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EXOTICA at CMS

OUTLINE:
 What is EXOTICA at the CMS?

o

.

k= * Beyond Standard Model physics

*g &  Whichis not a simple SUperSYmmetry
£ .

) * Unusual signatures

£ * Review of selected EXOTIC searches
(4]

2‘ * EXO publications > 100 (2009-2013)

'5" * New results from CMS data collected

in 2012 with 20/fb at 8 TeV
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Exotic New Physics

EXTRA-DIMENSION

| A

e Extra dimensions ’/T\

* New Gauge Bosons % 4 %

* LeptoQuarks a & HX
%UNIVERSUM " abran

 Black Holes
New Bosons

CMS =

* Little Higgs theories
 Dark Matter

e Split SUSY, GMSB

* Hidden Valley

Ly»ww -
freoimt Hldden valley

A Conceptual Diagram

9—
S‘
?
E.
5

Hﬂﬂ Tmﬂ 1200 f-i'rﬂﬂ Tmﬂ
Wy mass (GeV)
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Signatures of Exotic New Physics

EXTRA-DIMENSION

| A
* Resonances ,/:[m\
* Di-lepton, di-jet % §""§ %
* Di-bosons \ 4\ S
% >~ .
? UNIVERSUM 3-bran

e Multi-jets
New Bosons

TTTTTT T

* Mono-jet/y, -lepton
* Top-like BSM

9—
S‘
?
E.
5

Event/S0 Gelio. 1 i

* Long-lived particles

Bﬂﬂ Tl‘II'D 7200 ?-1'00 Tmﬂ \

* Delayed, displaced, | R |
kink tracks

— Only a few analysis can be presented
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e CMS di-muon candidate:
pp — Z' — 2 muons

CMS Experiment at LHC, CERN
Data recorded: Tue Sep 4 04:06:14 2012 GMT-4
Run/Event: 202178 / 1100609921
Lumi section: 931

M. Kazana

Muon 0,
pt = 851.50
eta=0.014

phi = -2.772

Muon 1,

pt = 827.28
eta =-0.304
phi = 0.431

Event with a high
di-muon mass (1697 GeV)

CMS Experiment at LHC, CERN

Data recorded: Tue Sep 4 04:06:14 2012 GMT-4
Run/Event: 202178 / 1100609921

Lumi section: 931

Muon 0,
pt=851.50| Muon 1,
eta=0.014 pt = 827.28
phi =-2.772 eta =-0.304
phi = 0.431
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Di-lepton Resonances

« Many BSM models predict narrow di-lep resonances:

Grand Unified Theory - heavy spin 1 boson Z' from broken SO(10)
- 7, (F=14 GaV @ M=2.5 TaV)

- Sequential Standard Model - Z’._, (I'=80 GeV (@ M=2.5 TeV)

* Little Higgs — heavy gauge bosons Z'

* Extra Dimensions - spin 2 Randall-Sundrum gravitons G*
and many other models

* Experimental challenge:

* Reconstruction of very high-pT leptons
- 1TeV scale, tails of SM distributions

« Understand detector effects (efficiencies, uncertainty, trigger)

* BUT: clean signal expected
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Events / GeV

10°
10°
10*
10°
10?

10
1
107
107
107
10

NO (statistically significant) excess at high mass,
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_ Event selection:
* Double lepton trigger

isolated electron and muons
(pT>35 GeV pT>45GeV)

Background: (DY, Di-bosons, jets)
estimation from data or MC-based

T T T |
CMS Preliminary, 8 TeV, 20.6 fby!
—e— DATA
C vizow'w
[ & tw, ww, Wz, ZZ, 11

[ jets (data)

\IIHITI] \IIHITI] \Ill\ﬂ_ﬂ

\IHIHI| \IHIHI| \IIHHI| \IIHU[| \IIH[L[| \IIH[L[| \IIH[L[| L LI

CMS-PAS-EXO-2012-061

IIIHW| \IIHHT| \IIHHI| IHHI| \IIHHI| " JLL

Di-muon
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|
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m(u'w) [GeV]

70100 200 300 400

Di-lepton RES U LTS

o - T T T i —
f‘-?_ 0.8:— S|gna| reglon CMS Prellmlnary 8 TeV, 196fb1 =
2 .o Relative difference betweendata| -
o - .
g 04 } ‘ E
0.0 | | == -
g + ' | .
02 { —
o4f- and fitted background ‘ =
— 2 ]
0.6 Prégdf 475;2 (norrnalized to data) -
0.8 p0 0.014 £ 0.009 last bin (1040 - 2000): -0.35+ 0.18 —
'1'9070‘ - 300' - '4(|)0‘ - ‘5[|10‘ - 600 - 700 - 800 - 900 | |1‘O|OE‘)7
m(ee) [GeV]
106 T T T T T T T T
105 CMS Preliminary, 8 TeV, 19.6 fiy'!
—e— DATA
10° [ ] viz—e'e
10° O &, tw, ww, Wz, ZZ, 11
102 [ jets (data)
10f =
1 E
10 da -
" Di-elect o
10-3;E l e ec ron H L
10-4 - I ! I I Lo ™
70 100 200 300 400 1000 200!

