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BRIEF OQUTLINE

e Summary of current new physics searches at the LHC
(ATLAS and CMS)

—focus on resonances, dark matter searches, long-lived particles
— many other scenarios not discussed, e.g. SUSY

e Some perspectives
—how do we do in the next 10 years or so?

* Link to the activities of the department
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LHC PLANS

* From Leandro’s talk

* Nota bene: luminosity collected at 13 TeV is not
equivalent to 8 TeV for new physics searches (more later)
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LHC PLANS

* From Leandro’s talk

* Nota bene: luminosity collected at 13 TeV is not
equivalent to 8 TeV for new physics searches (more later)
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Search for New Physics at the LHC



VWHY NEW PHYSICS? SM LOOKS HEALTHY

 Precision tests successful (e.g. LEP) = = -
—small discrepancies but not so worrisome 257 ==
» Higgs was predicted and then el ol T

. -y A AARS RARS RARS RARS RAS
discovered (by LHC) - ATLAS and Cs
_ Preliminary

— present measurements indicate it is SM-like 2

27 5
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OPEN ISSUES (JUST A FEW)

1. Why only three families of leptons and quarks?

2. Why four fundamental interactions and not one?
— unification is impossible even at very large energies

3. Why gravity is so weak?
—40 orders of magnitude weaker than e-m!

4. Why only 5% of matter is made of ordinary SM particles?
—what is the dark matter?

5. Why the most massive particle (top) is “only” 200 time
heavier than the proton?

—desert above 170 GeV

Search for New Physics at the LHC



FEW SOLUTIONS

e Supersimmetry

—may predict heavy resonances

—may explain dark matter

—some new SUSY particles can be long-lived
 Extra Dimensions

—may predict heavy resonances

» Weakly interacting particles
— candidates for dark matter

— interact with ordinary matter via new mediators (which would
represent new resonances)

Search for New Physics at the LHC



HIGH MASS

RESONANCES




WHY HIGH MASS RESONANCES

* Fully reconstructed resonances represent the simplest way

to discover new particles
— striking and incontrovertible signature

A statistically significant peak over a smooth background

—eXxperimentally robust
—small systematics
— difficult for unknown backgrounds to mimic

 The most important search
method when new energies
are explored

—the goal of LHC
— particularly relevant at start-up (Run2)

Search for New Physics at the LHC
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RESONANCES IN PAST DISCOVERIES
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PROS IN HIGH MASS SEARCHES

» Searches with small systematics
—compared to searches based on tails (Missing ET)

* Model-independent probe to new physics
* Predicted in many beyond SM scenarios

> :
trigger paths
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RESONANCES VS MISSING ENERGY

» Resonances are not the only candle to find new physics

» Missing energy (MET) if weekly interacting particles are
involved (Dark Matter, SUSY, etc...)

» Striking signatures but resonances

sensitive to tails In
detector

—noise, dead hot channels,
calibrations

Number of Events

Invariant Mass

 MET powerful to set limits,
complicated to claim
discoveries

missing energy

Number of Events

MET
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ExAMPLE: H—»Z2Z vSs H—-WW

Decay channel

Branching ratio %]

H — bb

57.5+1.9

IH—»WW

21.6+0.9 | includes MET

H — gg
H- Tt
H — cc

8.56 + 0.86
6.30 £ 0.36
2.90 +£0.35

|H—>ZZ

2.61+0.11 | fully reco’ed

H—vyy
H— Zy
H — pp

0.228 +0.011
0.155 £0.014
0.022 + 0.001

Combined
pe100+0.14

H — vy (untagged)
H— vy (VBF tag)
H - vy (VH tag)
H— vy (ttH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H - WW (VH tag)
H— WW (itH tag)
H— 1t (0/1-jet)
H— 1t (VBF tag)
H— tt (VH tag)
H— Tt (ttH tag)
H— bb (VH tag)

H-bb(tHtag) |

19.7fb" (8 TeV) + 5.1 fb" (7 TeV)

CMS m, = 125 GeV

= 0.84

pSM

H—-ZZ
H—-WW

A l A A A 1 A A A

4

2 0 2 4 6
Best fit o/oSM
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FROM THEORY TO SIGNATURES

Final Dijet

States

Dilepton

Diphoton

Photon+Jet

Multi-jets

Diboson

Jet/Photon/X+Eymiss

Top/W/Z/H+Jet

Ditop

Multi-leptons

Same-sign dilepton

Long-lived, Lepton-jets

O
O

BSM

Supersymmetry|| Scenarios

Extra dimensionsl\

Technicolor

Little Higgs

Heavy gauge boson (GUT, )‘

Left-right symmetry |

Compositeness

Vector-like quark, 4th gen.

Heavy neutrino

Hidden Valley
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FROM THEORY TO SIGNATURES

Final Dijet

States

Dilepton

Diphoton

Photon+Jet

Multi-jets

Diboson

Jet/Photon/X+Eymiss

Top/W/Z/H+Jet

Ditop

Multi-leptons

Same-sign dilepton

BSM

Supersymmetry| Scenarios

Extra dimensions|

Technicolor

Little Higgs

Heavy gauge boson (GUT, )|

Left-right symmetry |

Compositeness

Vector-like quark, 4th gen.

Heavy neutrino

Hidden Valley

Long-lived, Lepton-jets

O
O
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FROM THEORY TO SIGNATURES

Final % Supersymmetry BSM .
States Dilenton Scenarios
: Extra dimensions
Diphoton :
Technicolor
Photon+Jet
= _ittle Higgs
Multi-jets
ST alertol Heavy gauge boson (GUT, ...) I\
Jet/Photon/X+Exmiss Left-right symmetry

Compositeness

Top/W/Z/H+Jet
Ditop

Vector-like quark, 4th gen.

Multi-leptons Heavy neutrino

Hidden Valley

Same-sign dilepton

Long-lived, Lepton-jets| "&— _ _
. lesson #1 for experimentalists: there are many

S theory models predicting whatever final state you like

Search for New Physics at the LHC 16



FROM SIGNATURES TO THEORY

Final Dijet

States Dilepton

Diphoton

Photon+Jet

Multi-jets

Diboson

Jet/Photon/X+Eymiss

Top/W/Z/H+Jet

Ditop

Multi-leptons

Same-sign dilepton

Long-lived, Lepton-jets

O
O

BSM

Supersymmetry )
Scenarios

Extra dimensions

Technicolor

Little Higgs

Heavy gauge boson (GUT, ...)

Left-right symmetry

C A |Compositeness

Vector-like quark, 4th gen.

Heavy neutrino

Hidden Valley
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FROM SIGNATURES TO THEORY

Final Dijet

States Dilepton

Diphoton

Photon+Jet

Multi-jets

Diboson

Jet/Photon/X+Eymiss

Top/W/Z/H+Jet

Ditop

Multi-leptons

Same-sign dilepton

Long-lived, Lepton-jets

O
O

Supersymmetry

Extra dimensions

Technicolor

Little Higgs

BSM
Scenarios

Heavy gauge boson (GUT, ...)

Left-right symmetry

C A |Compositeness

Vector-like quark, 4th gen.

Heavy neutrino

Hidden Valley

lesson #2 for experimentalists: study a clean and
striking signature. If (not) found, interpret the result

Search for New Physics at the LHC
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FROM SIGNATURES TO THEORY

Final Dijet
States Dilepton
Diphoton Th |S
Talk
[Diboson]
Biased list!

