¥ ii"fiill .

Search for Exotl 2hysics a
Lardé Madron Collitlep ).
;Aleangro Nisati (INFN) "

cHipp LN L




Outline

Searches for new heavy resonances
— Dilepton
— Lepton + EMiss
— Same-sign dimuon
— Dilepton + jets
— Dijet
Search for strong gravity / extra-dimensions
— Monojet
— Dilepton
— Diphoton
— Diphoton + E/Mss
Search for contact interactions
— Dijets
— Dielectrons, dimuons
Search for black holes

Search for long-lived particles
— Many results, not covered in this talk
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Models vs Signatures

Many extensions of the SM have bee .
developed over the past S: —

Supersymmetry'ﬁ:_
Extra-Dimensions

Technicolor(s

Little Higgs .«
&

No Higgs
GUT
Hidden Valleyg,
Leptoquarks
Compositeness
4" generation (t', b")
LRSM, heavy neutrino /
efc...

(From Henri Bachacou, Lepton-Photon talk)
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1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

efc...



Search for resonances with dileptons
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Search for heavy dilepton resonances

Predicted by many extensions
of the Standard Model (SM)

— GUT-inspired theories, little
Higgs

— =2 new heavy gauge boson W’
and Z°

Technicolor
— = technihadron particles

Randall-Sundrum (RS) extra
dimension theory

— —>Kaluza-Klein (KK) graviton
=> see next slides

Experimental challenge:

Understand the detector in a
unexplored kinematic region
(pr > 1 TeV) with little or no
data

Understand the data in lower
energy regions, and extrapolate
them to the signal regions.
Crucial are:

— Accuracy of signal efficiency

— Accuracy of background
predictions

— Accuracy on detector
calibration and alignment

— Understanding of physics
objects reconstruction



/.’ production

 Additional U(1) gauge
symmetries and

aSSOC

lated Z gauge

bosons are one of the
best motivated

exten
Stanc

e Benc

sions of the
ard Model (SM).

nmark: Sequential

Stanc

ard Model (SSM)

— Heavy boson with spin 1
and Z-like couplings

 Also E6 Grand Unified
Theory (GUT), broken
in U(5) and two U(1)
groups, giving raise to
two new U(1) fields.
Their mixing can give
rise to Z’ candidates



The hierarchy problem -1

The question: why the weak force is ~ 1032 times
stronger than the gravitational force?
— F~1/[MZ%,0r]; M, =1.22x10° GeV €=  M,,~102
GeV

Both forces involve constants of nature:

— The Fermi’s constant

— The Newton’s constant

In the Standard Model the guantum corrections to the Fermi

constant appear unnaturally large, unless a delicate
cancellation between the bare value of this constant and its

rniinntiim AaAarrnntinne talsn nlara finAa frininnA)
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— More technically the question is why the Higgs boson mass is so
much lighter than the Planck mass (or the Grand Unification

energy)



The hierarchy problem -2

Three main avenues for solving the hierarchy
problem:

Supersimmetry O

— A set of new (light) SUSY
particles cancel the divergence . r
Extra dimensions

— There Is a cut-off at the ~TeV scale where gravity sets
in; in other words the “actual” gravity constant is
larger then the one observed (or the Planck mass is
much smaller)

Strong interactions/compositness
— The Higgs is not an elementary scalar particle

— The Higgs emerges as a Nambu-Goldostone of a
strongly interacting sector




The hierarchy problem -3

 Extra Dimensions theories:
— Kaluza-Klein model (1921)

— Large Extra Dimensions, or ADD model (Nima
Arkani-Hamed, Savas Dimopoulos and Gia Dvali,
1998)

— Universal Extra Dimensions (UED, 2001)
— Randall-Sundrum model (1999)

— DGP Model (Gia Dvali, Gregory Gabadadze and
Massimo Porrati; 2000)
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Extra Dimensions

Extra Dimensions models propose that there are one or
more additional dimensions beyond the three spatial
dimensions and one temporal dimension that are observed.

The universal extra dimensions are assumed to be
compactified with radii much larger than the traditional
Planck length (~10-3>m)

The basic idea Is In the fact that in an Universe of
(3+1)+0_extra-dimensions the gravitational field is

g ~ 1/[M?5(3+1+8)°r?]

If the extra-dimensions have a finite “size p” (also called
“compactification scale’), then for r>>p the field in the
extra-dimension becomes a constant:

g~1/[M2(3+1+3)*pir?]
At this point M2, = M?5(3+1+8)*p° : the “real” Planck
mass could be actually small, but it “observed” value Mg, In

our Universe Is actually amplified by the presence of
compact extra dimensions




Extra dimensions

 Universal Extra Dimensions:

— there are one or more additional dimensions beyond the three
spatial dimensions and one temporal dimension that are
observed. All fields propagate universally in the extra
dimensions

— Compactification scale: ~1071¥ m

« The ADD Model (N. Arkani-Hamed, S. Dimopoulos and G.
Dvali; 1998) postulates the existence on n flat additional
dlmensmns compactified with radius p. It also requires that
the fields are confined to a four-dimensional membrane
while gravity propagates in several additional spatial
dimensions that are large compared to the Planck scale

— Mp| = Mp|2/87t MD2 (3+1+8)®p° M, is the Planck mass in the (3+1+5) space

* The Randall-Sundrum model: there is only 1 strongly
warped extra dimension =» see next slide




Randall-Sundrum graviton

Our 3+1-dimensional Universe is embedded
In a 5-dimensional space spacetime ; this
extra dimension Is the bulk, and it Is
extremely warped. This dimension is the only
one warped.