GeV]

especially at tails of éata
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LIMITS on Z' from di-leptons

CMS Preliminary 8 TeV, ee (19.6 fb™), u*u(20.6 b

=ELE B N N L L L L

E \\ -------- median expected E

i B 68% expected ]

~ Combined limit % expected | 3
Z'zsm ; g

A —— 95%CLIimt |

= = g

- 1 £

B B ()

E. T T N TN M A NN SN ST SN AN SN ST NN NN SO S SO IY. | .vl . . .E

500 1000 1500 2000 2500 3000 3500

m(ll) [GeV

Upper limits on relative x-secxBR for new boson Z

M. Kazana

m(2Z’,) >2.60TeVand m(Z’.,,) >2.96 TeV
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Di-jet Resonances

* CMS event with the highest di-jet mass (5.15 TeV) in the data
pp — X — 2jets

CMS,

o,

-

M. Kazana

CMS Experiment at LHC, CERN
Data recorded: Fri Oct 5 12:29:33 2012 CEST
Run/Event: 204541 / 52508234

. | Lumi section: 32

N,

CMS Experimant at LHC, CERN

Data recordad: Fri Oct 5 12:20:33 2012 CEST
Run/Event: 204541 52508234

Lumi section: 32

TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 10



Di-jet Resonances

CMS-PAS-EXO-2012-059

* Many models of New Physics predict resonances decaying into

pairs of quarks, gluons or quark-gluon
Trigger. Excited quark q"
Eg Diquark D
* Trigger based on Ht = } .’ e , ET> 650 GeV Axigluon o
Event selection: Coloron ©
RS Graviton G
* Atleast 2 jets with |n| < 2.5 & pT > 30 GeV Heavy W W’
& An12<1.3 Heavy Z zZ
Stri S
* Final selection: i
events with di-jet invariant mass
Mijj > 890 GeV ‘“’Ig\ /‘“g
X
 Special jet algo: WIDE JET implemented / \
or qorg
e Standard anti-kT algo jets with 0

cone 0.5 and 0.7 used for cross- checks
M. Kazana TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 11



Wide )et Technique

Run : 165993 WIDE JETs optimize di-jet
| Event:1533204810 resonance mass resolution b
Dijet Mass : 3.077 TeV y
recombining FSR into the two

- leading jets

M. Kazana TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 12



Di-jet Mass Distributions

CMS-PAS-EXO-2012-059

E EI T T 1 | T T 1 T T 1 I T T 1 | I T T 1 | I T T 1 E Resonance Shapes
0.0045 — — Quark-Quark _7 . .
2 1 —quarkGion 1 Trom CMS simulation:
[ 0.004 | — Gluon-Gluon .
> F - * Resonance decaying to
E“-‘}“35:— CMS Simulation Prellmlnary;
N el I \S = 8 TeV, WideJets - 99, 98, 88
(1v] C - o .
£ Il <2.5 & a1 <1.3 - — Width increases
e __ I ] .
S r - with number of gluons
E E due to FSR
ok E — Mass peak shitfed
ao0t = towards lower masses
o005 [ 3 — Weaker limits
g;. | I "I‘Lc_._L.|. |-.-.|-LL....L.. |: expeCted for gg
4000 5000 6000
Dijet Mass (GeV)
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Di-jet RESULTS

CMS-PAS-EXO-2012-059

i

—&— Data

Inclusive dijet mass
spectrum from wide jets
compared to a smooth fit
and predictions for

QCD and hypothetical W'
and axigluon/coloron (A/C)

Fit

JES Uncertainty

No evidence!

CMS Preliminary 8
(s=8TeV, =19.6 0’

IIIIII| H'IIIIII| |IIII|II| IIIIIII|| IIIIIIII| II|I|III| III|IIII| IIIIIIII| IIIIII|I| [ 111

108

4
3
2
1
0

-1

-2

-3

4

- = i A I O N DA Data fitted with parametrization used
; U0 lso by CDF and ATLAS

e do Py(1 —m/+/s)N
3000 2500 3000 - — ol / \/_)

3 5 boam'no 456(] 5 ubus ] _
dm P,+P3In (m/+/s)
Dijet Mass (GeV) (m/s)
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Di-jet Resonance LIMITS

CMS-PAS-EXO-2012-059

3 ‘104 ‘%I | IFTT1 | T T | T T | T T | T T IFTT1 | T T | T T | T T | |E Final Stﬂte DbS MHSS EXCL
O - CMS Preliminary == slring ] [TeV]
— 10° . --=- Excited Quark _| --- qs [1.20,5.08]
< = ", Vs=8TeV,L=19.6fb" Axigluon/Colorony  ---: gg [1.20,3.50]

— N <25 A0 | <13 E; Diquark -] qq [1.20,4.75]
X 10° L D Tl mim 88 = qq [1.20,3.60] + [3.90,4.08]
m = . e W S gg [1.20,2.79]

- “'C‘\ '*.,"r 7’ Bl BRI qq [1.20,2.29]
X 10 = pe T RS Graviton = qq (1.20,1.68]
CC) - uy o MR . = qJ+g88 [1.20,1.58]
= 1z o -
e = 't ‘ & ~ =
O = ' 3
% 10-1%_ _é Observed 95% CL upper
n F 7 limits on 6x Branching
m -2 = — o
o 10 = " = Ratio x Acceptance
O 4p3L- 95% CL Upper Limit . 2000 4 for di-jet resonances

— = ) T PRy 800000 =

NE —s= Gluon-Gluon S 4  of type qq, qg, gg
10 & —e— Quark-Gluon LI = d t
~ === Quark-Quark DY E compare @)
‘10-5|_|||||||||||||||||||||||||||||||!ﬁ||||||||||||||_ theOrEticalprediCtionS

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Resonance Mass (GeV)

M. Kazana TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 15



[N-jet) Black Holes

ADD ED, [Arkani-Hamed, Dimopoulos, Dvali,
Phys Lett. B 429, 263 & Phys. Rev. D59,086004]

* The possibility of production of microscopic black holes in particle
collisions has been predicted in models with low scale gravity

CMS Experiment at LHC, CERN
Data recorded: Sat Aug 25 12:37
Run/Event: 201671 / 277887114
Lumi section: 199

o If the “true” Planck scale M is in the 1 TeV range,
partons colliding with energy exceeding M,
may collapse into a Microscopic Black Hole

e Once produced, the BH evaporate
almost instantaneously
by emitting energetic particles

* Multi-particle signature
highly energetic
N objects (jets,leptons,photons)

BH candidate
N=13,5,=2.1TeVv

M. Kazana TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 16



CMS,
» -3 Black Holes Search

CMS Analysis strategy: Select events with large total transverse energy
and check the presence of multiple energetic jets, leptons, and photons