— corresponds to some of the signatures with largest discovery
potential at the start of Run2

Search for New Physics at the LHC



SEARCH STRATEGY

1. Pick your favorite di-object final state
— crucial expertise in reconstruction and detector

2. Be as model-independent as possible
—do not design selection based on a particular model
—be loose in kinematics

3. Reconstruct invariant mass =
1

at high energies

M = +/2E; E5(1 — cosb)

Search for New Physics at the LHC
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SEARCH STRATEGY

1. Pick your favorite di-object final state
— crucial expertise in reconstruction and detector

2. Be as model-independent as possible
—do not design selection based on a particular model
—be loose in kinematics

3. Reconstruct invariant mass A

4. Simple signal extraction
—cut and count techniques
— likelihood fit based on a smooth
background + gaussian-like signal

III

Search for New Physics at the LHC

INnV. mass

>
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SEARCH STRATEGY

1. Pick your favorite di-object final state
— crucial expertise in reconstruction and detector

2. Be as model-independent as possible
—do not design selection based on a particular model

—be loose in kinematics e o 107" @ToV)

- - @ ; CMS Axigluon/coloron 95% CL upper limits «

3. Reconstruct invariant mass < " ook omees
X 107} -~ W SSM -== Expocted |

. : . Q Z' SSM o g

4. Simple signal extraction X —

—cut and count techniques )i
— likelihood fit based on a smooth
background + gaussian-like signal

5. Model-independent limits
10° ‘ |

- . . 1000 2000 3000 4000 5000
—e.g. report excesses/limits in 0 x BR x A aq resonance mass (GeV)

6. Put constraints in several BSM scenarios ... or ...
discover new physics

Search for New Physics at the LHC 22




ATLAS AND CMS

3 (ATLAS) or 2(CMS) trigger
levels for event selection

Muon chambers Solenoid magnet Transition radiaton frocker
Semiconductor fracker

ATLAS CMS
Magnetic Field solenoid (2 T) + toroid (0.5+1T) 3.8 T solenoid + return yoke
Tracker Si pixel, strips + TRT Si pixel, strips
EM Calorimeter Pb + LAr PbWO4 crystals

Had Calorimeter Fe+scint./Cu+LAr/W+Lar (211A) Brass+scintillator(=7\)/Fe+quartz

Muon air-toroid muon spectrom. iron return-yoke muon spectrom.

Trigger L1+Rol-based HLT L1+HLT

Search for New Physics at the LHC 23



13 TEV SUPERSEDING 8 TEV RESULTS

* For high mass searches parton luminosity counts!
— Huge ratio in the interesting (not yet excluded) region
 End of 2016 enough to supersede all 8 TeV results

200 pb - @ 13 TeV WJS2013

100 o v LA | v 'V
[ ratios of LHC parton luminosities: 13 TeV /8 TeV ,;-" ]
,l
//
o —gg 1fb 1@ 13 TeV s
5 ---- Xaq /
b S qg '//'/
@ 10 3fb'@ 13 TeV 7 :
2 P ® |
= ‘ > - .
= O T -
> =
[}
= P
7
MSTW2008NLO
1 R VR S T 1 1 1 1 PR S S T 1 1 N
100 1000
Mx (GeV)
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EXPERIMENTAL ISSUES: PILE-UP

Many pp interactions per single bunch crossing (pile-up).
Issues:

find the right one

subtract additional energy due to extra interactions

retune triggers (big increase in rate

more stuff on disk to be stored and time to reconstruct

Events with up to 80 vertexes!

Search for New Physics at the LHC 25



OBJECTS IN HIGH MASS SEARCHES

ener . .
pros cons g.y calibration
resolution
: large cross resolution not gamma-+jet,
jets sections great. calibration 5-10% multijet,
involved not trivial extrapolations
high pt electrons :
: 1-2% at high Z->ee and
electrons | relatively clean cg(r)mi;?r:g g masses extrapolations
need precise :
3-10% at high Z->mumu and
muons very clean aﬁ;ancrl:]ee; ‘ masses extrapolations
no control
: samples for 1-2% at high Z->ee and
photons relatively clean scale masses extrapolations
determination
: : hard to calibrate,
missing tagging for W’ tails due to - gamma,Z + jets
E detector noise

Search for New Physics at the LHC
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PERFORMANCE OF RECONSTRUCTION

S S S x10° . CMSprelummary
G 4400/ CMS Preliminary S MC . 2 38pb at\Vs=7TeV
o~ ~  \'s=8 TeV — MC smeared -
L~ L=5.3 fb” o data 1 % i
g 1200 1 Ousf -
G '_j @ i ® data C.M.S:EAS_‘. :
18 f :
800} 7.1 8 -
1 2
800 1, muons _.
= 4
400 3
200 ] 5[ : -
| 1 R gr’o"’““‘*'n‘“"’c"""arﬁ “.Mj
%5 s 8 90 95 100 105 g %0 T
Bediatd. M(w)  [GeV]
= = ‘t t
o o CMSPraliminary,\Js 7-8 Te: L 10fb e 1OCMS preliminary, L 16fb‘ fs= 8TeV
o Z'.':f,b’:e,ved m X ; = Total uncenalnty
g 3z > 9 Absolute scale
= c ~ Relative scale
EF 107 g i < Extrapolation
. -« Pile-up, NPV=12
O () ’
2 & ; jets . Jet flavor
© S ; - Time stability
10 O
w E Anti-k, R=0.5 PF
B ; b 1=0
et
g
-
1 _+_ ;
1
0 100 200 300 0 CT T T T
[GeV] 20 100 200 1000
e p, (GeV)
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PERFORMANCE OF RECONSTRUCTION

electrons

scale known to 0.5%

taus

identified with ~70%

 efficiency and ~5% fake

rate

muons

| | scale known to better

than 1.0%

photons

scale known to better
than 1.0%

(b-)jets

scale known to 1%-5%
(pt and n dep.) |

Search for New Physics at the LHC

MET |

Nice agreement with
simulation
Deep understanding of
impact of PU
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PERFORMANCE OF RECONSTRUCTION

electrons

scale known to 0.5%

scale known to 1%-5%

(pt and n dep.)

Search for New Physics at the LHC

Nice agreement with
simulation
Deep understanding of |

impact of PU

29



HIGH MASS: A LIFE W/OUT CONTROL SAMPLES

/- >mumu events

gamma-+jet events

CMS Prelmlnary 2012, 20 ﬂ) \s=8TeV

R g LT C e e B e ﬁHﬂH +

Constanl fit: 0. 9353 +0.0221 + s
Lesoalasaelesssly

12 rYTrr
R
R
—
4
4

I o .
QCJ 10 : o DY iy 2.525880408 -=- é 10° -
Lﬁ 107 'E" .'. Bz 1.1839e006 T | § :
%= 108 : B i serssr g
810 ig* W w v 323439 : 1310‘5‘
8 105 "m. Dibosons 038538 -j‘ 3 3 :
: 107k
§10“ E
3 -
® 107
10° B
10
1
o not enough events
0 50 10015020025030035040(%&50\?}0( to calibrate in region
p_ [Ge _ . :
! where signal is
expected! ool
* Need to be sure that: ok

— efficiency of energetic objects is not zero
—resolution under control

100 200 300 400 '500 600 700 800 900 1000
Photon Transverse Momentum [GeV]

* |[n extreme cases resonance can be hidden!