It contains two braines:

— The Weakbrane (or TeV brane; it contains the
SM)

— The Gravitybrane (or Planck brane)

Our ordinary Standard Model world seats on
the Weakbrane; the gravity force spans over
the two branes: the graviton’s density function
IS very high at the Planckbrane, and drops
exponentially when moving to the Weakbrane

The gravity intensity seen in the Weakbrane is
much weaker than the one expected in the
TeVbrane:

— Mp= Mpeexp(kp), where k=curvature scale

O,
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Randall-Sundrum graviton

* In minimal RS model, it give
rise to Kaluza Klein massive
graviton G* states separated
by ~TeV energy

— G* have k/Mg, coupling to
SM particles

e M, is the Planck Mass /N(87)

« K Is the spacetime curvature in
the extradimension

— G* have spin 2 - more central
decays

« G* width proportional to

(kM)



Search for resonances with dileptons

Benchmark Z’—2>e*e",utu”

Very clean signature: bump in the I*I™ invariant
mass distribution: =» good experimental mass
resolution required

Backgrounds:

— dominated by Drell-Yan (+ jets) processes
— Dibosons

— ttbar

— QCD (semileptonic b-c decays; fake electrons from
jets; in flight meson decays, etc)

Data sample: 1.08(1.21) fb for e*e™ (u*u")



Search for resonances with dileptons -1

Event selection:
— Lepton trigger
— Electron: “medium quality”; E; > 25 GeV;

— Muon: reconstructed in MS (three stations
required) and ID; p; > 25 GeV; impact
parameter cut to suppress cosmic ray
contamination;

— Lepton isolation in the calorimeter (Inner
Detector) for electrons (muons), to reduce QCD
background

Z’°(G*) 1.5 TeV mass signal acceptance: e+e-
65(69)%; 40(44)%

Muon p; resolution @ 1 TeV ranges from
14% to 44%

Backgrounds are evaluated with simulation
samples rescaled using the most precise
available cross section predictions

Due to the poor modeling and low Monte
Carlo statistics, QCD dijet backgrounds are
evaluated from data for both channels

Electrons

Muons

arXiv:1108.1582, accepted by PRL

6 e Data 2011
10 ATLAS ik
1 05 I P [CJDiboson
_[Ldt=1.08fb [ 1
10* : SVQVEJDGB
\s=7TeV 1Z/(1000 GeV)
10%E [JZ(1250 GeV)
: CJZ(1500 GeV)
10?
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10 e Data 2011
ATLAS 5o
105 I | [CIDiboson
JLdt=1.21 fb T
10* ‘ g\gédoets
Ns=7TeV C1Z'(1000 GeV)
10° JZ(1250 GeV)
: CJZ(1500 GeV)
10?
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Search for resonances with dileptons -2

 All background sources Inverted identification

are evaluated with Monte + Ina QCD dijet data sample,

Carlo samples, except
QCD jets.

Due to the poor
modeling and low Monte
Carlo statistics, dijet
background is measured
from data

In the ete~ channel, three
Independent methods are
used. The baseline
method 1s the “inverted
1dentification”

select e* candidates which
passes loose quality and fail
medium quality
Identification. Then run the
analysis as for the signal
region =» determine the
shape of m(e*e)

Normalize to luminosity
fitting the signal region
Invariant mass m(e*e™) with
all MC processes (cross-
section weighted) and the
measured dijet shape in the
region 70<m(e*e™)<110 GeV



Search for resonances with dileptons -3

“Isolation fits” method: study
the electron isolation in data
using templates for (isolated)
electrons and for fake
electrons;

— For isolated electrons use
electrons from W—>ev decays,
while the QCD electron template
Is taken from data reverting the
electron identification cuts

— Fit the leading and subleading
electron isolation separately.
Good agreement with the
baseline method within
uncertainties

Electrons / 2 GeV

] LA B B BN B R
106% A ATLAS ® Data 2011
5: I I:IZ/'Y*
F ' JLdt 1.08fp"  [JDiboson
| Wl
I \s=7TeV EW-+Jets

Jacb
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II\OIII\5I\I1OII\I15I\I20\\II25I\II30I\\I35I 40

Leading Electron Isolation [GeV]




Search for resonances with dileptons -4

QCD background
measurement in the muon
channel: study the muon
Isolation.

Muon isolation: 1=Xp,"™/p,*
around the muon in a cone
AR=0.3

ook to non-isolated muon
events: 0.1<1<1.0; and select
those with both muon non-
Isolated: dominated by heavy-
flavours; the number of events In
the signal region is obtained
scaling the number of events in
the control region with the
signal/background ratio from
MC.

Muons / 0.05

Signal
region < Control region -2
||IIII""|""|""|""|ll||||..,|,,.,|..lIIIIII
10° [ ATLAS Iilgfl:’i 2011 N
| det=1_21 b’ I:II:_Jiboson ]
10° I Wi -
I Ns=7TeV Ew+Jets 3

CJacp

0 0102030405060?08091

tri

= P; fp
Track-based isolation spectrum for the'

muon channel after event preselection, that
Is immediately before the isolation. The
range shows the non-isolated region
dominated by QCD.



Events

Search for resonances with dileptons -5

e+e-
LH-
T LI Ll T T L] L] T | E E r r , , : r T r I
ATLAS w2 c 10 ATLAS * Data 2011
. (I
[CJDiboson LI}J 10° .
Ldt=1.08" i p EE_)lboson
EW+Jets 4 Ldt=1.211b tt
10 EW-+lets
Vs=7TeV 0Jaco
- [(JZ'(1000 GeV) 3 Vs =7 TeV CJaco
[1Z/(1250 GeV) 10 E; ﬂ oo g*‘ﬁ;
. 1]
[JZ'(1500 GeV) 102 [JZ'(1500 GeV)
10
1
10"
o , o , 102
1 1 |
80100 200 00 1000 2000 80100 200 500 1000 2000
mee [GeV] m,, [GeV]

Dielectron and dimuon invariant mass distributions after final selection,
compared to the stacked sum of all expected backgrounds, with three
example SSM Z' signals overlaid. The bin width is constant in log my;.

