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The machine: why the LHC is a unique collider
Present status

Parton density functions and luminosity

QCD physics

Production of vector bosons and top

Higgs boson

Search for physics beyond SM



In the eighties, CERN built LEP, the large electron-positron
collider, in a 26.6 km tunnel at average depth of 100m.

It was the largest civil-engineering prOJect n Europe at that
time.

Already In spring 1984 (5 years before LEP started
operations!) a workshop was held on the possibility of
building "a Large Hadron Collider” in the LEP tunnel



Towards the LHC

At that time, the US was building a very ambitious hadron
collider, the SSC 1n Texas.

In 1993 the US congress canceled the SSC project due to
budget cuts, the LHC was the only viable project for the
energy frontier (and approved in 1994)

Ski flights to
Geneva from

...maybe not so bad for our health...

Book now!

The discussion on detectors was well under way, and after
many merges ATLAS and CMS were approved in 1995



What LHC does not stand
for (non examinable ;-)

This 1s of course a joke... but this image (of a rock

band of Cern secretaries active 1n the first 90es)
was THE FIRST IMAGE EVER ON THE WEB



LHC layout
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Two general-purpose detectors

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Atlas: 1 solenoid (2T) and 8 + 2
toroid magnets (!)

= Air-core muon chambers
(good stand-alone
muons)

= Liquid Argon e.m.
Calorimeter

Toroid Mc‘fgnets Solenoid Magnet SCT Tr"cllcker Pixel Detector TRT Tracker - CMS : 1 Solenoid magnet (4T)

[MUCNCHANBERS| | INNER TRACKER [ cavstaL eocal |
7

4

creates field inside and outside

o
‘Ila;..;-,ﬁi‘,E&aa
—— = Muon chambers in return
m— = yOke

= 80000 PbWO, crystals as

e.m. calorimeter

Eltmra,,

EI.IP.EFIICC.)N f—
Total Weight : 14,500t
Overall diameter @ 14.60m
Overall length : 21.60m
Magnetic field 1 4 Tesla
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LHCDb dedicated to forward low-
andgle physics (especially b-
quark production) looks like a
pyramid with axis on the beam

Very good particle 1dentification

Alice looks for high-mutiplicity
events 1n nucleus-nucleus
collisions- the only LHC
detector to have a gas tracker
due to low-lumi and high-
occupancy operation




Measuring momentum
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Pixel Detector
3 bamels, 3+3 disks: 80x10F pixels
bamel radin: 4.7, 10.5, 13.5 cm
pixel size S0x400 pwm
5~ 6-10 um 5, = 66 pm

SCT
4 bamels, dizks: 6.3x10¢ sfrips
bamel radi:30, 37, 44 51 cm
strip pitch 80 pm
stereo angle ~20 mr
5~ 16 pm 3, = 580pm

TRT
barmrel: 55 cm < R < 105 cm
36 layers of straw tubes
5.~ 170 pm
400.000 channels

Atlas tracker
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Pixel Detector

l -

[ ] [=10EW H
2 barrels, 2 disks: 40102 pixels N —-—:l - : _
barrel radii: 4.1, ~10. cm .

pixel size 100x=130 wm
Opg= 10 pm o, = 10 um
Intemal Silicon Stip Tracker
4 barrels, many disks: 2x10° stnps
barrel radii:
strip pitch 80,120 um
Op= 20 pm o, = 20 um
External Silicon Strip Tracker
6 barrels, many disks: 8:x10° strips
barrel radii: max 110 cm
strip pitch 80, 120 um
g= 30 pm o = 30 pm
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Issues. material budget and

alignment
Enﬂﬂ 'j‘]L.-;-'
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Interactions of electrons and
photons in a calorimeter

Electrons and Positrons Photon

R
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Calorimeter performance for
invariant mass reconstruction

Natural width: for My; = 100 GeV — I'; IM, = 10

Experimental width of myy=2E, E, (1-cos8 ) :

ag, 1 | a, ﬂ‘E. Ty
= D@
m ""E.[El] [Ez. _fggﬂ"'rz_]
/ ™~ 50 mrad
olE)_a b, o) ~—=
E E E Same for ATLAS and

CMS ...



ATLAS-CMS comparison

CIAS

« Compact

+ Excellent energy
resolution

« Fast

« High granularity

« Radiation resistance
« E range MIP — TeV

Homogeneous calorimeter

made of 75000 PbWO,
scintillating crystals

AT -AS

+ good energy resolution

+ Fast

+ High granularity

+ Longitudinally segmented
+ Radiation resistance

- E range MIP — TeV

Sampling LAr-Pb, 3
L ongitudinal layers + PS5




CMS crystal calorimeter

v Egmpa{;t Material Xjcm | EcMeV | R,/cm
v Transverse segmentation Fe 18 22 1.7
Lead 0.56 1.4 1.6
PbWO, 0.89 2.2

Crystal dimensions:
longitudinal 25 X, = 22.2 cm
Transverse 1 R,, = 2.2 cm

95% of the shower contained
in 2 Ry,

Ttalo-Hellenic Schoel of Physics C.Roda
2003 - Martignano June 2003 University and INFN Pisa



The ATLAS LAr calorimeter

- Longitudinal dimension: Sampling: accordion lead

~25 X, = 47 cm (CMS 22 cm)

- 3 longitudinal layers

4 Xy n” rejections separation of 2
photons very fine grain in

16 X, for shower core

N

2 Xy evaluation of late started
showers A

« Total channels = 170000

Particles from

Ttale-Hellenic i
2005 - martiy COIISIONS




Hadronic calorimetry

Tile Calorimeter |1]| < 1.7
Fe / Scintillator
3 longitudinal sections

LAr/Cu 1.7 <|n| < 3.2
4 longitudinal sections

Both hadronic and em
LAr/Cuor W 3.2 <[1)| <4.9

3 longitudinal sections

(=== EF===—=Fw= _ ... Central Hadronic n| < 1.7 :
1 2 nﬂ‘ = s kS — [

=" 4 Brass/Scintillator + WLS
2 + 1 (HO) Longitudinal section
HB |59+ 3.9 (n| =0)
=" Endcap Hadronic 1.3< n| < 3 :
Brass/Scintillator + WLS
213 Longitudinal sections

&3 ;L Forward calorimeter 2,85 < n < 5.19:
- Ferroffibre di quarzo

(ATE: 0e-JLh-2000
%JI]‘- _A2A80R)
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Lepton colliders provide
cleaner events, and all
energy 1s available in the
final state. But:

1 hadron collider 1s not
limited by synchrotron
radiation, and can go to
much higher energy.

For a given ring size, the
only limitation comes
from the magnetic field
of the bending magnets:

P (TeV) = 0.3 B(T) R (Km)



The highest currents,

* current density

{Adem?)
therefore the largest
il LTyt

fields, are obtained using e e
superconducting cables. ST

Unfortunately, phase transition
between super-and normal
conducting phase depends

-t &
anll magnetic field
(M

not only on temperature but TR e

on magnetic fields. This sets & @ T~

maximum field to 8.4T E N B

(100K times earth!) and 3 o C 2 T

defines P = 14 TeV (60% of ek ® e

circumference has magnets) | R L
0 5 10 15 20 25 30 35 40 45

Applied Field (T)



2-In-1 configuration
= Unlike LEP or the Tevatron, the LHC is a proton-proton
(matter-matter) machine

= Why? Not possible to produce enough antiprotons to
have the large luminosities needed for rare processes

= Most of interactions will be gluon-gluon (see later)