 Multiplicity (N)
Number of objects (jet,lep,y) with pT>50 GeV in an event,
excluding MET

« S; Scalar
p; sum of all objects with ET>50 GeV + MET (if greater >50 GeV)
S, is almost independent of the final state multiplicity N
— QCD bkg. estimation

e Separation
AR (jet, lep/ly) > 0.5 and AR (leply, lep/y) > 0.3

« Trigger on total jet activity H; in 350 - 550 GeV
100% eff for S; > 700 GeV

M. Kazana TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 17



Background in BH Search

Exclusive multiplicities for bkg. estimation

CMS (s =8 TeV L=12.1fb’

>10"E —
8 = Multiplicity N = 2
8105:_ ¢ Data
N =R N=3 Fit Rescaled || Photon+Jets
g - — Background B tibar
10°F .
L%’ ‘fIT Uncertainty B Vv+Jets
= Mp=2.0TeV, M\ =5.0 TeV, n = 4
4 .
10 ;M"NDOW —- My =2.5TeV, M =45 TeV, n = 2
i A= M, =3.0TeV, M =4.0TeV,n =4
10°F
" T o,
iy
- N
Y 3 &
15—||||||||||‘|||||| L "."L-!l_uu Ll
© ]
= 0§
g

-2

2000 2500 3000 3500 4000 4500 5000 5500

S, (GeV)

V
—
o

-

—

Events / 100 Ge

o
™

CMS {s =8 TeV L=12.1fb’

10*

10E] Y.
4| S

10

e __I-'_I

1EE'|""|"'|||||||||||||| J-}'J'T-'!-Fi--lllhl

€ ]

= 0

Z

2t b bva b b b b b By

2000 2500 3000 3500 4000 4500 5000 5500

Multiplicity N = 3
B ¢ Data
= Back q Photon+Jets
- —— Backgroun
5 o . ttbar
?FIT Uncertainty | B V+Jets
=M, =1.5TeV, M""” =55TeV,n=6
MlNDOW -My;=20TeV,M™ =50TeV, n=4
—-M,=3.0TeV, M""” =40TeV,n=4

----- - My = 3.0 TeV, Mm'”—-’-lUTeV n=8

S, (GeV)

* There is no signal contamination in the fitting and normalization reglon

* Data-driven bkg. describes data consistently with data

M. Kazana

TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013
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Black Holes Events!

Inclusive multiplicities for searches from N >=3 to 10

CMS-PAS-EX0O-2012-009, JHEP07(2013)178

107 = CMS |s =8 TeV L =121 fb’ CMS |s = 8 TeV L=121fb"
o Multiplicity N > 3 2 Multiplicity N > 10
Q) - (O] 2
S 106 ¢ Data 810 = ¢ Data
A F —— Background = i — Background
%105 B Uncertainty i i Uncertainty _
=Bl - Mp=15TeV, M'=55TeV,n=6 I Mp=1.5TeV, MI""=55TeV, n =6
ok - Mp=20TeV,M"=5.0TeV, n =4 ok | Mp =2.0TeV, MI\"=5.0 TeV,n = 4
g —-M,=25TeV, MB”:'T=4_5 TeV.n=2 —-Mp=2.5TeV, MB”;:”=4.5 TeV,n=2
B — min _ -
- ,_|- v Mp = 3.0 TV, MQBH =40TeV,n=4 N
| i 15
= d -IF+|| --.i =1 = i. -
102 ?< I L s 1 - ® _ E._- : -|..,:
= ki : v e b
LT !-:Hl--: B F'q .-.-I-'-| - : =--|
o} & | Ny,
Ez -I_I_ -|--- i lan =l I_.rl ] I :_l i L
1k ’ '~ N L rn T
27 2l5|0‘0‘ ‘3‘0|0|0| ‘3|5‘0|O| |4‘0‘0‘O‘ |4l5|0b ‘5|O|0|0‘ ‘5‘5010_ 10—1 | Ll | | | [ | I | [ | I_i—| Ll | 1 I_I_l _J_\_I_u_i E )
2000 2500 3000 3500 4000 4500 5000 5500
S; (GeV) S; (GeV)

* No excess in the signal regions !
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/ra Microscopic Black Holes LIMITS

CMS |s =8 TeV L=12.1fb’

S
[} [ ] & 58—_
* Many limits can be set <,
< 1 3, .F o
CMS ys =8 TeV L=1211fb S 54, =
o) = A =9 M
o [ String Ball (BlackMax) W5 o "G n= 5
©10 Theoretical Cross Section i V- e . o
A M,=14TeV,M. =1.1TeV,g =04 5L N ™~
[ S 5 C . | (@)
- Mp=16TeV,M =13TeV,g =04 - ., “A o
B ) _ _ C 0
1L Mp=21TeV,M =17TeV,g =04 48— *.. e, T
= Observed Cross Section Limits B oy, e, M
0 —o— Mp=14TeV,M =1.1TeV,g =04 46 Cha bdis "© g
ok = My=16TeV,M =13TeV,g =04 - -m-Rotating Ty o
=k — — - | —e— Nonrotating 0
= " Mp=21TeV, M =1.7TeV,g =04 4'4: Rotating (Yoshino-Rychkov loss) a
- RS - -4 Rotating, low multiplicity regime o
B 4.2~ e Boiling remnant (Yoshino-Rychkov loss) i
102 E S - .-=.. Stable remnant (Yoshino-Rychkov loss) Q
E _I | L1 1 1 | L1 1 1 | L1 1 1 | [ | [ I | [ I | |
o . 495 2 25 3 35 4 45 W
. _.\ i - MD (TEV) £
'10- = . . . (ol
- The 95% confidence level limitson
WA | | | Y | | | the black hole mass as a function of the 5
1 0- [ L1 1 1 L1 1 1 I s L1 1 1 [ I |