Main systematic uncertainties:
- Background: 11% Theory, 5% exp. - Signal 5%
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Search for resonances with dileptons -5

Z’-E6

L] I LI | LI LI L] I LI I I LI | LI I Ll LI | I L J T
1 ATLAS --- Expected limit —
- Ns =7 TeV Expected = 15
_ L= Expected = 26
B — Observed limit
1I_'J'1 = — Z'ssm =
= —7Z .
B —Z, i
102 E
C ee:J'L dt=1.08fb" sl ]
B u|.L:J.LEIl= 1.21 b -

10'3 L I 11 1 I L1 1 I L1 I L L I 11 1 I 1 Ll I 11 1 I 1 11 I“I\‘l ] L

02 04 068 0.8 1 12 14 16 18 2
m [TeV]

Expected and observed 95% C.L. limits on cross
section times branching ratio and expected cross
sections for SSM production and the two E6-
motivated Z' models with lowest and highest cross
section for the combination of dielectron and
dimuon channel. The thickness of the SSM theory
curve illustrates the theoretical uncertainties.

o B [pb]

102

G* Randall-Sundrum

ee:det —108iT N a8

Ty 1T ygyrrrjrrryrrrprrrprrrprrre T

ATLAS --- Expected limit
Ns =7 TeV Expected = 10
G* —= || Expected + 25
— Observed limit
w— /M, = 0.1
k/M,, = 0.05
— k/M,, = 0.03
— k/M,, = 0.01

LIS
Ch
m
-
LY
LT

|.t|.1:J.L dt=1.211"

0.2 04 06 0.8 1 1.2 14 16 1.8 2
m [TeV]

Expected and observed 95% C.L. limits on cross
section times branching ratio and expected cross
sections for Randall-Sundrum gravitons with
various couplings k/M_PI for the combination of
dielectron and dimuon channel. The thickness for
the k/M_PI=0.1 curve illustrates the theoretical
uncertainties.
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Search for resonances with dileptons -6

S CMS preliminary,j Ldt = 1.1fb™ ee+utu

= 0.4 ' ' ' ' ---.-.. median expected
o ~ eswexpected - CMS results
B 95% expected
0.3 —— Z'ssu - CMS PAS EX0-11-019
: 70 ]
02 B G, KM,=0.1 | analysis similar to the
' — ggg;o ké%l??ﬁgs one from ATLAS
0.1 _
500 1000 1500 ~ 2000
M [GeV]
ATLAS Mass (Tev) 95% | CMS Mass (Tev) 95% publication
C.L. limit C.L. limit [Prel.]
7Z’SSM 1.83 (1.83) 1.94 http://arxiv.org/abs/1108.158
2, subm. PRL
G* (k/MPI=0.1) 1.63 (1.63) 1.78 http://cdsweb.cern.ch/record/
1369192/files/EXO-11-019-
pas.pdf
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Search for Technicolor particles

 Technicolor avoids this problem by hypothesizing

a new gauge Interaction coupled to new massless
fermions

* New gauge Interactions with new fermions are
Introduced. This new force, asymptotically free at
high energy, becomes strong at low energies,
around the value A;- ~ 250 GeV

 Briefly, the electroweak symmetry is broken
“dynamically” producing W and Z masses

— The new strong interaction leads to new composite,

short-lived particles at energies accessible at the LHC
(techni-hadrons)




Search for Technicolor particles

« Example of the lightest « ATLAS performed recently
techno-particles: the scalar a new Interpretation of the
T, and vector p, O same-flavour opposite-sign

» Techni-vector objects can dilepton analysis to set
decay into a SM gauge limits to the pr, @y Mass In
boson + a w;, pairs of SM the context of the “Low
gauge bosons, and fermion- ~ Scale TC” (LSTC)
antifermion pairs (assuming m(p)=m(wr)).

 Techni-particle searches
can be made looking to
lepton-antilepton final
states



SR

Search for Technicolor particles

ATLAS CONEF- 2011 125

ATLAS 5 o o
7"\_ E Expected+ 16 E
* Scan for m(pI) and m(7ty) £ ooof o i o
simultaneou ool S Lt :
* Masses of the pr and o 200k E
the range 130 — 480 GeV are : ' N
200[ ATLAS Prellmlnary—_
excluded at 95% C.L.. : , ?
100 p Ldt 121107
- For m(p T) m(nT) 100 Gev 150200 250 300 350 4(1)0 450 500 5£|'>0 600
m(py) > 470 GeV CMS PAS EX0-11.041 e/ [GeV]
CMS 3 7
» Two-dimensional exclusion S
limit for Technicolor as a E 200
function of the pc and ¢ :
MassSes. 2501 _. Ldt=1.15f" ]
* For m(py) < m(my) + My, N s st
In(p ) > 436 GeV 95% C I_ 2% 959% C.L. limit (obs) ]
[PreT 15000520 340 360 380 400 420 440 460

m(p,) (GeV)
11/23/11 A. Nisati, Searches for Exotic Physics at the LHC 24



Searches with same-sign same flavour dimuons

 Predicted by many BSM models
— Left-Right symmetric models
— Higgs triplet models
— L.ittle Higgs
 \ery clear signature, small background
— Dibosons
— Charge misreconstruction
— Non prompt muons (HF and n/K decays)

 Event selection:

— Require isolated muons reconstructed in the ID and MS
with the same charge, and well associated to the primary
vertex position

« Measure backgound from data



Searches with same-sign same flavour dimuons

Prompt muon efficiency “r”’ evaluated from Z
» Fake rate “f’: large impact parameter sample
|dentify two types of muons

— Tight (T): pass isolation requirements
— Loose (L): fail isolation requirements

 Four possible dimuon combinations:

Nrr| | rir rf2 fira fifa | [NEg]
Nrp| | n(l-nr) ri(l-12) fi(l = r2) All=F) || Nie
Nir| | (A=-r)r (1-rf2 (1-for2 A-f)fr ||Npg
Nepl lA=-r)(A-r) (I-r)A-f) A-f)A-r) (1-)10- )N

— I prompt muon efficiency
— f. fake muon acceptance

 Total background from non-prompt is the sum of
Ngr = r1faNgz, Nrr = firsNpp and Npr = fi foNp



Searches with same-sign same flavour dimuons

« Test matrix method over different control samples
1. Opposite charge + both muons pass tight isolation
2. Opposite charge + both muons fail tight isolation
3. Same charge + at least one muon fails impact parameter
4. Same charge + both muons fail tight isolation