= Technical difficulty: get a very accurately opposite
magnetic field




LHC General Main Diol
ain Lipole magnet
Parameters ) P 5
A\ (Protons)
Summary Table
LHC General Parameters ' ' ' ' ' '
| . ; "agn | T, | By Iy |4pSep MagAp pymper
Energewy at collision ) TeW [Tep) (Toz) [293K)
‘Enerey at injection | 450 eV | = | B | T | & | mm | mm
= : ! MB 143 [ 19 [&33 [1179 194 56 1232
D].p':'].E I—]'E]'Ii at ? TE"F w T [Click on the underlined magnet name to display itz parameters full list)
Coil truner dismeter 56 T The Il_IB cold mass cnns_ists_ of & u:_u:ui.ls per apermre clanped around the cold bores by a comunon avstenite seel collar sucronnded
Distance between apertire axes (1.9 K) 194 T 0 an Lo 30ke and & shuinking cylmder.
Luminoaity 1 E34 cm-23-1 The shrinking cvlinder and the cold bore (hesi vacummn chamber) are the ower snd the ey parts of the helivm ek,
Eeam beam parameter 3.6 E-3 MB cold mass main dimensions at 293K :
D heam current | 0.56 & il e BHE3 S0Y g i
I . i Coil SilEe 561 120.5 mm
.BUII.C]]. SPAcing 1 7.48 m Zoil Length {not incl. end plates) 14567 mum
Bunch separation 24.95 ns Tron Vioke e 550w
[FTmmber of particles per bunch I 1.1 Ell Tron Foke Length (incl. end plates) 14497 1
T - - - Shrinking cvlinder & e S50 ! 570 s
Hormalized transverse eynittance (r.m. 3.0 3.75 |LITL Shrinking cylinder Length T —
'Total crossing angle [ 300 prad (15160mm betwreen ref. planes)
T - - — T Osrerall cold mass weight 2381
Luminosity lifetine 10 h
I [ I The coilz are formed by two winding lawers vsing twoo Butherford (kevetone) cables (zame width and different thickness)
.EI"EIEF lozz Per turm l z | ke grouped in 6 blocks. The fnner and outer coils have 15 and 25 tuims per pole respectivels.
.Cnm:al Ph.IIIU:III. BNELEF l 44.1 | e Two types of MEs depending on commections and the associated local spool piece cormrector
Total radiated power per beam 3.8 kW
[@tored ENeTEV Per Deam ' as0 ' I

Filling time per fng [ a3 | Tiin



Rate: number of collisions/s for a given process:
R=0cL
where luminosity L 1s given by
L=fnn /A

n n_number of particles per beam (O(10"))

f crossing frequency (40 Mhz, with 2835/3564 bunches
occupied)

A = crossing area = Tr” where r = 16 um (rms of
transverse beam profile)



These numbers correspond to a range between
10°° and 10°*cm*/s (10°-10" mb™) Hz
And in one year (8-9 months of data taking) to 10-100 fb™

The total pp cross section 1s about 70 mb:

Cross section (mb)

| 0-inel(pp)""70 mb

I 10 o
Center of mass energy (GeV)

So, rate can go up to /00MHz!
Divided by 40MHz bunch
crossing rate, and accounting for
empty bunches, we can have

> 20 collisions/bunch crossing

(pileup)



Can you find four muons coming from a Higgs boson from
this event?




proton - (antijproton cross sections

No real thresholds P
Total cross section e
(including elastic) almost = L

constant

CNRERUL EEIEL BERULL ER L L

Some lines 'broken’ going
from Tevatron to LHC
due to antiprotons vs
protons

o (nb)

Several orders of magnitude
between discoveries and
background

/s (TeV)

History of this first year can be summarised as: going down this plot



DAQ can only take O(100 Hz), so rejection factors on
BG of order 1M are needed, while keeping high
efficiency on rare signal events. Different stategies:

| | |
Detectors 40 MHz input rate [3 Detectors J
- T T — _‘ ““““ (bunch crossing) |T © T - -0 07"
-/fu ) 3.2us /f_L1>—-lﬁ-uS- :
pC L\ Regions of

T, 5 O(100kHz) L1rate |- 1T _ _ __ _| | Interest

il
— Rols)
Readout buffers ( 2 \I@ (
——
| — {

| Switching netwe=
O(1 kHz) L2 rate

A ) (ATLAS only) -

(| HLT Processar f ( \\ﬁ ~1 5
'._&-_ TOCESS0r Tarmes -_EFJ-',;
- ___ O(100 Hz) output rate |_ 5 o ___

______ r _C_)_J (on tape) C')—J

CMS - 2 levels ATLAS - 3 levels
L1: Hardware based (calo+y’s) lecgrElin)
(HLT = High-Level Trigger)

Ded HLT: Software based Simo—rerTor

-

Event size
1-2 MBytes




Delivered integrated luminosity (fb™!)

Luminosity evolution Run |

- LHC 2012 RUN (4 TeV/beam

—o— ATLAS 23.269 fb™!
—— CMS 23.269 fb~!
—o— LHCh 2.192 fb~! E B

—0— ALICE 9.678 pb~'
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Peak luminosity (10*2 cm™2s™)

LHC 2012 RUN (4 TeV/beam)
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= Integrated luminosity ~23 {b-1

= Peak luminosity ~7E33
= Peak energy: 8 TeV



Run-2 Iuml evolutlon (ATLAS)
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= Energy > 50% higher
= Exploratory year: 4 times less int. lumi

= Similar peak lumi



Pileup evolution
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Mean Number of Interactions per Crossing

From August 2015, 25 ns operations reduced in-time pileup for same luminosity
However, next year luminosity will increase, and pileup conditions could be similar to Run 1



Average Stream Rate [kHz]

ATLAS trigger rates

ATLAS Trigger Operation 2012

600 Jets/missing E_(delayed)
~ B-physics (delayed)
Minimum Bias

Electrons/photons

500
400 10
300 |

200 Jets/taus/missing E

Rate in Hz

100 -Muons/B-physics

0 ' ' ‘ ' ' ' J
April June August October December

—————————
Bphysics (Delayed)

Loax = 7.2 x 10%% cr2s ™!
0.6 y

0.4
0.2

L DL L
1 4 ATLAS Trigger Operations =
C Run 209183 B Hadron (Delayed) -
1.2FAug. 25 2012 B MinBias =
1‘ I Muons E
B Jet/Tau/Etmiss .
0.8 Bl Egamma .

03h 05h 07h 09h 11h

Time

The trigger menu has to dynamically adapt to the
changed data-taking conditions



L1 Trigger rates vs luminosity

Rate (kHz)

ATLAS Trigger Operations (Nov. 7, 2012)
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Strong non-linearities observed at the highest luminosities
for jets (esp. forward) and MET



ATLAS data taking efficiency
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Candidate
Collision Event

g i

1 EXPERIMENT

2009-11-23, 14:22 CET
Run 140541, Event 171897

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

Rho Phi

Soft collisions with just few
tracks but important for
alignment and trigger studies




JA EXPERIMENT

Date: 2010-11-08 11:29:31 CET

m L@AT LAS Run Number: 168665, Event Number: 57983
//!; Wﬁgf

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:29:42

Fill : 1482

Run : 137124

Event : 0x00000000271EC693




Physics in a hadron collider

LO, NLO and NNLO calculations

K-factors
“Hard™ Scattering

benchmark cross
sections and pdf

correlations
proton

PDF’'s, PDF luminosities
and PDF uncertainties

outgoing parton

proton

underlying event underlying event
initial-statc

Underlying event radiation
and minimum

bias events

final-statc

radiation Sudakov form factors

outgoing parton

jet algorithms and jet reconstruction

-
|

dry dzy fi(z1,p) filzo, 1) 04

—



The functions f1’ f2 (PDF's) are

fractional momentum

distributions (x = Pp/Pbeam) .\

of the partons inside a proton.
Gluons and quarks other than - -

the valence (uud) are present, S

with steeply falling TR\

distributions g SN

This 1s why for low-mass
objects a pp or p-antip
collider are almost the same

Figure 27. The CTEQ6.1 parton distribution functions evaluated at a @ of 10 GeV.

Typically the two colliding partons will have different x — event will
be longitudinally unbalanced (Lorentz-boosted)



Only variables invariant under z-boost should be used.