4 4.5 5 55 6 65 7 multi-dimensional Planck scale MD
MT (TeV) for various Charybdis black hole models with
number of ED =2. The area below each curve is

BlaCk HOle mass Iimits 5.7, 5.6, 5)45 TeV excluded by this search.
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Mono-Jet / Photon

Large Extra-Dimension (ADD) model: :,{ f;;‘?@<

e J extra dimensions compactified over a torus with radius R

q q
Dark Matter particles WIMPs () 155555
e assume Dirac fermions . X A
* relate production at LHC to ¥ nucleon interactions ¢ N q X
monophoton +MET monojet +MET
Mono- signature: o
et= .

eta =-0.463
phi = 2.508

e

* One high pT jet (~hundred GeV)

in the central region, although 2™
less energetic jet is allowed

* Large MET (from Graviton or WIMP);
same maghnitude as jet, typically back-to-back

Background:

Mono-jet candidate event  "5il%::e
eta =0.000
* fromZ(w)+jets, Wijets  jerET=922 GeV vs MET= 914 Gev '

M. Kazana "EXOTICA at CMS”, 2™ ICFENP, Crete 03.09.2013 21



Mono-jets

CMS-PAS-EXO-2012-048

Trigger:

"_' EI 1T | T T | T T | L | T 1T | T T | T T IE

2 ol ] Z—wv ]

* MET > 120 GeV £10°E CMS Preliminary [ Wl E
L% ) - {s=8TeV It ]

* jetpT >80 GeV & MET > 105 GeV "210 3 det=19_5fb.1 5gCD E
Event Selection: E 10*k A -
< F —o-Data o8 °

* Search for single jet recoiling against 10° -
MET>250 GeV : -
10 E

* Leading jet pT>110 GeV (|n|<2.0) : -
e The second jet allowed with pT>30 GeV E
if Dep (j1, j2) < 2.5 to reject QCD _

3

. Ev.entswithisolated lepton (e,mu,tau) R Y- TN - Sy '
rejected to remove EWK bkg Ag(Jett, Jet

no

)
Background: Data- Driven or MC, eg. : All cuts applied

* Z+jets (measured) predicts Z(vv) + jets besides De (jt, j2)

M. Kazana TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013 22



7‘/}4 | Mono-jet RESULTS

st =.'ﬂi' CMS-PAS-EXO-2012-048

. Selarch performed in 7 bins of MET
95% CLs limitsonc xAx €
| | | | | |

E 10? [ T | LI I T T | T T T I T IZI I\J‘L T T —] 3 103 I_ 4
E — = — I
0 = i 3 — - .. 4
& CMSFreliminaly [ weo = = f CMS Preliminary
2 10 o H —= i 7
EF Jresese' mEE: E :E JL dt=195f" (s=8 TeV
10° = [ Jacp = %
= ] z-IT = o e 95% CL Expected limits -
10 L&, e QEDAMD; SIE\\; in = 31 " " — 95% CL Observed limits
— Fi - . e — e o |
: IIIIIII 1 I : E 2 | i1 |
A e P UNPd=1.7,Ay=2TeV | B 010°F [ = oo 7
10 E_ _E mb} _  usmsEmmsmms |:| + 2Uexp ]
10 - [ e i
10 ;_ --E Jl; I
e E 1. Jet1 P.> 110 GeVic  tmsssssssss
= ey i 10 2. NJet(P_> 30 GeVic) < 2 meemeens
S T R T T E - 3.A0Jett, Jet2) <25 e
~ 1.5 S AII Cutsaﬂapll'Ed+ P NE L 4. Isolated electron, muon (PT > 10 GeVl/c) veto
IS, S e 52 e E2 e S | STMPoBGVews
D B e S
L e e S & = 250 300 350 400 450 500 550

200 300 400 500 600 700 800 900  100C ETSS Threshold [GeV]
EITlISS [Gev] T
T

Data consistent with expectations !
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2 | cMS Preliminary ..... 95DLCLEXPE'CEC,.WHS| 1
E 1032_ s =8 Tev —— 95% CL Observed limits _E
- '[L dt=195fb" —— Theory prediction LO ]

_ ADD&6=3 e Theory prediction NLO |

o

B 420 i
10 E
e E

10" ol b P v P e b

2 2.5 3 3.5 4 4.5 9]

M, [TeV/c?)

M, (TeV/c?)

Large Ex-Dim Interpretation

CMS-PAS-EXO-2012-048

| | |
CMS Preliminary

JL dt=195f" {s=8 TeV

CMS Monojet (LO) 8 TeV

-------- CMS Monojet (LO) 7 TeV, 5 fis”

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

95% limits for ADD model

MprpL - four-dimensional Planck scale

0+2 120  Mp.fundamental 4+5 dimensional Planck scal
~ MD R p - fundamental 4+8& dimensional Planck scale

Number & of extra spatial dimensions
compactified over torus of radius R

"EXOTICA at CMS”, 2™ ICFNP, Crete 03.09.2 —

3 4 5 6
NLO
0 | Exp. Limit Obs. Limit
2 5.70 5.67
3 4.31 4.29
4 3.72 3.71
5 3.32 3.31
6 3.13 3.12
24




CMS-PAS-EXO-2012-048

Dark Matter-nucleon scattering

Dark matter
e
particle
Recoiling
wcieus
Nucleon =

Pair production of DM () characterized by a contact interaction effective theory
Vector and scalar interactions — spin-independent (SI) DM-nucleon interactions