«  Prediction agree within uncertainties
~ 120 > SO 5
3 ATLAS Preliminary * Data . 8 a5E- ATLAS Preliminary * Data =
0 100 2 ++ det PP ;l/?{r:—prompt i — Pt 4oE det 16" Non-prompt p _5
; C i ] g 3 Il Diboson 3
= o r t ] »n 35F —
g 80_— + Il Diboson -] % + =
c ¢ + S 30 3
3 60— + Both muons pass intermediate ~ ™_| § 25 Both muons isolated, like-sign, o
g B + isolation, opposite-sign ] E o0 > 1 muon with d,/c(d ) > 3 -
40— + — a
! +++ t ] 156~ + + 3
— i 10E- 3
200 ++ n ‘Lt t . 5:_'+' '+'+_+_'+'_+_ 3
O_ —h* PPV BV OE — e L _+_i_. \—+' .
o ; ‘ 5 @ F ' ;
Ea S £ o - *» -
LR +++++ ++ + .................................................................. E 8 _+++ .......................................................................................................... B
E L et : g Tyt ++++ H
°0 150 200 250 % 50 100 150 200 250




Searches with same-sign same flavour dimuons

ATLAS-CONF-2011-126

> F —
8 _  ATLAS Preliminary j Ldt=1.6f" © Data ]
O 42 [ Non-prompt p
T9E Il Diboson E
o F — H™ (150 GeV)
-g B — H* (200 GeV)
s 10E; — H{" (300 GeV)
> = 3
E r ]
a r i
1E -
10
g - i "
f 2: """""""""" P
S _
S T ' // .
of ‘ an
0 300 350

Obtain following mass limits

M. [GEV]

« mass(H,) > 375 GeV

(exp. 342 GeV)

« mass(Hg) > 295 GeV

(exp. 286 GeV)
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95% CL [fb]

o(pp — U pb)

T TTTT

JLdt =1.61fb"

—
ATLAS Preliminary

1 11111

= observed

- - median expected

- expected+ 1o

expected+ 2c

— Observed 95% upper limit =
E ......... Expected 95% upper limit E
= [ 68% of Pseudo-Experiments 3
B 95% of Pseudo-Experiments 7
SES8 | eft-handed H™ production, BR(H™ —ptu)=100%
B B Right-handed H™ production, BR(H™—p#u%)=100% ’
L b b e b e by
00 150 200 250 300 350 400
. . H™ mass [GeV] L
Inclusive model independent limits
= I I T T
— ATLAS Preliminary
JLdt=1.6fb"
10°
10

pT(u1)>20 GeV,pT(u2)>1 0 GeV
m(p)|<2.5, AR(u,jet)>0.4
| 1

T IHIH'

I
>15 >100 >200

|
>300
Dimuon Mass féeV]
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Run Number: 183462, Event Number: 139735410
Date: 2011-06-14 20:10:35 CEST
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Search for resonances with lepton + MET -1

arXiv:1108.1316, acc. by PLB

*2 107 oDalta|2011
E 10° . cvnfjv |:]W:(500)
 Search for new heavy s TRV = <
_ " [Ldt=1.041fb" w

4

W ttoar
[T Diboson
QCD

charged bosons, SM W-
like;
— SSM: W’ !
— TC: Techni-rho 102 e
— Little Higgs o

(2] ! ! ! LI |

< ® Data 2011
g 108 ATLAS [Jw(500)
i vosy W — uv [Jw(1000)

\s=7TeV [Jw(2000)

« Signature: isolated high-

[Ldt=1.041fb" w

p+ lepton (e or p) and > =

QCD

large MET

102 T
ET™ [GeV]
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Search for resonances with Iepton + I\/IET -2

107

 Study the transverse mass: g atas - mowmn
w o L WJ’ w’ —>7e_|\_fv E]W(moo)
‘o \S = e W’ (2000)
" - [Ldt=1.0410" w
mr = \/ 2pr (1 —cosAg, g ) i EL“-.‘ me
! [ Diboson
102 QCD

» SM background processes: W=>1v, 1
Z->11, tthar, Dibosons, QCD jets; o

« Background estimation: two e T e
complementary approaches are L v
used by ATLAS and CMS S ZENR AR B
— ATLAS: estimates all sources with g0 A
MC, except QCD measured in data 511‘);? E
— CMS: fit with a few emprical N
functions the my distribution in the ot
mass interval 180<m;<600 GeV and o2b
extrapolate it to larger my values. The R 1T |
0% 200 400 600 800 1000 1200

spread in the extrapolation is used as

I M; [GeV
background uncertainty. r [GeV]



Search for resonances with lepton + MET -3

« A Bayesian approach Is
adopted by both ATLAS and
CMS with a flat prior
probability distribution for the
signal cross section.

* Results: set a 95% C.L.
exclusion of
oy X BR(W’=21v). AW’ with
SSM couplings Is excluded
with mass up to m,,,=2.15
GeV [ATLAS] or
m,»=2.27 GeV [CMS — prel.]

6 B [pb]

m,, [GeV]

'_& :CMSPre "minary IIIIIIIIIIIIIIIIIIIIIIIII U3 I'IJ:
4;- e =T FaV - 13"

+

=
-

il
4
m

O
=
~

P e N A B .
= X --e-- NNLO theory ]

- —e— Observed limit |
| X ----- Expected limit -
) 3 Expected + 1
107 ’ .
-

§>\ ]
&Y Expected + 26 ]
\\\\‘\‘\ p |

\\.\
2
w
\\\'\'.\
.
\\‘ i\\

T W —olv

10°E\s=7TeV, | Ldt=1.04 fo’ E
C_|

R R SRS R
500 1000 1500 2000 2500
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9400 1600 1800 2000 2200 2400
W' mass (GeV)



Dijet resonances

E.EXPERIMENT

R N

mass of jet-jet system 4.0 TeV MET = 0.1 TeV



Dijet resonances -1

» Composite models deeaymode | broostio [ | decarmode | brrello [
generally predict the T s Do 109
existence of excited quark [CT==z 35 D= dZ 51

Branching ratios of excited up- and down-quarks for
f=f=f" and a,=0.1

and lepton states.

— Are quarks and leptons
elementary particles, or do
they exhibit a structure at
some energy scale?

« The most convincing .
evidence for a substructure
of quarks and leptons
would be the discovery of
excited states towering over
the leptonic and quark
ground states

« See for example U.Baur I.Hinchliffe and
D.Zeppenfeld, Int. Journal of Mod.
Phys. A2 (1987)

According to (g-2)..,
measurements, the substructure
scale Ais < 1 TeV, and excited
states not much lighter than A.