Search for New Physics at the LHC

30



RECONSTRUCTING HIGH PT OBJECTS

* Reconstruction in general quite similar compared to low
pT (SM-like) objects

» But there are non-negligible differences:
1. straight tracks do not allow a perfect charge determination

2. very energetic calorimetric deposits could be not fully
contained in the calorimeters (both em and had)

3. electron/photon isolation (to reject jet contamination)
slightly different because of non-containment (point 2)

4. modified isolation in case of overlapping leptons (for
boosted Z decays in Z’->VV, VH channels)

5. not easy to find control samples to tune energy
measurements and efficiencies

Search for New Physics at the LHC
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RESOLUTION VS P1: ELECTRONS/PHOTONS

» At large masses mainly
dominated by the em
calorimeter resolution

CMS unpublished, 8 TeV, 19.7 fb’

— pTt measurement from tracker not Sg
very precise ¥k

» At large energies, shower
containment starts to be
important

— CMS: after 30 radiation length
(equivalent to a single crystal)

|
+ DY - ee N
Ly,—ee |
t+-Z'sgy— €e |
— fit to DY

}

—e

| 1

leakage is possible for TeV deposit

* Similar behavior for photons

Search for New Physics at the LHC

772000 2500 3000 3500

m(ee) (GeV)
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RESOLUTION VS P

* Resolution worsens vs pr (as
for every track)

* At beginning of data taking,
dominated by other
systematic effects (e.g.
detector alignment)

Search for New Physics at the LHC

relative mass resolution
o o o
e - “
N S )

e
-

Dimuon
o
o
{« 4]

: MUONS

1 I L] L r L

L I T 1

CMS simulation, /s =8 TeV —:

+ Tracker-only

Tracker + muon system
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RESOLUTION VS PT: JETS

* Resolution improves vs pr ...

— particle flow (combined use of
tracks and calorimeters) better
than simple calorimeter-based

jet resolution

» At very high pr resolution oo — e
around 5% (dominated by S el

calorimeters)

| CMS Preliminary |

0.1

o 1% s

3 0.4 3 : : ol | =& Corrected Calo-Jets

/7] - : : : : : . a Particle-Flow Jets

Q I

- n 5 0<nj<15

o 025 ;

= E | _ A A _

= E . § 2 l

‘6 015: e f—p _ ....... o H .............. ............... ............. -

Search for New Physics at the LHC

P, [GeVic]
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EXPERIMENTAL ISSUES: RESOLUTION

 Mass resolution crucial in resonance searches
1. statistical power inversely proportional to the mass resolution
2. resonance hidden by bad understanding of resolution

* Need ad-hoc studies and calibration strategies at such large

momenta

INV. mass

INV. mass

BETTER

Search for New Physics at the LHC

S

signi ficance ~ ——

A VB

S<<B

| B

INV. Mass

BAD

... and signal not

distinguishable from background
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EXPERIMENTAL ISSUES: BACKGROUND

* Accurate background estimate to not bias signal extraction
- signal can be overestimate (or even fake excess)

- signal can be missed

 Two techniques
» background shape from MC and normalize in control region (usually

low mass) + theory/experimental systematics

» parameterize background shape and fit parameters directly on data

A

38

GOOD

INnV. mass

>

A

o f?
1 4y

>

INV. mass

SIGNAL OVERESTIMATED

Search for New Physics at the LHC
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INV. mass
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EXPERIMENTAL ISSUES: BACKGROUND

* Accurate background estimate to not bias signal extraction
- signal can be overestimate (or even fake excess)
- signal can be missed

 Two techniques

» background shape from MC and normalize in control region (usually
low mass) + theory/experimental systematics

» parameterize background shape and fit parameters directly on data

10" g1
10° &

N 0 T
® Data 2012
ATLAS Bor
Z'—~ee @ Top quark
10° Ldt=20310" [)Diet & WJets
- DD»aoson

Events

B s At very high masses no
ol . - events to tune background.
j: Extrapolation needed

T A

§ g e -

g oo e 1 " e TeV]
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DIJET

e Straightforward search, two high

pT jet: pT(et) >~ 30GeV

e Gluon radiation recovered in wide

jets (AR=1.1) for CMS

» Background fitted (CMS) with

do B Po(l —:E)Pl
deJ o xP2+P3 In (:E)

» Signal shape:

— gaussian-like (resolution ~3-4%)
— left tail due to radiation and parton

density functions

 Signal extracted using a likelihood

approach

T = mjj/V/s

do/dm, (pb/GeV)

Residuals

Search for New Physics at the LHC

Q
"~

[ ) .
[ T ]Ter-me mﬂq nrnl'| anrl TT]“‘"I nnm[ T nnﬂ" T11
' Y

JES uncenrtainty

W' (1.9 TeV)

Wide jets (R = 1.1)

<258 lan) <1.3

"N q* (3.6 TeV)

1000 2000 3000 4000 5000

Dijet mass (GeV)
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gnificance

Data-MC Si

Ig JES Uncertainty . l
: st

DIJET: RESULTS

ATLAS
\s=13 TeV, 3.6 b
« Data
— Background fit
— BumpHunter interval
- q*, m . =4.0TeV
_o- QBH(BM), m_=6.5TeV

QBH (BM)
p-value = 0.67

Fit Range: 1.1 - 7.1 TeV
ly*| < 0.6

1 lllll'l TTTT

PR T gl

2 3 4 5 6 7

=
=
@
S

No excess

—
o
w

do /dm; [pb/TeV]
s 2

107"

1072

240" (13 TeV)

L] L] L] ' L L) Ll 1 ] L L] L] L] 1 1 ] Ll

CMS —&¢—— Data
e Fit

QCD MC

Color-octet scalar (3.1

Excited quark (5.0 TeV)

Scalar diquark (6.0 TeV)

Wide jets A..,-"'.' ;;‘
<25, A | < 1.3

\
TN A ST

N
A L L l L AL 1 1 l | ) | L A l A L L L l L L ' 1 'J A

(Data-Fit)

Dijet mass [TeV]

Search for New Physics at the LHC
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DIJET: RESULTS

24" (13 TeV)
5 r ! p| N ! ! 1 N ! v I ': E‘IOthIII]lIIIIIIIl]lrrr[rrrr[rrrrlrrrg
.9.‘ M ATLAS o o CMS = String .
! h— - Scalar diquark .
g 1¢ \ 1s=13TeV, 3.6 b" - < R Ve — Excited quark
- |Y'| <06 - 10 - Axigluon/coloron _|
X - \ . QQ = —— Color-octet scalar 3
B C - W ]
D —1 © - . ]
X 10 = RS graviton
© : 1 = =
| - 95% CL upper limits 3
L - —e— gluon-gluon B
- - .. =e= quark-gluon 7
10 2 E 4 - \ == quark-quark 7
i 107 ‘ E
3w : |
1 0 E._. W ) .\\ _g‘ -.. ) . . y
- —e— Observed 95% CL upper limit N 3 102F e
L Expected 95% CL upper limit S : 5
1 0-4 = 68% and 95% bands — - N "... .
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e Several interpretations:

— maximum mass of the excluded region varying between 1 and 7
TeV

— very similar performance between the two experiments
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DILEPTON

26" (13 TeV)

%105,”] . R o

© ‘g: oy o g Preliminary
* Both di-electron and di-muon & ., S . i 2

L

— Narrow Z' (MZ =2TeV)

channels °
. 107
—loose selection search for a narrow ;-
resonance .
—main background Drell-Yanevents . |
70 100 200 300 1000 2000

— virtually background-free above 1.5 TeV e ey

» Kinematic selection: el Gowes o
- (] Diboson
— pt(leptons)>25-40 GeV + isolation —zeTn
* Interpretations for resonance: . ,
—ZL'ssm, 2y
: ‘+.+ l 8 ' é