This 1s why cuts are expressed in terms of Et and not E,
and 1nstead of the angle 0 we use rapidity

Il E+pc

‘i’: — § l{:'gg

It depends on the mass of an
object, so it cannot directly

E-p.c

reference to a detector location:

for that we use pseudorapidity,
equal to rapidity for massless

particles:

n = —In |tan

7

2

1=0 =1,
Muon Scintillators
L H "
Muon Chambers | ) Al
. -
‘ — i - 4!'1 n=2
! ".-"i'- ..'J_d_,;r"'-'
i b BN | S n=3
- i e P Lo
Shieldin i, H v '::: ____________________
S ’ }W : 4*"{“ 3 T
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Kinematic region of the LHC

Note that the data from HERA
and fixed target cover only
part of kinematic range
accessible at the LHC

We will access pdf’'s down to
1E-6 (crucial for the underlying
event) and Qzup to 100 TeV:z

We can use the DGLAP
equations to evolve to the
relevant x and Q2 range, but...

we're somewhat blind in
extrapolating to lower x
values than present in the
HERA data, so uncertainty
may be larger than currently
estimated

we're assuming that DGLAP is
all there is; at low x BFKL type
of logarithms may become
important

do

og

dM2dy ~ Ns

(GeV?)

Q:

10°

>

EL

10° £
107 —
10°
107
10*

10°

10°

o 1.2

]

M

LHC parton kinematics

= (M/14 TeV) exp(y)

M=10TeV

M=1TeV A+

[Z 02 (gx(x1. MA)Gy(x2. M?) +[1 © 2])]
k




Pdf uncertainties

Uncertainty on o(Z) and o(W ™)
grows at high rapidity.

Uncertainty on o (11"~ ) grows more
quickly at very high y — depends on
less well-known down quark.

Uncertainty on a(~*) Is greatest as
1 increases. Depends on partons at
very small .

100 |

% pdf uncertainty

b
=
T T

pdf uncertainty on
de(W)dy . ds(W)idy, .
da{Z)/dy,, da(DY)/dMdy

at LHC using MSTWZ2007NLO

1 2 3




UE: everything apart from the hard scattering o
(beam remnant, Multiple Parton Interctions, e T
etc.) e A< £

Will pollute all your physics events (especially v
“rapidity gaps”), and influence precision
measurements

normally softer (but with large fluctuations) s

."LI"!'I_-

*\We are in the realm of non-perturbative QCD, so only possible to
do empiric models to be tuned on data

*These models are similar to those use to model soft scattering
events (the Minimum Bias), which are the events we are taking

right now
*\Various models implemented in generators: Pythia, Herwig, Phojet



Elastic vs Iinelastic

Elastic interaction:  A(pA) + B(pB) N A(pA’) + B(pB*)
@

Inelastic interaction: A+ B N 2Xi (# A+ B)

Dominant processes in inelastic hadron-hadron interactions :

|P

Non-Diffractive Single-Diffractive-Dissociation Double-Diffractive-Dissociation
(ND) ©0~49 mb (SD) o~14 mb (bD) o~9mb @7 TeV

|P = Pomeron (quantum numbers of the vacuum)



Measurement philosophy

How should you do a measurement that is optimally useful for theory validation
and MC tuning?

Correct measurements for detector inefficiencies and resolutions (e.g. measure
pT spectrum of charged particles, not of ATLAS tracks)

No extrapolations into regions not “seen” by ATLAS (such as very low pT or far-
forward particles)

We measure what we see, not what the MC tells us we should have seen!

No corrections for diffractive events (rather make reproducible cuts that suppress

diffraction) Ner=-Stagte-Biffractive

On an event-by-event basis we do not know what process occurred

= W o




J1

UE
Characterization ®

Hard Scatter yields® 2 or 3 hard jets.
*=iven sufficient qualifying statements...

Two equally hard jets will be roughly
back-to-back.

Additional interactions yield softer
particles whose directions are not
correlated to the hard scatter axis.

Fragmentation, especially due to
connections to remnants, can yield
additional particles.

Three equally hard jets are roughly at 21/
3 intervals.

/3 < |Ag| < 2/3 and |n| < 1 defines the
transverse region.

For the third hardest jet to be In the
transverse region it must be softened.

_]-ITI- #1

Images from K. Fledd.




Particle multiplicity vs
direction
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Underlying event in Z->II
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Enhancing diffractive

component: rapidity gaps
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Mean p, vs Charged Multiplicity
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QCD and Jets
|: Tree |level J [Hunte r:arln} - — —@ [ BSM searches ]

\ / "
[jats (theory l:::H:I}l] ,:.5 nggs iearches]
CKEW E
L &
[ MC + Tree ; [tnp physics |
4‘ Jet I—ﬂl‘

Ml: validatio n]

/ ] \[PDFflts]

jlt :—::t i
[ Detector unfolding

| DETECTOR ]

Jet (definitions) provide central link between expt., "theory” and theory
And jets are an input to almost all analyses



Cone algorithms:

start with a high-Pt deposition, then take everything
with distance smaller than a given radius in (n,$)
space

ex. JetClu, Atlas cone, CMS cone, MidPoint,
PxCone, SISCone

[terative recombination:

Merge nearby clusters, and combine them into a
single one; continue until can't find any more
'super clusters' close enough

ex. Kt, Anti-kt, Cambridge



Cone algorithms are apparently simple to understand and
fast; but what happens it two cones overlap? Does the
result depend on the choice of seed? (it shouldn't)

e miGEY

400 ] 400 |

0.

200 200 |

100 ] 10 1Gev

1 0 1 2 3y 1 0 1 2 3y

Stable cones
with midpoint: 11,2} & {3} 112} & {23} & {3}
Jets with
midpoint (f = 0.5) 11,2} & {3} 123}

Last meaningful order

JetClu, ATLAS | MidPoint CMS it. cone Known at
CONE posa I mp-5M] [IC-PR]
Inclusive jets LO NLO NLO NLO
W/Z +1jet LO NLO NLO NLO
3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFM]
Mg in 2 + X none none none LO — NLO




Jet algorithms

¢ In the particular case of jet algorithms, infrared safety can be formulated as the requirement that if
the final state particles are modified by a soft emission or a collinear splitting then the set of hard jets

found should be unchanged
¢ Failing this criterion, a jet definition will produce infinite results at some point in the perturbative
expansion because of the lack of cancellation of infrared divergences

E

Collinear safe jet alg. Collinear unsafe jet alg
a) b) c) d)

IR TN e

Jet rapidity
| | 1 I 1 I 1 I

jet 1 jet 1 jet1 jet 1 .

Jet pT

w

jet 2
0g X (=o0) 0 X (+o0) O X (—o) O X (+o0)

Infinities cancel Infinities do not cancel




Sequential recombination jet algorithms

It is possible to generalize the kt algorithm by introducing a modified distance as follows
/ 2
AR

R?

. J. ‘)
_ 2p 2p
d;; = min(p,;, p;;

;".Rfj = (yi — y;}z + (9; — ‘:}j)z 3

— 2P
dip = p;;

& p =1 -> kt algorithm: follows QCD branching structure in pt and in angle
& p =0 -> Cambridge/Aachen: follows QCD branching structure only in angle

&« p = -1 -> Anti-kT algorithm: unrelated to QCD branching structure, with clustering measure
favouring recombination of high-pT particles

By construction, these sequential recombination algorithms are infrared safe
At the LHC, the default jet algorithm is the Anti-KT algorithm, for reasons that we discuss now
107

L R=0.7
Original implementations of
kt algorithm very slow,
T=0(N?), making it
unpractical for high-
multiplicity hadron collisions

Modern implementations
(FastJet) much more efficient
using computational

| ] ] geometry, amd achieve
~ LHClodumi  LHGhidumi LHCPb-Pb T=0O(N log N)
100 1000 N 10000 100000




But the most conical cone iIs
not a cone!

__l B iCorw PG, Aw b [Fwvi e I

Anti-kt now default algorithm in Atlas



Efficiency
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Not to correct for the efficiency in the steeply rising part of
the curve, jet cross section was first measured above the
100% eftficiency point

This results 1n the measurement being performed in
different Pt bins 1n the various periods, because higher
luminosities forced heavy prescales on lowest thresholds
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Primary calibration from MC, using information from various
calorimeter layers. Uncertainties from modelling, and from in-
situ techniques (like photon-jet balance)
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Next important SM benchmark are W and Z productin,
always accompanied by jets at the LHC.