=» LHC is the right machine to
search for excited fermions at the
energy scale of few TeV



Dijet resonances -1

« ATLAS: study based on 1

fb-! of data
« Analysis very simple:
— reconstruct jets with the

anti-kt algorithm with
distance parameter R=0.6

— Jet 4-momentum: vectorial
sum of calorimeter cluster
cells treating each cluster
as an (E,p) 4-vector with
E=|p| (i.e. m=0), and
assuming that the jets
originates from the
reconstructed pp
Interaction vertex

— Calibration procedure is
applied to evaluate the jet
energy at the hadronic
scale

* jet-jet mass resolution: ~

% at m; =1 TeV, ~ 4%
atm; = o TeV

Select dijets with p+ > 180
GeV (online) (each), m; >
717 GeV (trigger
acceptance > 99%);

require also and n<2.8
and |y*|<0.6




Dijet resonances -2

arXiv:1108.6311, subm. Phys. Lett.B

* Study the m;; distribution E\_ e
assuming only QCD coms
contributions and fitting it with —Fit
the function 0t

f(x) = pi(1 — z)P2gPetpalne
where = = mj;/+\/s

Events

Ns =7 TeV
fLm:mfb"

« Use the BumpHunter algorithm
to establish the presence or e
1000 2000 3000 4000

absence of a resonance Reconstructed m [GeV]

significance

=T

E B ALJLLLLLL ILLLLLLY L L
_||||||| 11 _IIII I I B W A

The measured dijet mass distribution (points) compared to the fitted
function used to describe the QCD background. The binning is chosen
accounting for the jet-jet mass resolution. The bin-by-bin significance
(statistics only) is shown in the lower insert. The two vertical lines indicate
the region where the most significant excess is found.



Dijet resonances -3

 Nosignificant excessisfound £ | = i

In data QE 10 ; —_— gbserved 95% CL upperllmlt:
. . . A ol N Expected 95% CL upper limit

* =>» set exclusion limits on RN e
production cross-section of new ol .

; - i \ -
Eg;tcl)%ldess%edlcted by models Ty N Jraon
; A ) N5 =7 TeV &

» => set exclusion limits on 0% . :
production cross-sections as 102} —
much as possible model 1000 2000 8000 4000
Independent Mass [GeV]

The 95% CL upper limits on oxAcceptance as m

a function of particle mass (black filled Excited Quark, q* 2 81 TeV 2. 99 TeV

circles). Theoretical predictions for oxA are

Axigluon 3.07 TeV 3.32TeV

shown in for excited quarks (blue dashed)
and axigluons (green dot-dashed. Theoretical Colour Octet 1.77 TeV 2.92 TeV
uncertainties are not considered in this plot).  Scalar
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Dijet resonances -3

CMS Phys. Lett. B 704 (2011) 123

The observed 95% CL upper limitson ¢ x B x A
for quark-gluon dijet resonances (points) are

E :l I I | | .'l.“ LI | LI ‘l ‘.I I | I | | | L | L I I:
3 - "._ == String Resonance -
< s i
X E """ Excited Quark E
@ ]
% - .
C — -
S
o 10 1 3
(4)] E CMS (1.0 fb™) . 1
D b EorTev ]
n )
2] I —e— Observed 95% CL Upper Limit  * ) 7
o . ~
~ La2 ' _
O 10 E— - Expected 95% CL Upper Limit -~
N Expected Limit + 1 ]
= Expected Limit + 20 g .
I B co b [ 1
1000 1500 2000 2500 3000 3500 4000

The 95% CL upper limits on 6xBxA for a simple
Gaussian resonance decaying to dijets as a function of
the mean mass, mg, for four values of /Mg, taking into

gg Resonance Mass (GeV)

account both statistical and systematic uncertainties.

11/23/11

compared to the expected. CMS
Model Excluded Mass (TeV)
Observed | Expected
String Resonances 4.00 3.90
E¢ Diquarks 3.52 3.28
Excited Quarks 2.49 2.68
Axigluons/Colorons 2.47 2.66
W’ Bosons 1.51 1.40
g Tarias
< TP S=7TeV E
g : “‘:-‘ﬁi.\ }(:Lz;:m b
= IS = 0.45
£ 107 \ . §:i§
g ‘:\M\ -~ 0.05
1% S
_mlool - '2050 ' ‘3o|oo' 38 40|0(;
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Dijet angular distribution -1
« The study of quark-quark |

scattering Is a powerful method to }(

probe the presence of “New = ) \

Effects” in the structure of matter = %
» Classical example is the | =

Rutherford scattering:

— It not only demonstrated the
structure of the atom, but it gave
Indications on the structure of the
nucleus

The scattered intensity departs
from the Rutherford scattering
formula at about 27.5 MeV

]
h'.
"
Tew,

lative intensity of scatterad

Ipha particles at 607

—
=

The deviation from the Rutherford cross
section with the increasing projectile
energy are an evidence for nuclear

Re
a
)
=
]

i i 1 1 i i
15 20 25 30 35 40

reactions



Dljet angular dlstrlbutlon -2

= (M/2) /cosh y* E.y) = M/2,y¥)

ya (=no) T

cos 8* = tanh y*
6*

M/2

------- >
p, = (M/2) tanh y*

y'=y1=y)/2
yg=y1ty2)/2
Y—=Y-¥g
Y2 (E y)=(M/2, —y¥)
Laboratory Frame Parton-Parton Rest Frame

* Select high-p- jets in dijet events;

 Study the distribution of the “opening angle” y* of
the new physics at high mass appears first as central
production (s-wave)
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Dijet angular distribution -3

Il\lew J. Phys. 13 I(%Oll)|053044

* Study two variables: RO orn & MG sy
- L. : = 03[ | o mooboeviots

— The y distribution: y=exp2|y*| = = = =

as a function of my;, the jet-jet o.zé—‘,H ‘ H?+ :
system invariant mass 0,15ty

* QCD is almost flat in this i N
variable gk | T T T AT

A S

F,(my;) = n(ly*|<0.6)/n(ly*|<1.7) ot e AT

as a function of m;; y = e

~ 045 T

« Limits are set by ATLAS on: = o [
— Quark Contact Interactions with a 035F 5 Thoortealumeranios o
scale A- < 6.7 TeV (bayesian) 95% 03f T -+ [

CL 0.25:_ . data é--l _:

— Axigluon mass 0.60<m,<210 GeV 02 . ]

— Randall-Meade quantum black holes  °'°¢
with 0.75<M<3.67 TeV, assuming O i LT M=

D e e I E

N=6 Extra Dimensions 005 prias ' | E

Ll L1l L1l 1 L1 1 H Ll 1 1 | :
QOO 1000 1500 2000 2500 3000 3500
m; [GeV]



Dilepton Invariant mass Sz

quark/lepton compositeness may
be described as a four-fermion
Contact Interaction (Cl) in the
low energy limit.