A l 2 A - ”l” _
100 200 300 400 1000 2000 3000
Dimuon Invanant Mass [GeV]
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DILEPTON: LIMITS

o B [pb]

26 o' (13 TeV ee) + 2.8 fb” (13 TeV, pp)

:‘ L] ' g P P ' K I B ] LB l g 888 l DN B DN ] I L ' T [ L l LB 7: Q 10_4 a l T T T T T l T l T T T T ' T T T T '
- ATLAS Preliminafy . Expected limit i E CMS — 0bs, width = 0% E
1 =13 T o f -1 7 - N - A — 0bs, width = 0.6% _
i Z - Expectedt 26 ] ril' =N N e median, width = 0% -
- ‘ _ T N T . D PP median, width = 0.6%
e gbs""’ed gl cl; 0%k N e median, width = 3% =
: — Zsom = = —— Z', (LOX1.3) 3
m | Ly u = Z'oe, (LOX1.3) -
L % . il > -
— Zv :
1 0 2 = > - — ~ wd
3 : U
I . - r -+ 10 :— .... _E
T L N 1 R : ‘ .
od E Lo F
- - a -
i i o) -
10-4 I A IS ICATITI S A A AT R A 1:1111; . 10'7 | SIS SIS S S S S T S S " ="
05 1 15 2 25 3 35 4 45 5 500 1000 1500 2000 2500 3000 3500
M, [TeV] M [GeV]
)
'ssm m=34TeV
Zy m= 2.7 TeV

No large excess
Consistent results between the two experiments
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DIBOSON: INTRO

» Searching from new resonances
decaying in two massive bosons

- Analysis strategy determined by
—boson decay modes V/H

New

—mass of the resonance and boost resonance
* Clean experimental signature
» In case of discovery, possible to V/H

measure properties from angular W Z H

distributions of the decay products

. Several different combinations

W=2qq ~67% Z2>qq ~70% H>bb ~57%

studied °
_ | WO ~33%  ZdwW ~20% g:))\zzvzw :2215/(?/0

- Only few examples given in the Z3¢ ~10% Hdw  ~6%
talk HYOvyy ~0.2%
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DIBOSON: HADRONIC CHANNELS

< - 7\ Signal (BR) Background

‘ B
X = ~3%

Xq
| wiz 9
* Pro and cons of different \_ Y,
decay modes ~ W)
— leptons: cleaner but less :
frequent X =V ~20%
— jets: large BRs but dirty \qq
W/Z
\_ y
C wiz ‘ N

X / Q ~45% 30-50X | -
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DIBOSON: BOOSTED HADRONIC V DECAYS

Af ~ 0.4
* Opening angle between jets
AGT™ oMy w s
pr,v /
V 7
* Low pr: separated . /
* High pr: merging
Example
— quark
Mx =2 TeV Af ~ 0.9
pr(V)~1TevV = Al ~0.2 ti-quark
My~ 100 GeV
* Ad hoc clustering algorithms to V -
cluster jet substructures and remove 7 Jet Merging

noise (trimming, pruning, etc)
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DIBOSON: SPECTRUM AND FIT

- Background from either mass sidebands or control samples
in data or fit to data with smoothly falling function

* m,, resolution ~3-6%

°* NO eXCess

w 1 v | | I 1 v 1
§103 ATLAS Preliminary ﬂt :;fr‘ ool A 1.5 Tev
p 4 3 m 2 le
w \.-1.3TerLdt-3.2fb = Z+Jets
102 ZW signal region ] SM Diboson
] Top Quarks
# #a  Stal.®Syst. Uncerl.
a0} $ - - - Pre-fit background
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10?hl....l.r..l....l..
2.0p—r r Y v T
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0.0 L
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X
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10 == CMS e CMSDataev [ W+jets
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10° vy  Rwwwz

[] Single Top Uncertainty
ceee W M, =2 TeV
High-Purity, WZ enriched

Events / ( 100 GeV )

Data-Fit

1 15 2 25 3 3.5 4
My (GeV)
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DIPHOTON: INTRO

* Approach very similar to other the high mass resonance
analysis

* Two high pt photons
» Selection based on simple kinematics and isolation criteria

* Main background: SM diphoton production
— contribution estimated from invariant mass fit

 Resolution from control samples (e.g. Z->ee)

 Fake photon contribution from control samples
— less than 10% of total background

Search for New Physics at the LHC
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CMS DIPHOTON RESULTS

0 T data
3.8 T data
. . .1
CMS Preliminary 2.7 fb” (13 TeV, 3.8T) . CMS Prelminary 0.6 fb (13 TeV, OT)
> EBEB ¢ Data g‘o EBEB ¢ Data
O —— Fit model - — Fit model
2 - (®) -
810 2 Bal’rel Bl 1o Y Barrel W t16
:m’ i +20 o 10F teo
— E | - =
c _ ! -
@ 10? o 3 |
w . N L -
i .
i q ) | i T:_f il A : it LLL
& 2f - - o 2 4
= |l g Mt 2 o it
@ g |
-g o2 + S ﬁ B U i U -
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
m, . (GeV) m, . (GeV)
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ATLAS DIPHOTON RESULTS

Events / 20 GeV

-
o)
%IHUH' llllllll[ llllllll] ll”lllfl T TTH

Data - fitted background
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background—only ft background-only ft
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ATLAs Prellmmary

* Data * Data

— Background-only fit — Background-only fit

Events / 20 GeV
<

Spin-0 Selection
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QUANTIFYING THE EXCESS

SPIN-0 ANALYSIS

ATLAS Preliminary {s=13TeV,3.2fb" Spin-0 Selection

- 773:§7fb" (13 TeV) +19.7 b’ (8 TeV) 4

CMS Preliminary

; AT 2 ol
107 i : o : 3
Co ;: 8
- LARRE e — 20 i 25
107 6 -2
N {: ,
. ' L=14x10%0=0 |5 _ 4 10
107 E —— Combined = 1
: 2
e 8TeV | 0.5
- 13TeV :
10 Al medd? 00 400 600 800 1000 1200 1400 1600  °
m, (GeV) m, [GeV]
® Largest deviation from B-only hypothesis
8 TeV/13 TeV combined pvalue v my ~ 750 GeV, [y, ~ 45 GeV (6%)
assuming spin O narrow resonance v LocalZ=3.9 0
decaying to diphoton. Max local v Global Z=2.0 ¢
significance 3.4 0 @ 750 GeV * my=[200 GeV - 2 TeV]
[ /my = [1% - 10%]
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Cumulative number of submissions [by @DrAndreDavid)

EXCITEMENT IN THEORY LAND

» So far, about 400 theory paper citing diphoton excess

#Run2Seminar and subsequent yy-related arXiv submissions

450
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95% CL limit on o(pp—X) x BR(X—Zy) [fb]

CONFIRMING THE EXCESS (l)

* Look for excesses at 750 GeV in other channels
—examples: Zgamma, ZZ, ZW, WW at low mass

* No excess found so far

231" (13 TeV)
T i 11 T

g 1P
N | T T LA S B B B S S S S s % - f?rm'r?mary --------- Asympt. CLS Expected
: ATLAS Preliminary s L — it
i pp—X—2Zy | Tx —— ::;;;:%“C;&;:;ezs
s Vs=13 TeV, 3.2 fo’ i 98

|

1

............

