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_epton colliders provide
cleaner events, and all
energy 1s available 1n 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:

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




The highest currents,
therefore the largest
fields, are obtained using
superconducting cables.

Unfortunately, phase transition
between super-and normal
conducting phase depends
not only on temperature bu*
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A bit of history... Tevatron

Curiously, both hadron colliders in the world are located in
a second-hand tunnel.

Te Fermilab main ring was a 400 GeV accelerator started in
1972 working 1n fixed-target mode

In 19835, the ”energy doubler/saver” (Tevatron) was built
just below the main ring, that was used as pre-accelerator

In 1999, a new main injector
statred operation, for a 10x
increase 1n luminosity.

Tevatron was shut
down on Friday Sept
30, 2011




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 in 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



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 in the first 90es)
was THE FIRST IMAGE EVER ON THE WEB



Fermilab accelerator complex
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CERN accelerator complex
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pp (Tevatron) vs pp (LHC)

= Record number of protons in a Tevatron beam: 18E12
= Record number of anti-protons: 6E12; limiting factor

= It was decided at the LHC to collide protons-protons;
already O(1E14) per beam achieved

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

= Technical difficulty: get a very accurately opposite
magnetic field

Tevatron magnet LHC magnet: much more complex magnetic configuration




The Tevatron detectors
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General-purpose LHC detectors

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

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

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

= Liquid Argon e.m.
Calorimeter

Toroid Mc‘fgnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker - CM S : 1 SOlenOid magnet (4T)
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Total Weight : 14,500t e

Overall diameter @ 14.60m
Qverall length : 21.60m
Magnetic field 1 4 Tesla
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LHCb 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 in nucleus-nucleus
collisions- the only LHC
detector to have a gas tracker
due to low-lumi and high-
occupancy operation




Parameters

A (Protons)

LLHC General

LHC General Parameters

'Energj.r at collision
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Summary Table
1I\-'Iagn Tu:.p BN IN Ap Sep Mag Ap Number
[Tay] [Tep) [293K)
m | K [T e [ mm | mm
MB | 143 | 19 [&33 (11796 [ 194 | =& | 123z

[Click on the underlined magnet name to display itz parameters full list)

The MB cold masz conzistz of 2 coils per aperture clamped sround the cold bores by a comumnon ansenitde stweel collar suronnded
b an ivon woke and a sheinking cvlinder,

The shuinking cvlinder and the cold bore (hean waoumm chamber) are the outer and the inner parts of the helivmn ok,

B cold mass main dimensions at 2935

Cold bore Ei e 50! 53 num
Coil SilEe 561 120.5 mm
Zoil Length {not incl. end plates) 14567 mum
Iron Foke Fe 550 mrm
Irom Yoke Length {incl. end plates) 14497 mum
Shrinking cvlinder & e S50 1 570 mrm
Shrinking cvlinder Length 151800

{15160mm between ref. planes)
Osrerall cold mass weight 2381

The coils are formed by to0 winding lavers uzing two Rutherford (kevetone) cables (same width and different thickness)
grouped in 6 blocks. The fnner and outer coils have 15 and 25 tuims per pole respectivels.

Twro types of MEs depending on cormectons and the azzociated local spool piece cormector




Rate: number of collisions/s for a given process:
R=0L
where luminosity L 1s given by
L=fnn /A
n n_number of particles per beam (O(10"))

f crossing frequency (2.5 Mhz at Tevatron; 20 Mhz at
the LHC, with about 1000/3564 bunches occupied;
LHC goal 1s 40 Mhz, with 2835/3564 bunches)

A = crossing area = m r* where r (rms of transverse
beam profile) 1s 35 um at Tevatron 16 um at LHC



T

Cross section (mb)

For LHC 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 b

| Oinel(PP)~70 mb

ne total pp cross section 1s about 70 mb:

So, rate can go up to 700MHZ!
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?

Rec. trks w/ pt=25 GeV

—p
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QATLAS The best way to deal with pileup is to

A EXPERIMENT .
NN < Cconstruct along the beam axis the separate
St \crtices from which charged tracks are
Event with 4 Pileup Vertices . . .
in 7 TeV Collisions coming from. Not obvious how to assign them
to calorimetric clusters, especially now that

number of pileup is about 20




Cross sections in pp interactions

No real thresholds

Total cross section
(including elastic) almost
constant

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

Several orders of magnitude
between discoveries and
background

g (nb)

proton - (anti}proton cross sections
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Weekly Integrated Luminosity (pb-1)
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Delivered integrated luminosity (fb™")
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LHC 2011 RUN (3.5 TeV/beam)
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CMS 5.107 fb™!
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= In <2 years, half the luminosity collected by