Relevant for Pdf determination, QCD studies

W production about 10 times larger than Z, but analysis
more difficult: no way to perform full reconstruction, so
only transverse mass can be reconstructed

Different BG from electron and muon channel:

Neutral pions faking electrons

Punch-through hadrons in muon chambers

W forward-backward charge asymmetry very usetul for
Pdf's (how to define it in a pp machine??)
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Ingradients of the analysis
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2-lepton requirement makes Z channel much cleaner, but
statistics 1s poorer than W-hard to beat LEP's 4 million Z
collected per experiment (and lineshape fit) in clean
environment. Fundamental tool for calibration



W charge asymmetry
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Top quark production and decay

@ Produced mainly in pairs # 5M decay: t—Wb ~100%
e o=7pbh@2TeV @ W decays define final state
peaon "™ ! g Eb\ <if = e
; 14X
: _:,__il <F g "f [ =
-y 5%




Top quark physics measurements

Keep it as simple as possible:

W =2 jets maximising p, W in jjj
rest frame

Hadronic top=3 jets

maximising p, top

Isolated lepton
P> 20 GeV

E;.iss > 20 GeV

SSSSS

[m;-m,,| <20
GeV

3 jets p,> 40 GeV
+ 1 jet p> 20 GeV

67



b-tag efficiency

Select b-enriched samples using tt sample
t> Wb~ 100% - tagging top = tagging b
Select pure b sample by using tt event topologies
— 1(2) high p+ leptons, E; s, My & M, constraints
— 70-80% b-purity after selection

CMS study 1(10) fb-2

— Efficiencies 40% to 60%
(at Erpjee > 100) GeV

— Uncertainty 4-6% for large
data samples

ATLAS study 100 pb-1
— Similar efficiencies, purities
— Estimated uncertainty ~10%

d

b-Tag Uncertainty Barrel

|| —e— absolute uncertainty for 1 fb™
[ | ----®-- absolute uncertainty for 10 fb™
- | —®— relative uncertainty for 1 fb

- | -~--®-- relative uncertainty for 10 fb™

CMS ]
:\
'\.....-.. _. —]
. ‘-' ________________________ ___'
O g O - ]
11 | 111 | 111 | 11| | L 11 | L 11 | L 11 | 11| | 11| | |:|
40 60 80 100120140160180200

Calibrated E; b-Jet
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Number of jets Number of jets

Top signal (in high-multiplicity bins) hardly visible
wrt W + jets background but largely enhanced by
requiring two b-jets
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ones



Top mass: template method

@ Choose and calculate per

event one or more
abservables sensitive to true

m,

@ Build templates for signal and
background distributions in

this observable at different m,
(and JES) values

@ Determine most likely top
mass from templates fit to
data
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# The most accurate measurement of the op quark mass
@ Provides advantage in statistically imited regime

# Calculate per-event probability density for signal and
background as a function of the top quark mass using 4-vectors

of reconstructed objects
# Multiply the event probabilities to extract the most likely mass

F'rl:_;ll:_:-.i_-il_;lili'l':lr
P rotabi ity

2 2
K L

; &
e &
(i i

Top Mass Tap Mass Top Mass Top Mass

@ Maximizes statistical power by using all event information
a Fytremelv CP1 infensive



Details of ME method

MNormalization bifferential cross ‘

acceptance \ section based on LO ME
& efficiency

. 1 . .
P(x;m, JES)=——|||a"o(y, m|dg, dq.f(q,)f (g, Wi(x, y, JES)

alm
2 (m) \
Probability fo observe Initial state Transfer function
a sef of kr'nemmr'::. P;ﬁhﬂbmh’ diﬂf;ilhﬁ:i““ Probability to measure
variables x for a given that a parton will have x when parton-level y
mass and JES 0 momentum g was produced

@ Integrate over unknown g, q_, y

@ The jet energy calibration (JES) is a free parameter in the fit,
constrained in-situ by the mass of hadronically decaying W

..P-III.-'I'IIT[:';::.‘II”"""'IHH} = ft Tjrt[.:f':'”h, JI':F;} . {1 jl':]..FM,-”.[:;I'!,;"-:'F;]




Introduction to the Higgs

boson

"EWSB caused by scalar Higgs field

» vacuum expectation value of the Higgs field <¢Z5> =246 GeV/c2

gives mass to the W and Z gauge bosons,

MW « gW<l5>

fermions gain a mass by Yukawa interactions with the Higgs field,

mf « gf<%>

Higgs boson couplings are proportional to mass

» Higgs boson prevents unitarity violation of WW cross section

do(pp WW) > co(pp

= illeoall

W W W
Zhy
w* w* w”

Ww w W’}
H !
w‘m w* w*

anything) J 1
M WY % ™ | Terms which grow
wow W 1 .
Arxg'— with energy cancel
. = M for E>> My
+ w" w* . >
v - ' e E_ This cancellation
H , _ M requires My; < 800 GeV
w* - 5 ) '




Standard model Higgs
production




Higgs cross section
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Theory constraints to mass

R0 e
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(A = cut-off scale at which new physics becomes Imporant)

A light or heavy higgs requires early SM breakdown, and
new physics to be discovered soon; worst case scenario
mH ~ 180 Gev



Experimental constraints to
Higgs mass
S, = Indirect from EW fits,

6 mmmmmmm
1 pal®,_ direct from LEP and
=l . 1 — 0.02750+0.00033
1 Wit - ooz7asr0.00010 Tevatron searches
£ - L s incl. low QF data
. o arXiv:1303 6346
_Ee 3 QE? [ = Observed Tevatron Run Il, L, < 10 b’
] E | -~ Expected wio Higgs SM Higgs combination
S | mm Expected + 1 5.d.
2 _i  Expected + 2 s.d.
1 O | == Expected if m =125 GeV/c’
=
14 &
1LEP LHC
0 excluded . excluded 1
40 100 200

m, [GeV]
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my, (GeV/c?)

Best-fit value already escluded by
LEP; "big desert” scenario soon to be
excluded by Tevatron?



Only unknown 1s mass, so we are searching in several
channels, depending on our bet on the Higgs mass:

Light Higgs: 114 <mH < 140

H - yy, qqH - qqt7
qqH - qq WW*, ttH — ttbb

As soon as two (even virtual) vector bosons can be
produced

H - wWw"
H - 77", ZH->1lbb

At high masses, the width becomes very large, so we
would see a shoulder rather than a resonance



Events [ 2 GeV

Events - Fitted bkg

Results from data
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Despite complementary detector technologies, and
resolutions (better in energy for CMS, better in angle
for ATLAS), width and strength of observed peaks

are the same!



Signal strength
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H->227*%->4]

= The other discovery channel (would have been ”golden”
for MH > 2 MZ7) o* BR=2.51b

CMS Preliminary B=7TeV.L=518" =TV, L=1NER"
T T T T T T T T T T T T T

- @ Data

3 of + Dum ATLAS Preliminary "
g [ I oncagrouna 227 H—zZ'"—a

E 25— [l Bacxgrouna Z+jets,

- [] Stgnai (m =125 GeV)
E=7 eV Laa=46mn"
¥ =8 Tev:/Lat = 20.7

8
&
i
3
Events / 3 GeV

Il'lll'l'll'l'l'll'll

80 100 120 140 160 180
my, [GeV]

e 1GeV]

Added bonus: the ZZ peak used for calibrations, efficiencies etc.



WW channel: no peak, look
at MET distribution

4 Daa2011+2012  Eyents / ATLAS | 3 E ATLAS g
ZZZ Total sig.+bkg. 10 GeV 5=7TeV [Lat=461 28 5=7TeV [Lat=461"

VBF m,, = 125 GeV (s=8TeV [Ldt=207 1" E=8TeV [Ldt=207 0"
h g
. goF m, =125 GeV H->WW—siviv + 0/1 jets —4—9 HoWW—sewv+22]—6
H =

T < ©. €€, L1 [SRuEePN o for VBF E

"HW B IR ik E'.if'. £
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|z 4 for 0+1 Jet

50
Mt (GeV) after all cuts, Fig. 5b [1]

140 180 220

My (GeV) after all cuts

epu-only plotted above

N =0 Nit=1 Niet > 2

AFBar Al— ~i % 17



Higgs decays into two
fermions

g TunOTN
~
t. b :::- H
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T LTS
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H — bb

(QCD bkg. too large)

Large QCD bkg.
Low mass resolut.