Axial-vector interactions — spin-dependent (SD) DM-nucleon interactions
— 10 T T T T T T TTTTTH —10% B '_'3000""'| T T T ror T roT
N o ER | > i imi - == m,=500 GeVic?, T=M/3 |
g 10—37E CMS Preliminary 4 5w 8 - CMS Preliminary - m, =500 GeV/c?, T=M/10
— & o P — = n Vs=8TeV — m,=500 GeV/c? I=M/8x _]
S 10 \r _1 o 8 108 < 2300 . ---m,=50 GeV/c2 T=M3 -
_8 E \ .CMSS:?T&VSLfbo 3 = 5 B f'— dt=195Hm | m,=50 GeV/c?, T=M/10 ]
39 | ey ® _] Q 439 — B . 2 i
% 10 % % 10 £ 20000 m, =50 GeV/c®, [=M/8n .
0 10°E T, 107 = i :
9] £ 3 (%] O L ]
o 104‘§— E o 10"“;- E>Q15005 o
O ar L . O sl 8 B ]
c 10 = 107 : ]
10 7 BaoelL 10001 =
© 1 © B T
S 10 - S 1oL o i v @) ]
Z 1 < -CMS Preliminary 500~ — 7 —
L2445 7 %) T" - >10%L Ty v )@y B ]
10 Spin Independent, Vector Operator 7 -“/)(qy 9 3 10 F Spin Dependent, Axial-vector operator 7 - EX)(q 5q) - -
2 A2 | + _
10—46 | 1 \\\I\I‘ | 1 |\||\|‘2 | 1 |\|\|||—3 10-467 | 1 |\|\||‘ | 1 |\|\|||:2 1 1 |\H|\3 O T | Lol Ll
1 10 10 19 1 10 10 10 10" 1 10 5
. M, [GeV/c?] . M, [GeV/c?] Mediatpr Mass M [TeV/c?]
Spin independent ™ Spin dependent™ DM-SM interactions
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Mono-leptons DM

CMS-PAS-EXO-2013-004

* First limits on DM with mono-leptons

CMS Experiment at LHC, CERN
C S Data recorded: Tue May 8 08:19:45 2012 CEST C 2 CMS Experiment at LHC, CERN
Run/Event: 193621 / 1180868279 Data recorded: Tue May 8 08:19:45 2012 CEST

5 Lumi section: 1557 = Run/Event: 193621 / 1180868279
< H Orbit/Crossing: 408140266 / 1737 < g Lumi section: 1557
ey g \ g \‘
| N <
LT 1 %
electronGsfTrack
pt = 970.68 GeV
eta = 0.066
Electron phi=1.9%)
pt = 1153.51 GeV
. eta = 0.066
% W ,
h . ) - pfMet
(Mt =2312.0 Gev‘ T e pt=1211.16 GeV
phi =-1.145
caloMet
pt =1213.9 GeV
phi =-1.157

the highest MT event in the electron channel:
MT=2.3 TeV, well reconstructed My — \/2 oL Em (1= cos Agyy)
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Mono-leptons

._ | CMS-PAS-EXO-2013-004
) ) ) +
Dark Matter radiation and interference W

£=-1,0,+1

CMS Preliminary e+EM* [Ldt=20fb" (s=8Tev

e Modelis characterized by =107 Ei, L 3h0 Gev [RETIUAT DAUNEI TR

® 6 [ Spin Independent ]
Scale A = Mn-zessenger 9105 . D::‘ e Wi+ single topl]v +iets 3
\/ g}(gq --...__104 —_— DM £=0 DDY .Diboson 3
Event seIeCtion: ‘21 03 — DM £ =1 * data syst uncer. J
* Single electron(muon) trigger with ._%132
pT>85(40) GeV 108
 Lepton ID optimized for high pT 1B
 Kinematical selections: 0.4 < pT/MET <2 10"
A (lep pT, MET) < 0.8 10:2
Background: 19

e Main: W— Iv s
500 1000 1500 2000 2500
* Contributions derived from MC M. (GeV)
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CMS-PAS-EXO-2013-004

Excluded nucleon- and
proton- Dark Matter
cross section for the
combination of electron
and muon channels

The x-proton cross
section has to be small
than:

— . _ . 10-35
4%x107%cm?2, 7 x107%¥em?2, 5 x107¥em? 2 0
1

(1 x107%cm? 2 x107¥cm? 9 x10738cm?)

for axial-vector (vector)
coupling for € =-1/o/+1

M. Kazana

N CMS preliminary 2012 20 fb' s=8TeV

-'_"‘1[] : T T IIIIII| T IIIIIII| T T T TTTT
hE £ Observed limit — ____ CMS monojet 2012
5] - -—- Expected limit
~ 0% :
B Expected+1g  ~777 Super-K WW
% 10°% .;I—j .E :.tpected A lceCube WW
D ELimitin 90 C.L.
© - Spin Dependent - SIMPLE 2012
E} 1077k | electron + muon £ =+1
]
=
- Spin Dependent
1% s
104[!
1D-‘-1'- --.I---I L1aa
1 0 10°
¥ - Nucleon M, (GeV)
120 CMS preliminary 2012 20 b’ 5= 8Tev
T
£ 10* Observed limit - C-f'-"lé m{}nojet 2[]I2
O  F---Expectedlimit -~ Xenon 100 2012
o) 10 Expected+ 1o CouPP 2012
c 10% Expected+2a¢ g:)ﬁgplhﬁ?zﬂul 121
S 1o*EumtinsocL. cDMSI 2011
O Spin Independent CDMSI 2010
electron + muon £ = +1
0 Spin Independent

10°
M, (GeV)

"EXOTICA at CMS”, 2™ ICENP, Crete 03.09.2013

CMS Preliminary 2012 20 o'

Mono-leptons LIMITS

Is=8TeV

IIII_II| T T IIIIII|

Spin Dependent

Expected limit for £=-1 Spin Dependent

Expected limit for £=0
Expected limit for E=+1
Observed limit for £=-1
Observed limit for £=0
Observed limit for £=+1

Proton

s

- F
=

10° R 10°
M(GEV}

CMS Preliminary 2012 2ll]'ft:~‘1 JS BTe‘u’

Expected limit for £=1
Expected limit for £=0
Expected limit for E=+1
Observed limit for =1
Observed limit for =0
Observed limit for £=+1