Tevatron 1n 25 years

= 10x the peak luminosity (default for 2012: 1E34)




P|Ieup distributions

Peak Interactions per Crossing

jof. ATLAS Onlne \s=77ev E For most of 2011, the LHC has
45F L] Single BCID E run with an average between 5
- - BCID Average 3 .
30E . and 10 pileup events; after the
25 - focusing of the final magnets
20 has been increased, pileup
155 almost doubled
10
53_ | | | I I | | | I i
oF 3 Online 2011, \Js=7 TeV I Ldt=3.02 b " 5
27/02 25/04 22/06 19/08 16/10 =
Day in 2011 — p*=1.0m,<pu>=116 =
E 10° — PB*=15m,<p>= 6.3 =
. 3 10 -
A way to increase - 3
luminosity without more B E
. . Q -
pileup 1s to go from 20 E 10" -
KHz to 40 KHz .

operations, but injection
issues may make this
difficult next year 0 2 4 6 8 10 12 14 16 18 20 22

Mean Number of Interactions per Crossing



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 [tj Detectors J
- = (bunch crossing) |~ ~ T < - -0 =-

T | P
(L -
L ) 3.2 ps L\ U) === Regions of

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

il
— Rols)
Readout buffers \\“, (
{(_ LE _J@

| | Switching netwe=t DH KH }LZ t
I—-i—- il rae | _[___,.. _____________
P M} (ATLAS only) i
I“x_ HLT) Processor farms ( EF \> ~15
______ ' _C;_)__‘_______ O(100 Hz) output rate —-_—I_j_—'——.————————————
(on tape) C')—J
CMS - 2 levels ATLAS - 3 levels

L 2+EF=HLT
L 1: Hardware based (calot+u's) ( )
(HLT = High-Level Trigger)

Ded HLT: Software based Simo—rerTor

-

Event size
1-2 MBytes




ATLAS trigger rates

Trigger rates at each level

r— ATLAS Trigger Operatinn, 25 Oct, 2010 :
= . L=2.1x102  1.4x10% (cm s)
% 10 R —— R S e TR
Y L1 total
104 ..................................
L2 total
103 ..................................
EF total
10°

01:00  04:00  07:00  10:00  13: oo
= This run had the highest initial 1um1n051ty of 2010

= Trigger bandwidth saturated at the three levels



L1 Trigger rates vs luminosity
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ATLAS data taking efficiency

120 e -

ATLAS Onllne \s = ?TEV -
110 Total Efficiency: 93.6% —:
10 T R —

90

Recording Efficiency [percent]
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Date in 2010



Candidate
Collision Event

n
W
v

g

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

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

15145452 [

Rho Phi

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

YYyvvvvyvy




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

J EXPERIMENT

W L@‘ AT LAS Run Number: 168665, Event Number: 57983

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

radiation

underlying event
and minimum outgoing parton
bias events

final-statc

l"clL“il[iﬂﬂ SUdakOV form faCtorS

jet algorithms and jet reconstruction

|
g = Z /D day dry filzy, p) filze, ) 03
1]



The tunctions f , { (PDF's) are

fractional momentum

distributions (x = Pp/Pbeam) ... e e

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

the valence (uud) are present, N

with steeply falling SRR\

distributions A
This is why for low-mass W e e e

Obj eCtS a pp Or p—antip Figure 27. The CTEQ#6.1 parton distribution functions evaluated at a {0 of 10 GeV.

collider are almost the same

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

’ 1 | E+p.c
: — 7 108
2 T E-p.c
It depends on the mass of an -0 =1

Muon Scintillators

object, so it cannot directly
reference to a detector location;

| Muon Chambers

for that we use pseudorapidity, ‘ e } __________ 122
equal to rapidity for massless etdng Jﬁ{#“a
particles: ‘ Damfmter | ‘ g
ﬂ ‘ ‘ Toroid | | | ‘
n=—In|tan| = ||,
2




Kinematic region of the LHC/Tevatron

Note that the data from HERA and do 60

fixed target cover only part of dMdy _ Ns [Zk: Qiar(er, M) M) + [1 2] |
kinematic range accessible at the LHC ) .
' parton kinematics
LHC . ll:r;‘; R B B B AL IR B
We will access pdf's down to 1E? F x,, = (MA4 TeV) exp(zy) '

2

(crucial for the underlying event) 10 Q=M M=1TV 5 | HC
and Q’up to 100 Te\t k:
We can use the DGLAP equations vE Tevatron
to evolve to the relevant x and o L Mo1Tev AL
range, but... : |
we’re somewhat blind in o F
extrapolating to lower x values S
than present in the HERA data,so & ¢ :
uncertainty may be larger than 10°
currently estimated N
we’re assuming that DGLAP is all S KL
there is; at low x BFKL type of o S HEV
logarithms may become important ol / .

w’ w* 1w 1w 1w’ 1wt 1w 1w



PDF uncertainties at the LHC

2.0 T ||'|r|||| T ||'|r||||
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sl g8

1.0

; f
05" tT
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Fig. 4: Fractional uncertainty of gg luminosity integrated over y.