— Contact Interactions (CI) :
approach similar to that used by
Fermi to describe nuclear 3 decay
long before the discovery of the W
boson.

With the introduction of a contact
interaction, the differential cross
section for the process qq=2up
becomes:

do  dopy Fi(m,,) Fclm,,

dm

11/23/11

pp  dmy,,

T,
ILL A2 A?

FI: interfernce term between CI
and Drell-Yan (DY)

FC: pure CI term

Events

F,: interfernce term between CI
and Drell-Yan (DY)

Fc: pure Cl term

1 OE s a P & Data 2011
ATLAS Preliminary =
10° W:fl_ dt=1.211fb" .
1 04- Eicfa Tev
: \s=7TeV NI

A= 5TeV
- = TTeV
== = TTeV
A =12TeV

80 1EIID 200 300 40 1000 2000
Results:

qgYee: A~ >10.1TeV (A*>9.4 TeV)
qq2up: A~ > 8.0TeV (A* > 7.0 TeV)

for constructive (destructive) interference in
the left-left isoscalar compositeness model.
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Photons + MET

UED models postulate the existence
of additional spatial dimensions in
which all SM particles can
propagate, leading to the existence of
a series of excitations for each SM
particle known as a Kaluza-Klein
(KK) tower.

An ATLAS analysis considered the
case of a single TeV!-sized UED, with
compactification radius R.

— The masses of the states of successive
levels in the tower are separated by ~
1/R. For a given KK level, the
approximate mass degeneracy of the KK
excitations is broken by radiative
corrections

The lightest KK particle (LKP) is the
KK photon of the first level, denoted

v*.

At the LHC, the main UED process
would be the production via the
strong interaction of a pair of first-
level KK quarks and/or gluons
which would decay via cascades
Involving other KK particles until
reaching the LKP y* at the end of
the decay chain, followed by:

v* 2> v+ G (graviton)

With two decay chains per event,
the final state would again be

pp N ,Y,Y + ETmISS + X

where E;™ss results from the
escaping grawtons and X represents
SM particles emitted in the cascade
decays.



Photons + MET

 Model considered here:
—1/R =700 GeV

— KK photon, quark and gluon are 700, 815 and 865
GeV mass

— The decay width are set by the number N of extra
dimensions and the Planck mass Mg in the =
(4+N) space

— For N=6, My =5 TeV, 1/R< TeV, the LKP is the

only KK particle to have an appreciable rate of
gravitational decay




ATLAS: EPJ C71, 10 (2011)

Photons + MET

Event selection:

— Two — high-quality — photons with
E;>30,20 GeV respectively

— E{Miss > 125 GeV

Data: 762 candidate passing all cuts
except E;™S cut

Data: 0 events pass also the E{™ss >
cut

Background:

1. vy, ytjets, jet->misidentifed y

2. WHtjets,Wytjets, jet>misidentifed y
Background estimated from data
using control samples

Expected background after E™'ss
cut: 0.10+0.04+0.05 events

Events / 10 GeV

Events /5 GeV

I'I1|'I1I'l'|rl1I'|1II1|I1II'|II1I

ATLAS —4— Data2010 Ns =7 TeV) T

3 = -

E —— GGM m_=600 GeV, 3

fe 1 =300 GeV ]

® det:sepb ms € ]

2 Lo {x100} B

E ° _mmm UED 1/R = 900 GeV 3

C st Phir S ]

10 :E =.':u (1T} -‘-i:‘: .?E
L | H ‘ |H

Leadlng photon

50 100 150 200 250 300 350 400 450 500

E. [GeV]
10— 7773
—4— Data 2010 (Vs = 7 TeV)
. I CcCD
10 W—ev+jets,W—evy,ti—ev +X_
GGM m, = 600 GeV,
m = 300 GeV
O UED 1/R = 800 GeV
ATLAS
1 s . f Ldt = 36 pb” E
10-1 --__:-:..'"'..'j :”'_ 3
102 v H N I I e TS N S Sl I L
0 50 100 150 200 250

EF™® [GeV]



Photons + MET

W+jets background
estimation

Select an e-y sample with
E>20 GeV and one of the two
W|th E>30 GeV

Rescale the yield with the
probability e>misidentified v,
estimated with a real data
sample Z->ee for which one
electron fakes a photon

Need to subtract the estimate
the contribution from Z->ee
and QCD, dominating the low-
E. ™S region: normalize this
control sample to data for

E. Miss < 20 GeV, see right plot

11/23/11

T I T T T T | T T T T | T T T T I T T T 1 ]
—+— Data 2010 s =7 TeV) -
B COCD. Z— ee E

W—=ev+jets

Events /5 GeV

W—evy

B iiovix

ATLAS

det =36 pb’

|I

200 250
ET™® [GeV]

E.™iss spectrum of the electron-photon control
sample (points, statistical uncertainty only),
normalised according to the probability for an
electron to be misidentified as a tight photon,
compared to the sum of the expected background,
broken down by component (stacked histograms).

0 50 150

100
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UED:N =6, M, =5TeV,AR =20

Photons + MET

E ]
'E' i Expected CL, limit
10 — Observed CL; limit h
- + 20 .
B —— UED LO cross section
i det=36 ob' Vs=7TeV |
e E
107F =
- ATLAS ]
'2 | I L1 | 1 1 1 | 11 1 1 1 | L1 1 | | |
107200 800 900

limits on the UED production cross section,
and the LO theory cross section prediction,

as a function of 1/R.

