black hol

Assume the shape (tail) of QCD ST spectrum is invariant for
difference multiplicity bins, we can model background from lower
multiplicity, and rescale to higher multiplicity.

Fit exclusive multiplicity = 2/3 with the following functions, in ST
[800, 2500] GeV.

Parameterizations

¢ 0) PO (1+4x)"P1 / x"(P2 + P3 * log(x))

®1)P0O/ (Pl +P2*x+x"2)P3

¢ 2)PO/ (Pl + x)"P2

@ 3) PO * exp((P3+(P1*log(x)))+(P2*(log(x)" 2)))*((P3+P4*log(x)))/x)
® 4) PO *exp(P1*log(x) + P2*x)

Normalization

Rescale the fit to inclusive multiplicity >3,4,5,6,7,8 in ST [1800, 2000]
GeV.

26
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y fraction

JEC uncertainty [%]

S a NN W H» 00 OO N 0 ©o O

Precise

100 200 1000

p, (GeV)

MS preliminary, L =1.6 fb1 E 8 TeV

-Total uncertalnty
— Absolute scale
—~+Relative scale
--Extrapolation
-=Pile-up, NPV=12
= Jet flavor
-=Time stability
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. .|1=0
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00
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8283l03 ]
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C=0.26 +/— 001 —
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N=124 MeV —
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Precise e
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= .
Tracker |°
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n

@ 60% of pileup mitigation using
charged hadrons attached to secondary

tracks

@ Remaining mitigation using jet area
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