Spln Independent




 Distinctive topology of a pair of jets originating at a secondary vertex

-100

-20
Jet 0,
et = 126.46

eta = 1.649
phi = -3.111

phi =-2.433)|

20 40 60 80

CMS Experiment at LHC, CERN

Data recorded: Mon Nov 5 06:43:54 2012 CEST
Run/Event: 206596 / 355731202 0
Lumi section: 321

Orbit/Crossing: 84146846 / 350

Di-jet (y2llovy cones) displaced -2
candidate event, m__

Di-jet

=75GeV
black tracks form the secondary vertex displaced 40
by 44 cm from primary vertex

| =

20 40 60 80

\ -100

M. Kazana
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Displaced )ets

| CMS-PAS-EX0-2012-038
Signal: gg — (non-SM)H — 2X, X — qq

 originating from Hidden Valley model, Split SUSY,

RPV SUSY, GMSB, etc. £ e o T TTTTTTTTTTTTTS
E 105 ;_---.-- S{ﬁgﬂﬂ]—r 2X(350) ct=35cm CMS Preliminary _;

* Benchmark points S E e Hao sxien eszoem J Ldt=17pb.(s=8TeV 3
M, = [200, 400, 1000] GeV, e T =
M, =[50,150,350] GeV, 100 e -
cT, =[3,20,35,40,300] cm L N
Event selection: 10 i
e Trigger: HT >300 GeV and > 1 jets e E
e —

with small fraction of prompt tracksg .= iE
Ce 3 et + =

e Multivariate discriminant B 05 =
based on vertex track multiplicity, fraction I J S S S R PR T E

of tracks with positive do, and variables Vertex Track Multiplicity

from a dedicated track cluster algorithm
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Dlsp laced Jets RESULTS & LIMITS

CMS-PAS-EXO-2012-038

‘ «V//

. Background: ABCD prediction using jet variables and vertices infos
* Search optimised for two regions Lxy < 20 or Lxy >20 cm

e For Xmean lifetimes of 0.1 to 200 ¢m, the upper
cross-section x B* (X — qq ) limits are typically 0.3-300 fb

Lxy < 20 cm(low) > 20 cm(high)
prompt tracks <1 <1
prompt energy fraction < 0.15 < 0.09
vertex/cluster disc. > 0.9 > 0.8 -
expected background | 1.60 £ 0.26(stat.) & 0.51(syst.) | 1.14 £ 0.15(stat.) == 0.52(syst.) J. L dt=18.6 fb'1, Is =8 TeV
observed 2 1
n - — \\IIII‘ T III\\Hl T T T TTTT
% C CMS Preliminary § CMS Preliminar = —
E C /JLdt=1a.ﬁfb‘,\s=aTev % Ldt=18.6 b VBTV g i mH - 1000 GeV
e L10°t  my =150 GeV f:
w 102 —e— observed background [o}) F ]
[=] = ‘S e [ = = |
5 C 5 = | —— Obs. Limit
: =) o [ = =
E - E S e Exp. Limit
4 =z %
0= o 102 [ EXp. + 16
z [ ]Exp.*2c
= 8
; F 103
[ C F
g 2f . c:i ———m— T B
2 0E P, hd Q -
!‘é F [ ] (] = 0: () ° [ ] °
D -2F §1 21 4 ‘ | |
0 E | | | | (7 E 2
0.01 0.1 03 05 0.7 0.9 ® 001 oA 03 05 07 0.9 1 10 cT [g:?n]

Vertex/Cluster Discriminant Vertex/Cluster Discriminant
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=
r" ) b -

Signal: Long-Lived Particles from GMSB, Split SUSY and others:

* lepton like (stau) * R-hadrons formed from gluino

, __orstop

* fractional charge (Q=n"-1/3¢e) . charge can flip while crossing particle
- mulitple charge (O =n-e) interacting with detector

1 | | 1 1 1 1
Key: om im Im 4m 5m
Muan

Electron Charged Hadron (e.g. Pion)
..... Photon — — — = Neutral Hadron (e.g. Neutron)

|
am
Charged RHadron I _
yaaddl \ i By o 1 <nuon, stau

Charged RHadron
: L <
I i) L
i Electromagnetic
}:i ] l] Calorimeter

----- Neutral RHadron
[T |
et [ HH e
.,“-_"\. M L
N PP niii MK
i »< R-had
a LRI || ng bt ] . a ron
HaHe{ el el ||
_ i
Rt
Superconducting L=
Calorimeter Selencid

Hadran I
. =

—r

=
——
[e——
———.
I
I
T e = R
i = 3
— T T
==t

Transverse slice

Iron return yoke interspersed
through CMS

with Muon chambers
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—

dE/dx (MeV/cm)

Op
9 E_ B :Ittto re:e;ence Data
== Jo  ]dea of HSCP Search
7E \ihiEe Brsteae
35 ST : . . 12
62 ;. o, CMS Lreliminary 2609 10 Tracker: Mass determln.atlon I = K—2+ C
5 C L ey from dE/dx (using pt) P
4F
35_ e n 3'!" 4'!” 5'!” &r!n ?!n
25_ :..-"'I .I .
1;_ L Or 1 /\ A \ \
o L | dE/dx in tracker
005115 22 4 4

ECAL and HCAL

|\

Silicon
Tracker

Electromagnetic

1-,, ]'] Calorimeter
bl

Hadron Superconducting
Calorimeter Solenoid
Transverse slice
through CMs _ HSCP velocity (B) measurement

TOF

M. Kazana

* from DT, CSC, (RPC for triggering)

time del

from hit

scatter in DT

TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013




Silicon
Tracker

i J‘!]“

: 1
4 1 III |
flicon
: —h |
-
Electromagnetic 1 | |

HSCP unchanged - Tracker+TOF uses:
pt, dE/dx TOF

HSCP becoming neutral — Tracker-only

\

J,

Y Blect

M. Kazana

=

HSCP neutral in tracker, becoming charged
— Muon-only uses: pt, TOF

uses: pt, dE/dx

N

HSCPwithQ=n-e
Mutiply Charged Particles

uses: dE/dx TOF, do not use pt,

because reco pt ~ true pt/Q

CMS Preliminary 1s=8 TeV, L=18.8 fb

20
18
16
14
12
10
8

| T T T T |

I Data (1s=8 TeV)

B MC: Q=3 400 GeV/c?
- [ MC: Q=1 400 GeV/c?
I MC: Q=2/3 400 GeV/c?
Y Excluded

I, (MeV/cm)

III|J1I|IJIlllllllllllllllllJl

10°

10?