Small x-secxBR
VV, V+4jets, tt bke.

Low mass resolution

Small x-secxBR
tt+jets backgrounds

Low mass resolution

H— TT

Large Z—TT bkg.

Very low mass resol.

i Small x-sec*BR
i Z—TT bkg.
Low mass resolut.

Small x-secxBR
i Z—TT bkg.
Low mass resolut.

Very small x-sec.

Low mass resolution

H — pp

Small x-secxBR.
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High mass resol.
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{Small Z—up bke.

: High mass resol.

iSmall Z—uu bke.

:‘High mass resol.

(x-section and BR
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Vector Boson Fusion (VBF)

= Remnants of the final-state quarks emitted
in the forward region (up to n~ 3.5)

H
= Hard scattering has no colour flow between

the two jets — rapidity gap between them

= It would be a very clean signature, 1f not for
the UE and pileup!

= Depending on mass. look for Tt or WW

d@Cays N__:_.t_ 5l s Signal (135GeV/ic”) i
% i L] EW+QCD Z+jets
Q . ttbar W+jets -
L2 4f ----- Fit to Signal ’

o  Q— Fit Z ]
g B 1\ ----- Fit to ttbar W+jets ]
LR 3—_ : Sum of fits ]
ﬂ B e ]
>
E 2__ x -

1= ; _]
ol — 4 HE::Z"- ; e ey |
0 50 100 150 200 250

M. [G eWcz]



Higgs - 1t

Signal strength:

= =1 ET T T T T T T T T T T TT
o 10° —+— Data 3 & ATLAS I 5-8TeV, 202 1"
roas. & | e | B e
- ATLAS: p = 1.437 "°; 2 ;0 e R B4~ b -
+o.27 g Ht e ety 10" 1o
- CMS: H= 0.78 —0.27° 107 E m*—\ I /,/"H =
E - o
E ] 1[,.3 e “:n..___m__ e
Observed (expected) p-value: ol = . é i
- ATLAS ; 10%F
C (s-8TeV, 2031’ ) N fa
- ATLAS: 4.5¢ (3.40‘); 1F is=7Tev, 451" E 1[}; *
e Ld 0056 g T2 130 140 150

- CMS: 3.20 (3-76) log, (S / B) m,, [GeV]

o T VR L I CIIEH—:V:t,I.'Bﬂ: E1TTE'||"IETI'h at & TeV

CMS, 4.9 fb” aI?Te‘il' 19, TTb"aISTE\I' = EhEE i
o 17 & Y arLas 4 Data 7 g 1 E_"‘\ : . ]
E 10" B = 5m H[12!l:h'|'j-a--n: = E - H— 1r Cut-based analysis — g‘:‘zﬁ:' fu=1.4) . E 107 i
> -+ Ohsarmd A 30 =0;; - & !' \ ’,3[
w 10° Hogn Wkde, § - I Fakas g -2 - 7] %
e Wk r 203 7 Uncen. : §1'ﬂ E’ H\.\\ /‘,-‘ E
B vor ag = B i 5l e ]
10° g [ i5-8Tev,203f" ] =9g? S L
ol : o e
o 10 E 10* e 1
10° - - 3o
2 10° —e— Observed p-value -
10° - " : 3
g —+ — R155) (u=14) - Expected for SM H
10 ™ e HIE) (el 3] - 10 ) L .
3 ! s H1SD) (=1 3] . 150
1 = 10 L
g ] 1 1 | ]
1 = 10 i
03 2 g 500 100 120 140

-1 0
log(S/(S+B)) MMV [GeV] my [GeV]




VBF H->bb

* Events are divided in 7 categories, with

different S/B, using a multivariate

discriminator (uncorrelated with m_ ).
Iy

* Signal is extracted with a simultaneous fit

onm - in all categories.
]

b

* QCD is fitted in all categories with a

common fifth order polynomial.

CMS ' » 19.8 167 (8TeY)
) i ) ’ ) lI ) ’ ) lI ) ) 1 ) i lI ) IE

i1« Data (sl A

o
F
. 5 e
o 10 v [JecD (=165
.- ]
s I:IZHEH.E
4] 4 =
o : o [singlat
a n
D 10 r 3 [Wejets
1M —10eVEF Hi125)
1n2 0 I i -- 10<GF H{12E)
1] (MG stat. uns.

* QCD shape corrected with a category- f:f .
dependent quadratic transfer function. o DIE : BDT output
Signal strength | | Normalization and shapes of signal, Z and top Free parameter
Y y'd Ry Fixed parameter
(simulation)

fi(mpp) = prg - Niy - Hi(mipp; k

jer) + Niz - Zi(myp; kjgs, kjer)

+N; i - Ti(mypy; kjes, kjgr) + Niocp « Ki (M) - B(Mpp; Pet),

e

4 -

QCD normalization

Transfer function Polynomial QCD shape
(linear or quadratic) || with free parameters.

S. Donato (CERN, INFN, SNS) Higgs to fermions at LHC 14



H-bb CMS result

. +1.6 msrb {aTev}
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Higgs— pu, ee

* Standard Model predicts
small BR for H—up,ee:

- good probe to look for
New Physics with at
125 GeV.

* No excess has been found.
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ATLAS + CMS combination
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Spin studies: from H->yy

1Dx1D fit o m_, vs |cos6*| (Collins-Soper frame)
Try to distinguish SM Higgs (0*) from a singly-preduced J=2* state
(hypothesis tested here: minimal couplings graviton-like model)

dN/d(cos6*) distribution (before detector acceptance)

flat for 0" = AbOUt 60%

1 + 6cos?0™ + cos*6* for gg -> X, state

1 - coste* for qq -> X; state pTObablhty Of

i; ;“ — r:u*msm}  — Background background shape frem SM
e 02r — S=z, 000 gg) - I = 2, (100% qq) data m,, sidebands
B oo — 3 same as inclusive analysis but cOn Ipatlbllll y
g2 [ ] P cuts modified to remove
g oL _I— . correlation with m,_ and
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Quantum numbers in H->2Z2Z

« Use the ratio of LO matrix elements to build kinematic discriminants

Discriminator D’ptn separate SM from an alternative |© hypothesis: 'S¢ lnematics of the 41 system

A
)

-1
D;p = |1+ P (7)) ]

Discriminator Dggs to separate SM Higgs from backgrounds:

Paxa () - P(me|BKG) ]
Priiggs (1) - P(mage|Higes)

Probabilities P defined by the LO matrix elements for each value of my.

Dgkg = [1 +

106 <my < 141 GeV
Combined kinematics and my information into one discriminant M ey S T LB i AT L BN

g 24"" bkl bk LA L | bl LR Rl | &

s w e By e

TE U 1B 1 W T W
" =y




Quantitative study of quantum numbers
» Test statistics for the separation between |¥ hypotheses (expected and observed):

g8 —* On*

L - Tl s

Ry

q.q—ll+

 me—" e v o . —

£E ~ 2m’

e e e o

qq ~* 2m*

B an o S

- Expected separation between | hypotheses and the observed results with the data:

Jv production comment expect (u=1) | obs. 07 | obs. J" | CL,
0 gg—+ X pseudoscalar 2,60 (2.80) 0.5¢ 33¢ | 0.16%
0, gg — X | higher dim operators | 17¢(180) | 000 | 17¢ | 81%
2omge | B X minimal couplings | 18¢(1.90) | 08¢ 27¢ | 1.5%
Yogs | 99X minimal couplings | 17¢(190) | 18¢ | 400 | <01%
1- 39 —+ X exotic vector 2.8c (3.10) l4c | >4.00 | <0.1%
g9 — X | exotic pseudovector | 2.3c (2.60) 170 | >400 | <01%

in case a hypothesis is disfavoured with large confidence we quote > 4.00,

>

Predrag Milenowic, University of Florida

77
o

All tested alternative hypotheses (except 0n")
excluded with at least 95% C.L.