11/23/11

1000 1100 1200
1/R [GeV]
Expected and observed 95 % CL upper

GGM: bino-like neutralino, tanp = 2, CT o < 0.1 mm

F SDD _I_I l L] T T ) I L] T T ) I L T T ) I L T LI ) I L T LI ) I T T LI ) I T I L] I_l‘__
& - ATLAS .
= 750 —
é 700 : :
E [Lat=36p0" N5 =7Tev g

650 = — =
600 f -
550 B " - .
~Es ATLAS expected CL. limit |

500 = —— ATLAS observed CL.limit g NLSP =
450 :_ + 10 _:

- —e— CMS observed limit (35 pb™) 3

400 0ol s v o b v v o b v v v w s b v s by v aw by s s 1

100 200 300 400 500 600 700 800
m. [GeV]

Expected and observed 95 % CL lower limits on'the
gluino mass as a function of the neutralino mass in
the General Gauge Mediated model with a bino-like
lightest neutralino as NLSP (the grey area indicates the
region where the NLSP is the gluino, which was not
considered here). The other sparticle masses are fixed
to ~ 1.5 TeV. CMS limits are from Phys. Rev. Lett. 106,
211802 (2011). More recent CMS study in: http:/
/cdsweb.cern.ch/record/1377324%In=en
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Searches In yy final states

In ADD and RS models the
graviton G* can produce vyy final
states:

— G*>vyy
ATLAS has performed an analysis
based on 2.12 fb-! studying the
invariant mass of isolated “high-

quality” high-p; diphoton events

Background composition:

— Irreducible: QCD vyy

— Reducible: y-jet and jet-jet
Background shape measured with
data:

— Study the events where one or both
photons pass “low quality” cuts and
fail “high-quality” cuts

and normalized to data in the
control region 140<m,, <400
GeV.

ATLAS Preliminary de[:2_12fb'1

-k
cIl.l
|

Events/ bin

Vs=7TeV E

-+ Data
1 T " Reducible background
— [
[[]Total background
syst @ stat (reducible)
syst @ stat (total)
[IRS, kiM,=0.1, m_ = 1.25 TeV
ADD, GRW, m, = 20TeV

-2

Significance

015 0.2 03 04 0506 08 1 12 15 2
m, [TeV]

The observed invariant mass distribution of
diphoton events, superimposed with the
predicted SM background and expected
signals for ADD and RS models with
certain choices of parameters.



Searches 1n vy final states
e

* No significant number

LA LN L I L B L L L L

of events are found : N
exceeding the SM i f T
prediction s A0 00r

« 95% C.L. graviton TE e
production cross section  “Fifaine N
mg [TeV]

exclusion limits are set.

Expected and observed 95% CL limits from the combination of
G*=> yvy.ee,un on 6B, the product of the Randall Sundrum graviton
production cross section and the branching ratio for graviton decay
via G*2>yy,.ee,up , as a function of the graviton mass. The thickness
of the theory curve for k/Mjg, illustrates the theoretical

uncertainties.
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Search for black holes

3-D view of 9-jet candidate event; S; = 2.6 TeV CMS Experiment at LHC, CERN

Data recorded: Mon May 23 21:46:26 2011 EDT
Run/Event: 165567 / 347495624

Lumi section: 280

Orbit/Crossing: 73255853 ( 3161
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CMS: PAS EXO-11-071

Search for black holes

Here a CMS study Is presented, based
on 1.09 fb-1.

Select events with leptons, photons,
and jets all produced with large
transverse energies; each object is
asked to have E;>20 GeV

Define S+ as

S = (e,p,y,Jets) |ET|
study S+ as a function of N, the number
of high- E objects

Model- mde_pendent production cross-
section limits have been provided

Translating these cross-section limits
Into expectations to the ADD model,
we can exclude the production of
black-holes with a minimum mass from
4.0 t0 5.1 TeV for values of My up to
3.5 TeV

Events / 100 GeV

107k

102 E

3 L] Data

F Background

Uncertainty

.......... M, =1.5TeV, ME":""
v Mp =2.0 TeV, Mg”

Mp = 2.5 TeV, MJ"

=45TeV,n=6
=40TeV,n=4
=35TeV,n=2

CMS Preliminary
\'s=7TeV, 1.09 fb"

5000 2300 3000 38004000
Sy (GeV)
‘ IIIIIIII |III‘\\\\‘\\\
Theoretical Cross Section
------ Mp=25TeV,n=2
E-~.  azass M,=20TeV,n=4 o
My=15TeV,n=6
Non-rotating Black Holes
—— My=25TeV,n=2
- —— My=20TeV,n=4
My=15TeV,n=6 3
CMS Preliminary ,//;:
- s=7TeV, 1.09 fb’
10'3\‘\\\\‘\\\ |IIII|IIII|I;.‘I ‘ ‘\\\
25 3 35 4 45 5 55



Exotics Summary (ATLAS)

ATLAS Exotice Searches® - 35% CL Lower Limits (Status: BSM-LHC 2011) 24 Aug 2011

T T T rrrr LI N R LR R |
Large ED {ADD) : mancyst M (a=2)
UVED vy« E_ Compact. scaj:l-'H. ’E&,‘:ﬁ
5 RS with &7, = 0.1 © diphctam, m,, Giraviton muss
: RS with kIM, = 0.1 - dilepton, m_, Ceawinm s f:_.:u = (0831 - 1.60) fn”!
% REwithg _ i6=020 H + E; KK ghion mass WS = 7 e
F Quanium tack hale (QBH) ©m_, Fliy) M [BeiE)
u CBH : High-mass a,_, i,
ADD BH (M, 0 =3) - multief Xp N W, (ki)
AOD BH | Mg fidy=2) - 55 dimuon N, M (3=
~ e contas inbaraction | F (m aTTeN
N e comactinaraction m | e e a2 T A
5 GEM [ et e et s 1w I mass
SEM A i e Sai e panmey WOmass

& Sealar L pairs fA=1) : Kin. wars. inaej], evij 1 gon. LG mass
h Sealar LO pairs (F=1] 1 n, vars, in ppii, pvii ™ gen. LQ mase