__ Z-oeeuu B G oo T S
10 - Observed R i

[ eeeeees Expected ««----- n

- Exp. + 1o #s -

- Exp. £ 20 g i

| | l A i | A l A A | | l A I 1 | l A | | | l A 1 | A 1 0‘3 | i ] | l | || | | l | || | 3 l | | | ||
500 1000 1500 2000 2500 3000 600 700 800 900 1000
m, [GeV] Mg (GeV)
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CONFIRMING THE EXCESS (ll)

» Dijet resonance searches usually done at large masses
—example: dijet (1 TeV)

* |n order to extend to lower masses, due to trigger limitations,
implemented alternative ways of storing data (scouting)

18.8 fb' (8 TeV)
LB LA

L] I T 1 1 I T T 0 ] T F 1

8 102 & CMS —&— Data
o —— Background fit 1881 ' (8 TeV)
2 10 ==-=:= Z'g (M =700 GeV, g_=0.37 2'S—ICIJIS \ ] ‘ -
= g(M= eV, g, =0.37) i CDF 106 pb™' (1997) CMS 19.7 fb (2015) -
L == Z'(M=1200 GeV, g, = 0.84) — pp, \s = 1.8 TeV, [21] pp. \s = 8 TeV, [18] -
S B il
_8 o i l CDF 1.13 b (2009) J
-~ ) pp, \s = 1.96 TeV, [21] .
107 0 1.5 E
8” - UA2 10.9 pb ' (1993) -
. 3 ?—2. : pp, \s = 0.63 TeV, [21)] :
p 1 —
8 [ il
1074 &= Wide jets - I
Ml <2.5, An | <1.3 === CMS 18.8 fb” (Data scouting) 1
10-5k i 0.5 -- CMS 1881fb " (Expected) @ __.=-= —
i 1 L L ! 1 1 - - + 1 std. deviation (Expected) N
3 = + 2 std. deviation (Expected) -
= 2 ~ N
i.]; 5 1 0 | 1 1 1 1 1 1 T | 1 1
SlF o 100 200 300 400 1000 2000 3000
S B M, [GeV]
2E ;
_3 A A A I A A A
400 600 800 1000 1200 1400 1600 1800

Dijet mass [GeV]
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DARK MATTER



| INDICAT

In 1933, Fritz Zwicky: _
calculated the mass of the
Coma cluster using galaxies

on the outeredge, and = =~
came up with a number 400
times larger than expected..

Now we know 90% of its -
mass due fo Dark Matter

MATTER
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e . -
. . -
- o il
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GALACTIC ROTATION

» Starting in 1970’s, first measurements of velocity curve of
edge-on spiral galaxies

* Velocity found to be flat, consistent with ~10x as much “dark’

200 —

100

Ver (km s7)

NGC 6503 ) GL
................ Dark matter A J\

A

Cc
|

=

blueshifted

—

- B

-—

- C

redshifted

S\

Radius (kpc)
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GALACTIC ROTATION VELOCITY

» For a star of mass m at distance r from center m?(r)  mM(r)G
of the galaxy S

r r

3

pr r <R,
o . M=t
» Galaxy mass mainly within core radius of Ro Py =R

- o< r <R,
v(r)=
<1 r=R,

» Galaxy rotation velocity

200 | | ] | I I I I | I I I I I

NGC 6503

—

—

—

30

Radius (kpc)
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NSIN

LENSED IMAGES OF
DISTANT GALAXY

11 BILLION YEARS
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GRAVITAT IONALLENSING e

canxy Cluster SDSS J1004+4112

HST ACS/WFC . " .
- . .
”
’ -
‘ .
¢ . ]
. - . | : . o & - '
o . / ' " "\“ ®
;” I. ‘ /"
' - O Lensed : .. 9,
Supernova Quasar ‘ Py T
» - o : »
ld" ’ | _— - | .
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NORMAL
0
4% MATTER

* Strong astrophysical evidence for the existence of dark matter
— Evidence from bullet cluster, gravitational lensing, rotation curves
— Dark Matter 5 times more abundant than baryons
— Contributes ~ /4 of the total energy budget!
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CANDIDATE DARK MATTER PARTICLES

* Properties
—long lived (old)
— non-relativistic (slow)
— no electric or color charge
— very weak interaction with Standard Model particles
— subject to gravity interaction

- Several potential candidates fulfilling these requirements

for dark matter
— Dark: weakly interacting with electromagnetic radiation
— Hot & dark: ultra-relativistic velocities

neutrinos
— Warm & dark: very high velocity

sterile neutrinos, gravitinos

— Cold & dark: moving slowly

Lightest SUSY particle (neutralino, gravitino as LSP)

Search for New Physics at the LHC
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X

DARK MATTER INTERACTION

G X

Indirect Detection Direct Detection Production at Colliders

Search for New Physics at the LHC
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DARK MATTER INTERACTION

N

X g

Indirect Detection

* Indirect detection
— search for production of DM annihilation
— high energy photons, particle-anti-particle pairs

— search for ultra-relativistic objects produced
In galactic halo

— observatory on earth-bound or with satellites

Search for New Physics at the LHC
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DARK MATTER INTERACTION

N

q q

Direct Detection

e Direct detection
— Observe recoil of dark matter from nucleus

Search for New Physics at the LHC
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DARK MATTER INTERACTION

N

g X

Production at Colliders

e Pair production at LHC
— DM candidates escape the detector (weekly interacting
— large missing energy
— need to identify ("tag”) events of interest with some
extra object

— otherwise you see nothing in the detector

Search for New Physics at the LHC
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DARK MATTER IDENTIFICATION AT LHC

e EW bosons and gluons can be radiated by initial partons

* Presence of high energy photon/W/Z/Higgs or jet(s) in
addition to large missing transverse energy

* Gluon radiation at higher rate than EW bosons
— strong interaction vs. electromagnetic

q photon /W / Z / Higgs q hadronic jet
missing
energy

q X q X

v/\W/Z/H + MET gluon(jet) + MET
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DIFFERENT POSSIBLE SIGNATURES

mono-jet
— strongest constraints

mono-photon

— more challenging for background estimation

— less powerful: EW vs. strong interaction

mono-W/Z leptonic

— clean signature and simple trigger
— penalized by W/Z branching fraction

mono-W/Z hadronic

— larger statistics with larger background

tt+MET/bb+MET and mono-top

—more complicated experimentally
— powerful in some scenarios

mono-Higgs

Search for New Physics at the LHC
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MODELING DM CANDIDATE INTERACTIONS

Effective field theory Simplified mc;del

q g X |g X
—_—) Q
q K X |9 QZSMgzDM

0= A4 o=K" \?
/ 4 free parameters
M = mediator mass

<

One free parameter
d.,, = coupling to SM
d,, = coupling to DM

Search for New Physics at the LHC
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How DOES IT LOOK?

SM event DM event




How DOES IT LOOK?

SM event DM event

MET = |p;(missing)| = | — X;pri(visible)|




Events/GeV

-d
(=)
(=

R

10

10"

107

ANALYSIS STRATEGY

19.7 " (8 TeV)

7_5VV Apply a cut

e
Count number
Data and MC

events

200

300

400 500 600 700 800 900 1000

ET (GeV)

» Restrict to high MET
region to reduce
impact of background

« Count events after
bkg subtraction

* Proper model
background very
important t

Search for New Physics at the LHC
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BACKGROUNDS

2.3fb7 (13 TeV)
> = I ) | I | 1 I I 1 | I I | I ] I I | 1 I
@ 10%F & o
G £ CMSPreliminary SO
— )
0 10° B wo
= ] B wwzzwz
()] 3 - Top Quark
u>J 1 02 2y = I, yejets
al [ Joco
1 0 [ = = = Higgs Invisible, m = 125 GeV
ﬂ —\[eC0T, Nl._“3 =15TeV
' = = = = Axial-vector Mw =15TeV
1
107
107
o
@ 2
QO 15
~
: e
8 0.5 1 1 I 1 1 1 l 1 1 1 l 1 1 1 l +l I

200 400 600 800 1000 1200

ET'® [GeV.