Higgs Hunting 2013, Orsay-France, july 2013



Search for hi
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Apart for giving mass to all other particles, the Higgs 1s
needed in the SM to stabilise the W W - W W

scattering process P

This cross section is divergent in the SM, l o,

but if the Higgs is there a diagram with .
Higgs exchange restores finiteness

Does not work 1f Higgs 1s too heavy, in that case some
other resonance could be produced in WW final states

More than one Higgs could be g
present, even in a pure SM |
scenario, with broad mass |
spectrum | e Wil |



Search for hi
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Gravity not included — SM only low-energy effective
theory valid to a scale A << Mplank

The Higgs mass has a loop correcton om ~ ®/A2, so to prevent it
from becoming super-heavy it requires a compensation or
unnatural fine-tuning of parameters

/
H H RN R

Fermion loop Boson loop

Compensation would arise if for each fermion 1n the loop there
was a new boson with similar mass

This has lead to speculate that the ultimate symmetry of agauge
lagrangian, between fermions and bosons (SUSY) could indeed
be realised 1n nature



Minimal SUSY Standard Model (MSSM) particles

SUSY Particles

Standard Particles

Vi
T

SUSY equivalants of fermions have prefix s-

SUSY equicalents of bosons have suffix -1no

At least two Higgs doublets with lightest Higgs mass<135
GeV (if Higgs was heavier,would have killed SUSY!)

Charged Higgsinos mix with Winos — charginos

Neutral Higgsinos mix with Zino/photino — neutralinos



The coupling constants of the em, weak and strong
interaction depend on the energy scale at which they are
evaluated, and on the number of particles in the loops

SUSY increases the number of virtual particles wrt the
SM, and coupling constants unify at the GUT scale

Forces Merge at High Energies Forces Merge at High Energies
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Also, the lightest SUSY particle only interacts weakly and does not emit
light

It can explain dark matter (an open question since the 1930's: why
galaxies rotate as if the matter distribution was uniform instead of
concentrated in a central core, as the visible matter)

Rotation velocity —>

Observed

Expecled.

Distance from center of galaxy —>



A SUSY particle would have spin %2 smaller than its
non-SUSY equivalent (apart from the Higgs!)

Introduce a new quantity, R = (-1)*®*™** which is
R = +1 for SM particles
R = -1 for SUSY particles

In most SUSY versions R 1s conserved

SUSY particles produced 1n pairs

Lightest SUSY Particle (LSP, usually neutralino) stable,
and being weakly interacting typical SUSY signature 1s
missing momentum (also, good candidate for dark
matter!)



Since no SUSY particles discovered so far, their masses
have to be larger than their SM correspondents.
Supersimmetry has to be broken, and spontaneous
symmetry breaking does not work (would predict
particles lighter than SM correspondents)

SUSY breaking contined to hidden sector at high scale,
and transmitted through flavour-blind interactions:

Gravity-mediated (mSUGRA,cMSSM)
Anomay-Mediated (AMSM)
Gauge-mediated (GMSM)

Gaugino-mediated (brane-world scenarios)



SUSY theories can have a huge number of parameters. To
provide benchmark scenarios to compare experimental
reach and predictions, some arbitrary assumptions can
be made; ex. MSUGRA, with only 5 parameters:

m_ universal scalar mass
m _ mass of all gauginos
A, trilinear soft breaking term

Tan P ratio of vacuum expectation values of Higgses

sign(p) sign of SUSY Higgs mass term (its abs value 1s the
EW symmetry breaking)



MSUGRA parameter space

Four regions compatible with WMAP value for Qh?, different mechanisms for
neutralino annihilation:

WA FLWWVERE

bulk

neutralino mostly bino, annihilation
to ff via sfermion exchange

focus point

neutralino has strong higgsino
component, annihilation fo WW, 27

co-annihilation

pure bino, small NLSP-LSF mass

difference, typically coannihilation
with stau

Higgs funnel

decay to fermion  pair through
resonant A exchange (m, ~ 2}’1‘%
high tanp




Production mechanisms

Squark/Gluino | ;f
Production
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b 7 ()

Direct Gaugino
Production




Decay cascades

= Most SUSY channels involve

several successive decays, until
the LSP 1s reached.

= Signature of SUSY would be an
excess 1n missing Et (or
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Experimental sighatures: strong production

» Searches in inclusive jets + Etmiss events
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Results and intepretation: jets + MET
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Weak production

Decay Number of identified leptons
_ _ ] XXy
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Events/ 20 GeV

Gauginos

7
= Charginos and neutralinos produced

>
8
@
o
E
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weakly, and decaying into 3

leptons and MET

= Metiated by Z (Z-enriched) or slepton

(Z-depleted)

“Z depleted”

“Z enriched”
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Hadronic final states
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It R 1s not conserved, SUSY particles can decay into SM
ones, so events do not have the characteristic MET
signature, but rather an anomalously high number of
jets or leptons:
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Hadronic final states
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SUSY Higgs (NOT the Higgsino!)

= In MSSM, 5 Higgs bosons: 2 charged (H+/-) three neutral h/A/H

= For some regions of SUSY parameter space, one of them may
behave similarly to the SM one, the 125 GeV SM-like Higgs,

does not rule out SUSY

Nothing found on dedicated h/A/H searches in lepton pairs + jets
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Technicolor: an additional interaction modeled after
QCD colour stmmetry replaces the Higgs mechanism
to give mass to the other particles. Predicts unobserved
FCNC but some variants compatible with experimental
data. Signature are resonances decaying into W and Z,
like rho decays into pions
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*EXxcited quarks/leptons: decay into
a photon and a quark/lepton,
producing a mass peak Iin that
distribution
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Leptoquarks: a new symmetry between leptons and
quarks could produce particles strongly coupling (and

decaying) to both | +
Compositeness: if quarks are +
composed of something even E
smaller, that would result in ;

Increased high-mass dijet tall t
. i e ettt

* % A0

1 /N d

| Z', W' from additional
SU(2) symmetry,
= behave like high-mass 7

= Wrs and Z's




The three space dimensions we live 1n are just a
membrane of a multi-dimensional space.

This would reduce the hierarchy problem to geometry

Gravity could deviate from Newton's law at small scale
(< 1 mm, very few experiments on that), and could
propagate to the extra dimensions; a graviton would
disappear from our universe and be seen as missing
energy wh,a
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Randall-Sundrum models
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Series of namow, high-mass resonances:
(only first peak visible at LHC, due to PDFs)

A small, highly curved (‘warped”) extra
dimension connects the SM brane (at
O(TeV)) to the Planck scale brane

Gravity small in our space because warped
dimension decreases exponentally between
the two branes
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Exotic seaches with dijets
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= Technicolor, colour interaction and low-mass gragvity models all predict
productin of resonances, mainly decaying into dijets. Dijet distributions
can be interpreted in the framework of new physics search
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Searches with boosted objects

= A very heavy resonance decaying into top or W/Z bosons followed by hadronic
decays produces dljets with high mass and sub-structure
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Black hole phenomenology

Event Honzon

® BH decay:

® BH loses energy by Hawking radiation:
pair production close to event horizon
— one particle tunnels through horizon Black Hole

@ BH lifetime for Mp =1 TeV:

n+3) /(n+-1)
My

_26
~ pp2(n+2)/(ne1) ~107""s
D

T

@ "Democratic” thermal decay (obeying
all conservation laws): equal fractions
of all SM particles

@ Spectacular signature: spherical high-
multiplicity events (“hard to be
missed”)

[42'sD}40]



First run2 results on high-pt
final states

Muon channel

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, > R Pt AL el D5 T A
E 10°E T | T T T i li) s ATLAS Preliminary mu"ij;tss.r e
E P —e— Data § — C—NMp=2. ev, = evg
§ 104‘ ATLAS Preliminary %4444 Total Standard Model | o “ 13 TaV JVLdt t;S b i
- E + E iy 2 IS = ev, =06.0pb
= = det: 80pb”, \s=13Tey L WHets = o 10 . =
GC) S [ | Z+jets N ch njet >3 =
e B« = > 10 —
= [ single top = Ll E
10° I Diboson -
—— M,=7 TeV, M -2 TeV
10 —— My=6TeV, M_=4 TeV
107"
1
10" g
g
o 3 e g
= ol % 1
B | —— V/ v // i
=] s /// 7T /
g 1 Ty ,//W/,’Z/} _
OO - 500 1000 1500 2000 2500 3000 3500 4000

ZpT[Gew

= HT: scalar pT sum of all jets, leptons and MET in the
event



Candidates / (50 MeV/c?)