6
4
2
0

500 1000
HSCP withQ=n-1/3e
Fractionaly Charged Particles
uses: pt, dE/dx, no TOF to be inc

TEXOTICA at CMS”, 2 ICFENBP, Crete 03.09.2013
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Event selection:

- HSCP RESULTS

* Trigger: muon (pT>40 GeV) or MET > 150 GeV or
mu pt> 60 GeV & MET > 65 GeV

Selection optimised to for the best discovery reach
for each class of models using track pT, Muon 1/B,
Track I (dE/dx discriminator)

Basic pre-selection: pT>45GeV, [n|<2.1, |dxy| and |dz|<0.5cm,

#Hits>7, very loose isolation, cosmic veto, etc (g

10

Tracker + TOF CMS Vs=8TeV,L=18.38fb"

Y I I
§ 1025— e Observed
(o : | A | Data-based SM prediction
° I Stau (M = 308 GeV/c?
o i 7] stau (M = 308 GeV/c?)
#
— —
5 10F §
X C
s |\
= - A
1,,

T 1 \IFIIJ

T |
1000
Mass (GeV/c

Tracker-Only CMS (s=8TeV,L=188

[
0 500

CMS-PAS-EX0-2012-026, JHEP 07(2013)122

% E T T T T |-‘ T T T T I T T T
C Observed
* Background from ABCD method % - — e o resicton
Number of events i i B ”
Selection criteria Vs =7TeV Vs =8TeV $ 10 i* [ Giuino (M2 1000 Gevic?)
Pr (1) Mass - - i
(GeV/c) I 1/8 (GeV/cd) Pred. Obs. Pred. Obs. P :i
>0 71+15 8 33L7 41 E _
>100 6.0+ 1.3 7 26+5 29 | =
Tracker-only | >70 ) >04 1 - >200 | 0654014 0 | 31+06 3 LSS
>300 | 0114002 0 | 055+011 1 -
>400 J0.0304£0.006 0 | 0154003 0 -
>0 85+17 7 44+9 42 -
>100 1.0+02 3 56+1.1 7 101
Tracker+TOF) - >70 | >0125 | >1225 | 590 | 0114002 1 | 056+011 0 g
>300 [0.02040.004 0 | 00904002 0 -
Muon-only =230 — >1.40 — — — 613 3 L
Q] > 1e — >0.500 | >1.200 — 0.15+0.04 0 0.52 £0.11 1 5
Q[ <Te >125 | >0275 | = = 0124007 0 | 10402 0 1075 500 1000
Mass (GeV/c?)
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Stau
R-hadrons (stop, gluino)

CMS {s=7TeV,L=5.0f" {s=8TeV,L=18.81b"

18001 7171 T 1 713
S ® CMS (s=7TeV.L=50fb" ys=8TeV,L=188f" ]
%1600_—::: CMS Vs=7TeV,L=5.01"(2012) -
0 B CMS (s=7TeV,L=50fb"(2011) -
~1400Y ATLAS{s=7TeV.L=471b" —
-‘E _ A ATLASVs=7TeV,L=37pb’ ® ° ]
B ® ®
=1200F -
n B - N
w - . _
©1000F . 5 =
E i M ]
o 8001 ® _ ]
]
% B . Y i
= 600} v =
— N o A A ]
O 400 B
X he .
To) B i
o 200 ™ —
C | I I I I I I [ T
stau stau stop stop gluino gluino gluino gluino
direct direct+ ch. (f=0.1) (f=0.1) (f=0.5) (f=1.0)
prod. indirect suppr. ch.
prod. SUppr.

M. Kazana
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HSCP LIMITS

CMS-PAS-EXO-2012-026, JHEP 07(2013)122

Mutiply Charged Particles
Fractionaly Charged Particles

CMS {s=7TeV.L=5.0fb' ys=8TeV,L=18.8fh"

N.—---:I 800_ T T T | T T T | T T T | T T T | ]
§1600:. CMS Vs=7TeV,L=501f" Vs=8TeV.L=188f" |
—> CMS Vs=7TeV,.L=50fb"(2012) —
8 "m CMS I§=?Tzv, L=5.01f"(2011) ]
1400 LY ATLAS (s=7TeV,L=4.41fb" -
S1200F E
7 N -
c1000 J
= B ]
g BOD:— . o ° ° o . -
2 600 — e ~ O O ) —
= - @ - v Al v ) 7]
O 400~ ~© v v ]
Bu‘.? C u ]
@ 200;—: —;
C | | | | | | | | | | | | l

DO 2 4 6 8
Charge (e)
36
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- Summary

|



AWWelhavesearched for
(21lmosi) 2varyining

* Wz rzive found rnoining

- “Exotic island”
not have seen yet




CA @ CMS

* CMS performed a large set of
inclusive and exclusive searches

'(Wje rz1va sazifenad for Wlth dlffereht;éSlgnatures Sy
almost) everything R
: ] e methdds f 12 --';; e,

* Wz rzive found rnoining

in context of conS|dered models

& . Let's be patient
=  More sophisticated analyses with
“Exot,é island” 2012 8 TeV data on the way

" not hdve seen ye't * We have about one year to get ready
(plan and improve techniques)

for collisions at 13 TeV




M. Kazana
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List of included publications

* 12-061 Di-lep; Z'