» Main backgrounds are:

—Z(vv)tjet
—W(lv)+jet, where charged
lepton is not reconstructed

v .

- -y
- ~
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Data / Pred.

Events / GeV

HOw TO DERIVE BACKGROUNDS

* Main backgrounds (Z(vv)+jet and W(lv)+jet) modeled using
control samples (after removing reconstructed leptons or

gamma)
Amma
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RESULTS (I)

monojet monoZ/W
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RESULTS (I1)

monoHiggs bb+MET
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RESULTS (llI)

* Provide results in terms of two out of 4 parameters (Mmed,
Mbwm, gsm, 9pm)

2317 (13 TeV)
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COMPARISON WITH DIRECT SEARCHES

* CMS monojet+monoZ results

— constraints are complementary to the ones of direct searches

CMS Preliminary

231" (13 TeV)
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COMPARISON WITH DIRECT SEARCHES

« ATLAS monoZ
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PERSPECTIVES

» Still a lot of room for exploring (especially at low Mpwm)

1055'

e | HC8 19.5 fb~
—— w— _HC13 30 fb"
- == LHC14 300 fb™"

LHC14 3000 fb™
w— LUX 2013

. = == | Z10tyr

f e DARWIN 200 t yr
v background

0’~
-
----------------------

10’ 10° 10°

Vector: 90% CL

rYYn T

projected limits
gqg=gom=1

10%

Mmed [GeV]

2500F T
Axial: 90% CL
projected limits

- gq=gDM='|
2000¢

- | ]

~ |

= 1500f ‘

o | \

p= ' | ..
o : o*

S 10007 20\

/" N

NP2
500: N\ \\

/S\ \

' |

0
0

Search for New Physics at the LHC

1

4000
M med [GeV]

T

e HC8 19.5 fb~"

= == | HC13 30 fb!
=== LHC14 300 fb~' ]
LHC14 3000 fb~" -
— _UX 2013
= LZ10tyr |
e DARWIN 200 t yr .
v background A

6000



L ONG LIVED

PARTICLES




NEW PHYSICS AND LONG-LIVED PARTICLES

Long-lived (LL) exotic particles with striking signatures
predicted by many extensions of the Standard Model:

- Heavy, long-lived, charged particles (R-hadrons, Sleptons)
—speed <c
—charge not equal to x1e

— lifetimes > few ns. Travel distances larger than the typical collider
detector and appear stable

* Particles decaying in the detector after few cm
(neutralinos in GMSB, mass-degenerate gauginos, particles
of an Hidden Sector)

—decay in displaced vertexes (jets, leptons, photons)
— delayed interaction with calorimeters due to extra flight-length

Search for New Physics at the LHC
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TYPICAL LONG-LIVED ANALYSIS

Detector-based exotic signatures required:
—dE/dx

—time of flight

—displaced vertex

—disappearing tracks

— stopped particles

Possible additional requirements to identify SUSY-like
topology:

—~MET

—large jet activity (HT, pT(leading jet)>threshold

—the less the extra requirements, the smaller the model
dependence

Specific control samples to model exotic signature Iin
detector:

—non-trivial iob. LL signatures look like detector noise
Search for New Physics at the LHC
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.

dE/dx [MeV g’ cm?)

SIGNATURES: DE/DX

Large ionization left in tracker detectors by high mass R-
hadrons or sleptons

Enhanced if charge # 1

In case of R-hadrons with short lifetimes, dE/dx and pT only
information available to identify them

20 e 241fp" (13 Tev)

T

0 E ’ 8—grglnigmary :] Data (13 TeV)
- ~
s ATLAS > IR MC: Q=1e 1000 GeV

9__ Data 2015, \s = 13 TeV . %’ 16 ‘g : [ MC: Q=2e 400 GeV | 103

8F- 0 <= '% - MC: Q=1e 400 GeV
- ~ :

61— - " ¥ : ,
- - = | = 10
- 2 3 X ‘_

N 10 8» e - ".’1 "

3 of B

2 10 " 10

4
1 2| ' ‘ .
-2500 -2000 -1500 -1000 -500 O 500 1000 1500 2000 2500 e R 1
q p [MeV] O EE— : . . - 1 1 1 1
500 1000
p (GeV)
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SIGNATURES: TIME OF FLIGHT

Neutral particles

e produced in flight (also from slow particles) and far

from beam spot

e time of arrival at calorimeter longer than for SM
contribution coming from beam spot
e tagged looking at measured timing

—

slow moving high mass stable charged particles identified using timing
measured in muon system

ano

h ﬁ—

Imm : - " MH

R

[»
C
[ -
CA_J_4A__ A -

stau track

g Tl - expecteq
& aereee,, \muon drift 0. c¢ averaged over
t f o i =l+—=— " g layers
% ™/ Lv,,
N actual
Oy A2 stau drift

L=flight distance
B obtained as an average over the detector hits
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SIGNATURES: DISPLACED VERTEXES

* Long-lived particles decaying in charged particles (hadrons,
leptons) identified via vertexing

* Requirement of small activity along the track in detector
sectors closer to the beamspot

H->mm,
event

CMS Simulation
400 GeVH
150 GeV X

reconstruted

in muon

detector

SUATLAS
A EXPERIMENT
hnp://utlos_:(h

Run Number 1808

HO —XX—4| MC event with a H® mass of
400 GeV and X boson mass of 150 GeV/c?

Search for New Physics at the



SIGNATURES: DISAPPEARED/STOPPED

Long-lived charged exotic particles 7 decaying into Fi'4x
decaying in flight within the detector High-p; charged hadron
. . [ Jf \ ) interacting with TRT matenial
e identified as truncated tracks ),
e small activity in the calorimeter along // B
the propagated track direction A dentification ertiena
e track inefficiency need to be modeled .~ LA comstracted track
true particle track
carefully )

Pixel SCT IR1

e Charge particles with low velocity
may stop in detector volume

CMS Simulation

e ":w G Hu ¢ Ns=TTev r . .
RSSO § meowow | - preferentially in the densest detector
2 & T : elements (calorimeters)

DI & N4 | When decaying, energy deposit
Lo h | similar to jet

=0 o4 e Searched when no pp collision

oo w0 (gaps between proton bunches)

ricm]
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FIRST SUMMARY ON LONG-LIVED SEARCHES

* Several striking exotic signatures
—some searches use more than one

* Very generic searches, driven by signatures
—open-minded searches
—models are used as benchmark to report results

* Limits are very model dependent

* Results are limited by detector acceptance and triggers
(non-standard signatures)

— difficult to find good control samples

 Experimentally challenging analyses
—look where background for SM analyses is

Search for New Physics at the LHC 87



HEAVY STABLE CHARGED PARTICLES

Combination of several detector inputs to be sensitive to slepton
(slow muon-like) and R-hadrons (maybe with short lifetime)

ATLAS EXAMPLE

R-Hadron

* Muon Spectrometer + ID (B,u-like)