4" ganeration | coll, mass in G T, Waig @, mans

4" generation : HIE‘—- WitV (2 b B8] d, mass
TV s e = AR Hap 4 fote + By T mass
Techni-hadrans ¢ |:||I:|:-1|:|n.rr:lm "'.""'r mass (o "":":"."'"rl = 100 Ga)
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Conclusions

Past sixteen month of data taking at the LHC have
been very intense and productive

Many searches of New Physics in several
complementary final states have been performed,
and many analyses are ready to process new data
to come In 2012

With 5 fbt LHC can explore larger mass
Intervals, and set limits to ~2.2 TeV if no new
particles exist in nature in this mass domain

With 30 fb-1 the exclusion could extend to ~ 2.7
TeV

Another exciting year ahead!
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LHC — end of August

Energy [TeV]

3.5

3.5

7

B* [m] (IP1,IP2,IP5,IP8)

3.5,3.5,35,35

1.5,10,1.5,3.0

0.55, 10, 0.55, 10

Emittance [um] (start of fill) 2.0-3.5 1.5-2.2 3.75
Transverse beam size at IP1&5 [um] 60 28 16.7
Bunch population 1.2x10' p 1.35x10 p 1.15x10 p
Number of bunches 368 1380 2808
Number of collisions (IP1 & IP5) 348 1318 -
Stored energy [MJ] 28 110 360
Peak luminosity [cm2s] 2x1032 2.41x1033 1x1034
1I\]/Iax delivered luminosity (1 fill) [pb 6.3 100.7 )
Longest Stable Beams fill [hrs] 12:09 25:59 -
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Search for Technicolor particles

* The Standard Model of fields and particles has a
number of “problematic” areas. One of these 1s
associated to the “naturalness™ of the Higgs mechanism
used to introduce the electroweak symmetry breaking

* In brief: the corrections to the (unpredicted by SM)
bare Higgs mass are divergent:

— To get a physical Higgs mass around say 100 GeV, the bare
Higgs mass must be “tuned” against its radiative
corrections to the fantastic precision of M?%,/M?, ~ 1034 Il

 Several alternative models have been proposed to avoid
tis problem
— SUSY theories
— Technicolor-based theories



More on Technicolor

THE STANDARD MODEL

Technicolor: alternate mechanism of EWSB e

Introduce new strong gauge interaction
— Typically some SU(N+)

sHIEND

New fermions sensitiveto TC -
techniquarks

— N isospin doublets of techniquarks

SISIED 22104

3
g
3

TC becomes large for At ~ O(100 GeV)
— Chiral symmetry breaking

EW precision constraints on FCNC.:
— Scaled-up QCD models excluded,

but TC with a walking coupling is ok
« Can chose N1 and N accordingly...
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Dijet resonances -2

* Study the mj; distribution
assuming only QCD
contributions and fitting
It with the function

f[i] = pl{l — ;;;}PE pPatpalne
where © = m;;/+/s

« Use the BumpHunter
algorithm to establish the
presence or absence of a
resonance

Events

Data
— Fit

3L
10 —+— *(1700)

— g*(2500) [Ldi=36 pb

7000 5000 3000
Reconstructed m, [GeV]
The measured dijet mass distribution (points)
compared to the fitted function used to describe
the QCD background. The binning is chosen
accounting for the jet-jet mass resolution. The bin-
by-bin significance (statistics only) is shown in the
lower insert.
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Search for black holes

Here a CMS stud}/ IS presented, 5.0
based on 1.09 fb- 3 | o

S 10°p Flfeor
Select events with leptons, photons, ¢+ e e
and jets all produced with large & "F

\s =7 TeV, 1.09 fb"

transverse energies; each object Is 101 Mg,
asked to have E;>20 GeV L Wl

Define S+ as

107

7"éoob"ésob"éooo"ésob"4doo

St = (e,u,v,JetS) 1= S; (GeV)
study S+ as a function of N, the

number of high-E objects £ o T Germewioen-
Traslating the cross-section limits = «s

into expectations to the ADD S s

model, we can exclude the b

productlon of black-holes with a 4

minimum mass from 4.0t0 5.1 TeV  «2/ suasee .

for values of MD up to 3.5 TeV S




SUSY limits

SY Searches® - 4 CL Lower Limits [Status: BSM-LHC 2011}

AL LA | AL L L | ot
MSUGRACMSSM | O-lep + '8 + Ey oy, 1= mass ATLAS
MSUGRATMESM | 1-lep + 5 + E, q=Tg mas predmneey
MEUGRACMEEM | muliss + E, Gmass {lor m{T) = 2miFly Jﬁ..i = (0024 - 1.34) #a"
Simpl. mod. (ight 7712 O-lep s o £, §=gmass WS- T Tev
Siml mod, (kght 71 1 048p + 8 + By o, T rags
Simpl mod. (light }:’l ep s e By L i mass

Simpl. mod. (lght .{T’l - O-lep & brjols & |'s & E o mans {ha ,,..g[.“:.1= B0 Tl

1rmw

Simpl. mod. |ﬁ—rITiT‘| “1-lep « bejols s &« Ep 3 mass {lor .':I'I{ET'I = B GaY)

Fhsanc-FA55 R {lsght _.-"':'] 2-4ep 53 + Ey g mans

SUSY

Pheno-MS5M (ight ) : 2480 O+ E; ., % mass

Smpl. mod. {g—= o) - THep ks By Lo
GMSB {GGM) + Simpl modal i vy + E

%" mass (lor miG) = 600 Gav, " - me N7 CmiE - mig = 1)
e (for i) = 50 Qe

GMSE | stalla T
Slable massive particles : R-hadrans
Stable massive pariicles | A-hadrons b mass

Sitabde messive particles | R-hadrong T maes

Hyparaakaur gealar gluohs @ 4 e, "'i'. =, aghun mmas (e Mg © 160 Gials. Mg 140 = 3 Gev)

APY (4,,=0.10, &, _=0.05) : Ngh-mass ey % masd

Biinear AFY fer o, < 15 mm) : 1-lep + 18 + E, . F45 mese

107 1 10
Maszs scale [TeV]
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