Connections with b-physics
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/

Era.

LHCDb

1.0 fb (7TTeV) +1.1 fb ' (8TeV)
BDT > 0.7

LHCh 95% C.L

10 F.i ) LIk Al

MSSM-AC

Some rare decays like Bs->uu only
occur through loop diagrams.

If new particles exist, they can also be
produced in these loops, leading to big
modifications of the SM branching
fractions.

B-physics, not covered in these
lectures, is a powerful tool to get
indications and limits on the existance
of new particles with masses much
higher than those directly accessible at

- 6000the LHC
— n_l'_'. g [M.EV/CE]

After all, both the top and the Higgs
masses have been predicted with
good precision before discovery, using
virtual loop techniques

The bad news is that in this case no
deviation from SM behaviour is in sight
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However, some anomalies
have been found

Belle 2010

657x10° BB
(Inclusive Tag)

BaBar 2012 (Full)

471x10° BB S

(Hadronic Tag)
Belle 2015

772x10° BB .
(Hadronic Tag)

LHCb Runl preliminary
3.0 b .

TRV |

1 0.15 0.2 0.25 0.3 0.35
Standard Model
(Faifer et al 2012)

LHCb
0.5

] L} LI L Ll I L T Ll T I L T Ll LI T L
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0 SM from DHMY i
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=
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15

q? [GeV?/ ¢4

BO - D*+1- vt/ BO —» D*+4p- vu

Branching fraction larger than
expected (seen by several
experiments)

Angular distribution of BO —» K*u+p- is very
sensitive to new physics being a higher-order
process, sensitive to particles in the loop.
P5'is a complex variable combining several
production and decay angles. A deviation from
theory predictions has been observed
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Summary of searches: SUSY

ATLAS
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ATLAS SUSY Searches* - 95% CL Lower Limits
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ATLAS Preliminary

5000

Status: July 2015 Vs=7,8TeV
Model ety Jets EP [ranm™) Mass limit [ \5=7TeV.| V5=8TeV Reference
MSUGRAIGMSSM 03e, ,m 27 210jets/3b Yes 203 | @& 1.87TeV m@) 1507.05525
0. 44t} 26jels  Yes 203 | m(E9)=0 GeV, m(1* gen.q)-m(2" gen. 3) 1405.7875
° -ai] (compressed) monojet  1-3jets  Yes 203 | 100-440 GeV m(@)-m(i})<10GeV 1507.05525
= qﬁq([[(ly/‘/y)x’l 2e,pu(off-Z) 2jets Yes 20.3 q m(¥})=0GeV 1503.03290
3 - 4 26jets  Yes 203 |& mi¥ 1405.7875
3 32, gﬂqu| —qgW=i) O-lep  2:6jets  Yes 20 |& m(¥})<300 GeV, m(F*)=0.5(m(¥})+m(z)) 1507.05525
N g—»«’lq([l/[‘//vv)‘h 2en  03jels - 20 |& m(¥})=0Ge 1501.03555
2 Guiss(INLSP) 127+0-1( O2jets Yes 203 & tang >20 1407.0603
2 GGM (bino NLSP) 2y ) Yes 203 [& cr(NLSP)<0.1 mm 1507.05493
®  GGM (higgsino-bino NLSP) Y 16 Yes 203 |& m(E})<900 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
= GGM (higgsino-bino NLSP) y 2jets  Yes 203 |& m(E§)<850 GeV, cr(NLSP)<0.1 mm, >0 1507.05493
GGM (higgsino NLSP) 2e4(2)  2jets  Yes 203 |& mNLSP)>430 GeV 150303290
Gravitino LSP 0 monojet Yes  20.3 | F'2scale m(G)>1.8x 10~ eV, m(3) 1502.01518
So F-bbY! o 36 Yes 201 | q 1407.0600
e g_m)‘ﬁ 0 7-10jets  Yes 203 |& 1308.1841
3 E gz gk, Olen  3b  Yes 201 |& 1407.0600
oot 55 gﬁm. 0-lep 3b Yes 201 |& 1407.0600
_g s o 2b Yes 20.1 by 100-620 GeV' 1308.2631
g § 2e,pu(SS)  03b Yes 203 |5 275-440 GeV 1404.25¢
g 12ep 1 Yes 4.7/20.3 \4 230-460 GeV 1209.2102, 1407.0583
: E ﬁwb)z',’ or b} 0-2e,u 02jets/1-2b Yes 203 |h  90-191 GeV 210-700 GeV ¥ 1506.08616
i i 0 monojetictag Yes 203 | 90-240 GeV' (-} <85 GeV 1407.0608
D8 2eu() 16 Yes 203 | 150-580 GeV/ miE})>150GeV 14035222
B 3eu) 16 Yes 203 |& 290-600 GeV m(F)<200GeV 14035222
2ep 0 Yes 203 |Z 90-325 GeV/ 1403.5294
2ep 0 Yes 203 [} 140-465 GeV S(m(F;)+m(¥))) 14035294
- i : Yes 203 [® 100-350 GeV' .5(m(F})+m(E})) 1407.0350
=] @ i 3ep 0 Yes 203 | WAy 700 GeV. 5(m(E; ) sm(E})) 1402.7029
(TS 23epu  02jels  Yes 203 i'%,,?ﬁ 420 GeV' . sleptons decoupled | 1403.5294, 1402.7029
xéxﬁwx, ».)}’ hobbWWrTlyy € He y 026 Yes 203 | 250 GeV. . sleplons decoupled 1501.07110
W, Lral 0 Yes 203 |ih 620 GeV. S 14055085
GGM (wino NL'SP) weak prod. 1 e, u +y - Yes 203 | W 124-361 GeV 1507.05433
Direct ¥} ¥; prod., long-lived ¥; ~ Disapp. ttk 1 jet Yes 203 | 270 GeV ¥;)-m(¥})~160 MeV, 7(¥})=0.2 ns 13103675
Direct ¥ ¥; prod., long-lived ¥;  dE/dx trk > Yes 184 |H 482 GeV' ¥;)-m(¥))~160 MeV, 7(¥7)<15 ns 1506.05332
B g Stavle, stopped  A-hadron o 15jets  Yes 279 |& 832 GeV. ¥})=100 GV, 10 us<r(®)<1000 5 13106584
= § Stable g R-t hadmn trk E = 19.1 z 1.27 TeV. 1411.6795
2F  OMSB siable 7, @ yrie ) 12K i - 100 [N 537 GeV 10<tang<50 14116795
3 8 GMSB, )—yG, long-lived ¥ 2y ¢ Yes 203 | 2<x(i1)<3 ns, SPSB model 1409.5542
2, Xﬁa‘vt/zuvwv displ. eefep/pp - = 203 |@ 1.0 Tev 150405162
GGM 3, ¥1—2G displ. vix +jets - - 203 |h 1.0Tev 6 <cr(i?)< 480 mm, m()=1.1 TeV 150405162
LFV pp—¥: + X, vr—ep/et/ut epeTHT : . 203 |% 1.7Tev . A132/133/20=0.07 150804430
Bvlmeav RPVCMSSM 2eu(8S) 03h Yes 203 |4k 1.35TeV. . crisp<t mm 14042500
W) e, enve dep g Yes 203 [ 750 GeV. 14055086
= )(‘ qwx. Koty etv, Bep+T & Yes 203 ;% 450 GeV 1405.5086
a o 67jets - 203 |z 917 GeV. 150205686
= gﬁ/p\/] ){. — qq9 0 6-7 jets - 203 |& 870 GeV 1502.05686
goiit, i —bs 2e,u(SS) 03b Yes 20.3 ! ] 850 GeV' 1404.250
0 2jets+2b - 203 7 100-308 GeV ATLAS-CONF-2015-026
2ep 2b & 20.3 o 0.4-1.0 TeV BR(f, —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, e—sct| 0 2¢  Yes 203 |H 490 GeV. ! m(E})<200GeV. 1501.01325
107! 1 Mass scale [TeV]