(sleptons)
* ID + Calo + Muon Spectrometer

(R-hadrons, full-detector analysis)

Pixel + Tracker + Tile Calorimeter ()
(R-hadrons, p-agnostic analysis)

Electromagnetic
Calorimeter

T""“”‘]{ — * Pixel Detector(dE/dx,p)+SCT(p)
(R-hadrons with short lifetimes, ID-only analysis)

Search for New Physics at the LHC



HSCP: ANALYSIS TECHNIQUE

* Information from dE/dx and pr (tracker) used to calculate mass

* Time of flight from muon detector and calorimeters to measure
— calibrated using cosmics and Z—u*y-

- Background dominated by high pt, misreconstructed muons

2.4 b7 (13 TeV)
c - T T T T T T T T T T T -
s CMS ' fracker-OnIy
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HSCP RESULTS

* No indication of signal above expected background is observed

» Cross-section limits at 95% confidence level — translating into

Lifetime [ns]
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DISAPPEARING TRACKS

i ] ] tan = 5, 1 > 0 19.5 fb" @ TeV)
Zy. : 2222 ? . Z Z T I I L CHNNEL TR LI
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STOPPED PARTICLES

Dedicated calorimeter
trigger to selected events in
gaps between LHC beam
crossings

Selection based on jet pr
and criteria to reject
residual backgrounds

—beam halo, cosmics, out-of-
time pp collisions, detector
noise

Limits presented in a long-
lived gluino or stop in R-
hadrons scenario

18.6 fb''(8 TeV)
z f .1 eoms 00000 ] o)
2 | 2 107} CMS 95% CL Limits: =
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— i — . > 1 > '
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DISPLACED PHOTONS: THEORY

* In models like Gauge Mediated
Supersymmetry Breaking,
Neutralino decays to Gravitino
(lightest supersymmetric particle)
—Missing ET
— high pT jets and photons

* Gravitino can be long-lived
— displaced/delayed photons

» Tagged using em calorimeter o SUPEDEORI. ... I
time ¥ b Bk
—design resolution: < 100ps A ' O 200811

* Topology requirements oty =5 06T
—>=1 photon with pr>100GeV o 5Nl Ny
— 3 high pT jets and large Missing Er | Zzﬁzﬂsnf H— Awff‘;

10 10° 10°
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DISPLACED PHOTONS: RESULTS

* Striking signature if Neutralino is long-lived & = f 5 ¢«
8 107 ct = 250 mm
) No excess Observed I.% : ¢t = 2000 mm .

- Limits are set varying Neutralino masses
and lifetimes |
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DISPLACED VERTEXES

* Hidden Sector weakly coupled to SM
-motivated by (g-2), and Pamela results

* Communicate through heavy mediator
particles (Higgs, Z°, loop of SUSY

particles)

* Heavy particles (e.g. Higgs boson)
decay to particles of the hidden

sector and back to the standard sector

via:
- hadronic jets

- collimated jets of leptons: lepton-jets §w
» Hidden particles can be long-lived and 2

Q10-2L

neutral (LLNP)

* |dentified reconstruction displaced

vertexes

1

a

v
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DISPLACED VERTEXES: ATLAS

* |In RPV SUSY, neutralino can decay in leptons + jets

— leptons good for triggering, jets for vertexing
— dedicated vertex reconstruction

* No excess seen

ATLAS \s=8TeV, 20.3fb"
_ DVip @ Data | Signal MC .
3 ignal Region = 10°5 ATLAS m(@), m(;) Gev
r jou = 4 @ 600, 50
2 o | IS = 8 TeV 20 3 fb @ 500, 400
€ o g 10t ] ew/puu channels s 1300, 50
1 7 \ RPV Model - 1300, 1000
? § g—> qq[x = euv/ puv] 95% CL limit V4
il 3 |*{ssserssnnssncansnnnnnnnsnnssssnnsssasasssanssssnnsnnnnns ghenssnnanns £
5 10 i \‘ 600 GeV gluino production . .."_.-’
; - 10 . 102 s | :.'.
10
1 3 10° 1 ...-...,..-""'.“ 1300 GeV gluino production
1 L Lol 1 4 n
3 4 5678910 20 30 40 50 1 10 102 103 10* 105

N

ur

ct [mm]
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DISPLACED LEPTONS

Signhature of oppositely charged leptons originating at a
separated secondary vertex within the inner tracker volume

Benchmark model: Higgs - 2X, X = I*I

Main selection variable: transverse decay length significance
Lxy/Oxy

No excess

Events in control region / 0.5 units
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GRAND SUMMARY

» Search for New physics main goal these days at LHC

—increase in center of mass energy (13 TeV) boosted the reach
—new territories to explore

« ATLAS and CMS physics programs very broad

—in particular for searches for new high mass resonances, dark matter
and long-lived particles

* No discovery so far but

— hint of excess in the diphoton channel at m ~ 750 GeV
ATLAS:3.90,CMS: 340

more statistics needed. Answer in few months

» LHC still unique place to probe Standard Model and look for
New Physics for the next 20 years

* This department deeply involved in these searches
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PERSPECTIVES

high mass resonances P————————

long-lived _—<(

dark matter e EEEEE—
Higgs couplings —_ 0 0 0

. LHC
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13 TeV 13.5-14 TeV energy
pli solidation Point 4 pomi xl
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R2E project

Civil Eng. P1-P5

2014

2013

radiation
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Run 1 Magnet Run 2 at Phase | Run 3 =2 Phase || HL-LHC:
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SILICON TRACKER
CMS Detector =™,

Microstrips (80-180um)
~200m*> ~9.6M channels

CRYSTAL ELECTROMAGNETIC

CALORIMETER (ECAL)
~76k scintillating PbOWO, crystals

PRESHOWER
Silicon strips
~16m? ~137k channels

~13000 tonnes
SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carrying ~18000 A FORWARD
CALORIMETER
Steel + quartz fibres
HADRON CALORIMETER (HCAL ~2K channels
Total weight : 14000 tonnes Brass + plastic scintillator ( ) MUON CHAMBERS
Overall diameter :15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
Magnetic field :38T
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JET SCALE CALIBRATION IN SM Pt REGIME

e Calibration for ~100 GeV Jets

— Event balancing in the transverse plane with gamma+jets or Z+jets
events

— hno events above ~ 400 GeV

bsolute scale, Data

A
O
(o
=

o

—

CMS preliminary, L = 1.6 fb! (s=8TeV
i | ] 1 1] ] LI ] 1 ] 1 1 | L L I i

-o-y+jet

+ Zee+jet -
= Zuu+jet ]
1JEC extrapolation _|

. Data/MC = 0.983 + 0.004 (stat.)
" 42/ NDF =17.8/20
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lllll | |
100 200

| - ll
1000
P, (GeV)
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THE EXAMPLE OF JETS

» Multijet events to evaluate low vs high pr relative scale
—one high prjet recoils to many low prjets
— prjet scale from Z/gamma+jet (previous slides)
— by imposing balancing high prjet can be calibrated

CMS Preliminary, \s =8 TeV, L = 19.7 fb"
il I ' | |

m L (il (Rl [ R T Tkl Tl L
3 1.04? .
1.02 ] |
: leading
177 []
0 hlgh PT
0.98 . . . )
[ g . |
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0.96— *e _
- 8 1
L B * MC i
0.94 __0 j
092b | a0tz ] several
low pT
09—--- /EPEPEFS EPEPES EPRPEPS IR A i .
; — recoiling
3 ol Fit: 0.9946 + 0.0010
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ELECTRON SCALE AND RESOLUTION