* 12-059 Di-wide-jets; 9%,A,D,(,Z',\W',S
* 12-009 Multi-jet; Black Holes

* 12-048 Mono-jets; ADD, DM

* 13-004 Mono-lep; DM

* 12-038 Displaced jets; Hidden Valley
e 12-026 HSCP; stau, R-hadron
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Mono-leptons

CMS-PAS-EXO-2013-004

CMS Preliminary 2012 20 fb™' Vs =8 TeV CMS Preliminary 2012 20 fb' Vs =8 TeV CMS Preliminary 2012 20 fb™' (s =8 TeV
—_—~ T T \\Illll T T \I\\I\‘ T T IIIH7 —_~ J T T I\IHI‘ T T \\\Illl T T II\HL —~ —' T T II\\H‘ T T I\IHIl T T T T TTT
450 - - :
% g 1 % 1000 — = % 1400~ -
Q 400 1 2 | 12 .
3 . 1200 —
< 350 = < 800 — < ]
3000 = ] 10001~ B
250 Spin Dependent = 600~ Spin Dependent . 800 Spin Dependent N
E electron + muon &= +1 ] [ electron + muon £=0 ] - electron + muon &= ]
200 Limitin 95 C.L. = | Limitin 95 C.L. i sopr. Limitin @5 C.L. B
—— Observed limit . 400 —— Observed limit ] —— Observed limit 1
150 ... Expected CL limt ¥ = ---- Expected CL limit a00l = Expected CL limit

100/ I Expected CL £ 16
[ 1ExpectedCL+20

[ Expected CLt+ 10

[ Expected CL+ 10
200 [ ] ExpectedCL+20

[ ]ExpectedCL+20

50 A=M,/(2m) A=M,/(2m) 200 A=M,/(2r) P
A=2M, A=2M, A=2M, ?
1 10 107 10° 10 0* 10? 10°
— +! M, (GeV) g M, (GeV) g M, (GeV)
_—
CM3¥Preliminary 2012 20 fb' (s=8Tev CM I|m|naryQ)12 20 b Vs=8TeV CMS Prelimi@ary 2012 0 fb”’ |s=8TeV
—_~ j T T \\Illll T T \I\\I\‘ T T III\\': —_~ j T T I\I\\I‘ T T \\\Illl T T II\\H: —_~ _l T T II\\H‘ T T I\I\\Il T T \\\\II_
B ‘0 ER s RS ]
Q ook 14 © oo 4 Q@ ]
] ] 1200 —
< 350 e < 800 - < ]
300 _f 700E E 1000:— —:
L Spin Independent . 600 Spin Independent - - Spin Independent .
250; electron + muon &= +1 = - electron + muon £=0 7 8001~ electron + muon &=-1 ]
Joor Limitin 85 C.L. P00 Limitin 95 C.L. - © Limitin 95 C.L. .
—— Observed limit 400 —— Observed limit 600| —— Observed limit
150 =====- Expected CL limit ~ 4 —e--- Expected CL limit | -e--- Expected CL limit
[ Expected CL+ 16 300 ) Expected CL+ 10 400| [ Expected CL+ 10
100/ ] ExpectedCL+ 20 200 [ ] ExpectedCL+20 [ ] Expected CL+20
50 A=M,/(2r) A=M,/(2r) 200 A=M,/(2m)
A=2M, 100 A=2M, A=2M,
1 10 0? 10° 1 10 10 10° 1 10 10 10°
Mx (GeV) I\/Ix (GeV) I\/Ix (GeV)

M. Kazana "EXOTICA at CMS”, 2™ ICENP, Crete 03.09.2013 42



CMS EXOTICA

q* (ag), dijet
a* [@W)
q*({ad)

q*, dijet pair
g* , boosted £
e* A=2TeV
u*, A=2TeV

Z'SSM (ee, up) |

£55M (1)

Z' (tt hadronic) width=1_2%
Z (dijet)

£ (it lep+jet) width=1.2%
Z'S8M (Il) fbb=02

G (dijet)

G (ttbar hadronic)

G (et+MET) kM =02 |

G (yy) KM =01

G (Z(Z(aq)) kM =01
W’ (Iv)

W (dijet)

WEKK p =10 TeV

pTC, niTC = 700 GeV
String Resonances (gg)
58 Resonance (gg)

E6 diguarks (gq)
Axigluon/Coloron (ggbar)
gluino, 3jet, RPV

gluing, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCF GMSB

hyper-K, hyper-p=1.2 TeV
neutralino, cr<50cm

e

March 2013
95% CL EXcLUsION LimMiTs (TEV)

Lo, p=0.5
LQ1, B=1.0
Loz, B=0.5
LQ2, B=1.0
LQ3 (bwv), Q=+1/3, p=0.0

LO3 (o), O==2/3 or £4/3, B=1.0

stop (bt)

b* — tW, (31, 2I) + b-jet

q’, b'A" degenerate, Vib=1
b* = tW, l+jets

B* — b7 (100%)

T — t£ (100%)

t' — bW (100%), l+jets

t' — bW (1009a), I+

G A, X analysis, A+ LL/RR
C.1 A, X analysis, A- LL/RR
C.l., pp, destructve LLIM
C.l., pu, constructive LLIM
C.1, single e (HNCM)

C.L, single p (HNCM}

C.L, incl. jet, destructive
.1, incl. jet, constructive

Ms, yw, HLZ nED =3
Ms, yy, HLZ, nED =6
Ms, I, HLZ, nED =3
Ms, I, HLZ, nED =6
MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-y, nED =3
MD, mono-y, nED =6

MBH, rotating, MD=3TeV, neD =2
MBH, non-rot, MD=3Te\, nED = 2
MBEH, boil. remn_, MD=3TeV, nED =2
MEBH, stable remn., MD=3TeV nED = 2
MBH, Quamtum BH, MD=3TeV, nED = 2

¥ 1 2 3 4 5

| LeptoQuarks

1 2 3 4

5

Generation

Contact

Inferactions

Extra Dimensions
& Black Holes
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