*Only a selection of the avallable mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



Summary o

ATLAS Exotics Searches* - 95% CL Exclusion

f searches: exotics

ATLAS Preliminary

Status: July 2015 [Ldt=(47-203) b \5=7,8TeV
Model by Jets ET™ [raym Limit Reference
T
ADD Gk + /9 - 21 Yes 203 150201518
AADD non-resonant ¢¢ 2e.u = = 203 1407.2410
ADDQBH - £q Teu 1j - 203 13112008
ADD QBH - 2j - 23 14071376
ADD BH high Ny 289 - - 23 13084075
ADD BH high ¥ pr 2lep 22j - 203 1405.4254
/ADD BH high multijet - 22j - 203 1503.08988
T | RS1 Gkk — 2ep - 203 14054123
RS1 Gkk = 2y = 203 1504.05511
BUKRS Gax » WW > aaly  Tew  2i/1J Yes 203 150304677
BUK RS Gy — HH — bbbb - 4b - 195 1506.00285
Buk RS gk — tF leu 2152102 Yes 203 BR=0925 150507018
2UED/RPP 2eu(SS) 21b,21] Yes 203 1504.04605
SSMZ' - et 2ep = 203 14054123
g SSMZ' -1 2¢ - - 195 1502.07177
SSMW' &y Tew - Y 203 140774
& Emwowzooer 3e. - Yes 203 1406.4455
EGM W’ — WZ - qqtt 2en  2i/14 - 223 14096190
& EoMw o wZzo qaeg = 2" - a3 1506.00862 ° .
X HVT W’ — WH — tvbb Ten 2b Yes 203 1503.08088
S lrsMw, - b Teu 2501 Yes 203 14104103
LRSM WS - ¢b Oen  21b1J - 203 1408.0886
Claaaq - 2 - s 150400057
S Ciga 2en - - 23 1407.2610
Ol uute 2e4(S9) 21b21j Yes 203 ICul=1 150404605
S EFT D5 operator (Dirac) Oep 21j  Yes 203 190% CL for m(x) < 100 GeV. 150201518
Q" EFT D9 operator (Dirac) Oes 14,51 Yes 203 190% CL or m(x) < 100 GeV 13094017
o Scalrlargen 2¢  22j - 203 Proiminary
= Scalar LQ 2" gen 2u 22j £ 203 Preliminary
Scalar LQ 3" gen leu 21b23] Yes 203 Preliminary
VLQTT - Ht + X leu 22b23] Yes 203 Tin (T.8) doublet 1505.04306
gé VLQ YY - Wb+ X Teu 21b23] Yes 203 Yin (8.Y) doublet 160504306
VLQ BB - Hb+ X leu 22b23) Yes 203 isospin singlet 1505.04306
VLQ BB -+ Zb+ X 223eu  2221b i 203 Bin (B,Y) doublet 14095500
Tois » We 203 150305425
Excited quark ¢* = qy 1 1j - 203 1309.3230
Excited quark ¢* — qg - 2j - 203 1407.1376
Excited quark b — Wt lor2eu1b,2jortj Yes 4.7 1301.1583
Excited epton £* — ¢y 2emly - - 130 1308.1364
Excited lepton v* — ¢W,vZ Seur - - 23 14112921 ° °
LSTCar —» Wy Teply - 203 1407.8150
LRSM Majorana ¥ 2en 2j - 203 m(We) = 2.4 TeV,n0 mixing 1506.06020 .
Higgs tiplet H* — ¢¢ 2eusy - - 23 O production, BR(H; — ¢0=1 14120237
Higgs triplet H* — ¢r et - - 203 DY production, BR(H;* - ¢r)=1 1411.2021
Monotop (non-res prod) Ten b Yes 203 G —ua 14105404
Multi-charged particles - - = 203 DY production, |q| = Se. 1504.04188
Magnetic monopoles - 7.0 DY production, | = 1go, spin 1/2 Proliminary
L

.

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]

order of the detector

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary . (] .
Status: July 2015 [Ldt=(184-203) b  5=8TeV n m j 7
Model Signature  [Ldt[fb"" Reference S 1 Z e a 1 1 e
RPV x) — eev/euv/uuv displaced lepton pair ~ 20.3 i m(g)=13 TLV, m(x3) =1.0TeV| 1504.05162
GGM S - 2G displaced vix + jets  20.3 m(g) = 1.1 TeV, m(x?) = 1.0 TeV| 1504.05162
o | AMSBep-xixtain;  dissppesringtrack 203 | Hetime o ozsom M) = 450 GeV faloes
:2: AMSB pp —» xid.xix;  large pixel dE/dx 184 |X lifeime T 13teom m(x}) =450 GeV 1506.05332 a
GMsB non-pointing or delayed y 203 [ x{ lifetime o oessam SPS8 with A = 200 TeV. 1409.5542
Stealth SUSY 2IDMSverices 195 | § lfetime T OHEEORR|  m(2) = 500 Gev 1504.03634
Hidden Valley H — mz, 2 low-EMF trackless jets 203 | m lifetime . o4t7sTm m(m,) =25 GeV 1501.04020
% Hidden Valley H > mm,  2IDMSvertices 195 [ m lfetime N OSTEEER () = 25 GeV 1504.03634
% FRVZ H > 2y4 + X 2e-,u-,m-jets. 203 | 7qtitetime |G H = 2y4+ X, m(y4) = 400 MeV/ 1409.0746
g FRVZ H > dyg + X 2e-p-mjets 203 | yalietime |G H = 4y, + X, m(yy) = 400 MeV 1409.0746
ﬁ' Hidden Valley H — mm, 2 low-EMF trackless jets 203 | , lifetime I ossom ) = 25 GeV 1501.04020
g;: Hidden Valley H —» m;r,  2IDMSvertices 195 [ lifetime L oazeam m(m,) =25 GeV 1504.03634
s FRVZ H > 4yg + X 2e- u-,m-jets. 203 | 7alifetime [ 28160mm H = 4y4 + X, m(yg) = 400 MeV/ 1409.0746
S Hidden Valley ® — m,m, 2Ilow-EMF tracklessjets 203 | lifetime s 0Ze | xBR = 1 pb, m(r,) = 50 GeV. 1501.04020
g 5; Hidden Valley ® > mm,  2IDMSvertices 195 oSSR <BR - 1 pb, m(,) = 50 GeV 1504.03634
S Hidden Valley ® - m,m, 2low-EMF tracklessjets 203 | lifetime R R e O SATITR] oxBR = 1pb, m(z, 1501.04020
§§ Hidden Valley ® - myr, 2 ID/MS vertices 195 |, lifetime o oata3m oxBR =1 pb, m(r) = 50 GeV 1504.03634
N HV Z'(1TeV) - qugv 2IDMS vertices  20.3 |, lifetime o otasm oxBR =1 pb, m(z) = 50 GeV 1504.03634
g HV Z'(2TeV) - qav 2 ID/MS vertices. 203 |= Iileﬂrlne — oxBR=1pb, lm(m) =50 GeV' 1504.03634
0.01 0.1 1 10

*Only a selection of the available lifetime limits on new states is shown.

100 cr [m]



As you saw, the physics program of the LHC 1s huge (only gave a
few snapshots), and even if legions of physicists will analyse the
data, there 1s really a lot to be occupied over many years

Detector understanding and calibration 1s crucial; has been redone
very quickly for Run 2

The Higgs boson has been discovered 1in 2012, and all its
properties are consistent with those predicted by the SM
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