- Basically use Z to monitor energy scale and resolution
» Reconstruct Z invariant mass

* Rescale energy response to make Z line shapes for data
and MC talk each other

19.7 b (8 TeV) ] 19.7 ib' (8 TeV)
> x10°f ~ x10
& [ CMS S [ CMs
g’ 20| Barrel-Barrel ¢ Data 2 80_’ Not Barrel-Barrel ¢ Data
© I [] Z - e'e (MC) e [[]Z - e'e (MC)
5 . § 60
o i

EeN
o

1of

O O
= = : -
E .@ . * ®e .
[\Y) ©
O 0B e e o0-85.........1...................
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ELECTRONS AT LARGE Pt

Electron release energy in 5x5 array

3 : |'s=8Te;!. Ldt=19.80;b"” | _4
of crystals R R e —
About 80% in central crystal :!‘ -
Extract electron energy from the 24 %« = " :
low energy surrounding crystals g p|u e ol -
(assuming average em cluster PR o T S

(EE{)<E>

shape)

'_. L 4 L4 T v ‘
180

Compare the resulting energy with 3 = coficmon ;
the one of the most energetic 2 ol i S
crystals ol e l ﬂ
Data-MC comparison of this ratioto % e~ w Ili .
set high prscale PR AEl it B SRR

- - S (E;-E:”)I<E1¥
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EFFICIENCY EXAMPLE OF ELECTRONS

» Calibration for ~50-100 GeV electrons done by using Z->lI
events

» Used so-called tag-and-probe method

A’

—one lepton fully identified
—other lepton selected with loose criteria

—with inv. requirement (around 91 GeV), measure trigger and

selection efficiency

tag (tight lepton ID)

’ :
’
’
’

- probe (loose selection)

to monitor efficiency

p—y

0.

[{e]
(&)

Mu40 Efficiency

.

Data/MC
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EFFICIENCY AT LARGE PT

» Still low statistics
— but you don’t need much to evaluate efficiency (O(50-100

events))
CMS 19.7 b (8 TeV)
o> : —rT . . p———
o - -
qc) 1— _ . _ i
s | B
=S e )
- 0.8}
- a)
0.6
04 HEEP selection Barrel
¢+ Data
0.2 + Simulation DY
0 i - |
c 12 .
o -
@ 1.1f -
3 -
E 1= Seene-e * g
ﬁ 09F
()
0O opat

10
P, (GeV)

3

Efficiency

Data/simulation

—

0.8}

0.6

0.4

0.2

1.2

1.1¢

0.9E-
0.8t

CMS 19.7 fb' (8 TeV)
- ,‘vo' o, ’ y
b)

s HEEP selection Endcaps ]
¢+ Data e

N + Simulation DY

10°
p. (GeV)
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LHC

Cross sections

proton - (anti)proton cross sections

LI ] ‘ L] L L] ¥ ’ 'l ) LJ 10’

0"0‘ . 10'
t ; : .
Tevatron LHC: 10

* let’'s compare few cases

-1

bottom

7))
oy
] 10 g
—jets (pr>100GeV) -
o, (E" > EI20) =
= LT
c Cw 10’ :]
o, ; O
H I I © o,(E.™ > 100 GeV) 10° Q
— H(gluongluon) o B
S~
10° 10° %
18]

3 ww 3 S
10 5/ 10° 2

10" “ 10"

Z’ssm Ly

— S L M=125Gev< O , : 3 *

W E™ S v Z’ssm is somewhere 3 1°

10* ver here.. § 3 10*

107 NP P 107
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E (TeV)
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Translate into # events (1 year)

* let’'s compare few cases

~jets (pr>100GeV) ~ 10"

—H(gluongluon) ~ 10°

—Z’ssm~ 102

LHC

proton - (anti)proton cross sections

, F
10"

—
-

o (nb)

10° b

LA |

L L | L]

Tevatron

here..

Z’ssm iS sor

LHC:

newhere

ll; ll : A
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triggers

LHC

» for dilepton resonances no
trigger issue

* main contribution is from
Zand W

» for dijet resonances need to
cut tight, rate is too high

* tipical threshold 1TeV In
dijet mass.

Search for New Physics at the LHC
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proton - (anti)proton cross sections
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TRIGGERS

- Hardware (fast, L1) and
software (slow, HLT) triggers

implemented ot —tenpm |
* Low prtriggers are kept for e B
monitor purposes o4l B 1
° need to pre-scale them tO have L mloo 2000 3000 4000 5000 6000
Dijet mass (GeV/c”)
reasonablerate |
* Turn-on curve: performance of w7 T
triggers monitored using pre- joor -
scaled triggers 5 o4
0.2}

e t— o & * B

* ratio of event passing tighter
triggers monitors the efficiency of O 7000 2000 3000 4000 5000 6000

the trlgger Dijet mass (GeV/c’)
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TRIGGER: WHERE TO SET CUTS

* Triggering high mass object is not
a big issue

—hard cut in ptcan be implemented with
minor efficiency loss

M R e e R R R R R e
_g; 4—CMS {T550 & HT7S0)MHTES0 —
§ i \s=8TeV.,L=19711b" (TS50 & PFHTES0VHTSSO

mm n m w L —— (HTS50 & Fat7SOVHTSS0

* Dijet is special <k et

k= e Jels
—jet background too high T prrjeseesessesssscsssens

—tight cut required and physics potential ~ os =« | !
is affected o6 * ° efficiency ~100% -

| cut about here
0.4

0.2

- Selection criteria to guarantee no ‘ o
efficiency loss from trigger 0 %0 TN T TR et Mass (Ge)
—tight requirement on dijet inv. mass

—analysis cannot be performed below ~
1 TeV
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UL DETERMINATION

» Example of binned likelihood for diet analysis

19.7 fo' (8 TeV
10Ell‘lIIUUIIIIIIIIIIIlllIIIIIIII[IIIIIIIIIIIIII

)\?ie—)\i :?‘; | CMS 4 Data
L=[] | 8 o o
. nz. £ 3 ---- QCD MC
1 E: 2 - JES uncentainty
5
Where '8 10"'-%* W (1.9TeV) Wide jets (R = 1.1)
104 M <25&lam)<1.3
* i Is the bin number ol
10":F— - \
*Ai = pN;(S) + N;i(B) o |
* Ni(S) is the number of signal events for a e
given model e
1000 2000 3000 4000 5000
- Ni(B) is the number of background events Pletmass (5eY

(can be either parameterized of coming from MC)

» detector uncertainties are taken into account in the likelihood by
“marginalizing” (i.e. integrating out), assuming a log-normal distribution

- flat prior (bayesian) for cross section
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UL DETERMINATION

* Example of binned likelihood for diet analysis

n; —>\i — 10r 19.7fb’(8TTcV)_
L p— A?’ 6 ﬁ‘- N CMS 95% CL upper limits -
o ' <L RS graviton +— Observed
i n’L . X (M=0.1) mee  Bpociad
N —
where > b o —
. . Q:_"\.,..‘.'
* i IS the bin number : \.ﬁ/ .
10" N " -...“."....".ﬁ.“ ‘-a_.«\:
* Ni(S) is the number of signal events for a
given model 10700 1400 1600 1800 2000

RS graviton mass (GeV)
* Ni(B) is the number of background events

(can be either parameterized of coming from MC)

» detector uncertainties are taken into account in the likelihood by
“marginalizing” (i.e. integrating out), assuming a log-normal distribution

- flat prior (bayesian) for cross section
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