Note that for much of the
SM/discovery range, the pdf
luminosity uncertainty is small

2.0_ T |||||||| T |||||||| T ||||||

Integrated over y

Lol qQ

s

/d

Fractional uncertainty of dL,

0
Need similar level of precision in i \X/
theory calculations s [Z
It will be a while, i.e. not in the SN SN DO S FOTH B PP
first fb!, before the LHC R e o
data starts to constrain pdf’s st ey
Fig. 7: Fractional uncestainty for Luminosity integrated over y for di + 1 + 5 + 7 + b + dd + G + 5 + e + Tb.

NB I: the errors are determined
using the Hessian method for
a Ay? of 100 using only
experimental uncertainties,i.e.
no theory uncertainties

NB II: the pdf uncertainties for
W/Z cross sections are not the
smallest

RO T T
NBIII: tT uncertainty is of « Integrated over y
the same order as W/Z S sk &4
production 2
é 1.0 .
O it
g
©
c L
2 o5
3] L
LLE
ool—r o loed v bl vyl
0.01 0.05 0.10 0.50 1.00 5.0010.00
Sqrt(s) [TeV]
Fig. 6: Fractional uncertainty for Luminosity integrated over y for g{d + v + s +c+ ) + gld+a+5+c+0) +{d+u+

stet+blg+(d+a+3+a+bg,



Correlations with Z,

cos i A2 | cos @
: Y Y
Define a |
| //

-ty
o
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g
|
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J

t1

*If two cross sections are very
correlated, then cosg~1
«...uncorrelated, then cosg~0
s...anti-correlated, then cosg~-1

correlation — F
cosine betweer¥ N
two quantities_

E::'
___5__,4___
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Lt

A

the correlation ellipse formed in the AX — AY plane on the value of the
IR 008 @

Correlation with pp — ZX (solid), pp — {f {dashes), pj — ZX (dots)
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*Note that correlation curves to Z
and to tT are mirror images of
each other

By knowing the pdf correlations,
can reduce the uncertainty for a
given cross section in ratio to

a benchmark cross section iff
cos ¢ > 0;e.g. A(o,*+/0,)~1%

*If cos ¢ < 0, pdf uncertainty for
one cross section normalized to
a benchmark cross section is
larger

*So, for gg->H(500 GeV); pdf
uncertainty is 4%; A(o,/0,)~8%

Particle mass (GeV)



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




More on uncertainties (R.Thorne)

More  Iinformation  from ratios
including o(Z), o(W ) and a(W 7).

Cleaner experimentally.

Uncertainty on Ay large even just
from experimental sources.

But v = 0 i1s 1 = a0 = 0.006
— range of extrapolation of valence
quarks. Differences in different PDF

extractions.

One of most useful inputs to PDFS
with very little data.

% pdf uncerntainty

10

e i
- -'"'H-u___/ -

=k

01

pdf uncertainty on

R =do(W')ds(W)

A = (de(W')-ds(W)M(ds(W ) +da(W))
H,, = da{W" Wds(Z™)

at LHC using MSTW2007NLO




QCD and Jets
|: Tree |evel ] [Hunte Earln} - - —@ [ BSM searches ]

\ / "
[jats (theary l:::H:I}l] ,:.5 nggs iearches]
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[ Jet :—:m i
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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 1nto 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 if two cones overlap? Does the
result depend on the choice of seed? (it shouldn't)

200 4
| | 100 4

Stable cones
with midpoint:

Jets with
midpoint (f = 0.5)

112} & {3

12 3y

112} & {3

¥
400

Last meaningful order

JetClu, ATLAS | MidPoint CMS it. cone  Known at
CONE prsm) [ICmp-5M] IC-PR]
Inclusive jets LO NLO NLO MLO
W/Z + 1 jet LO NLO NLO NLO
3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFH]
Mg iN 2§ + X none none none LO — NLO
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SISCone

Aim to identify all stable cones, in-
dependently of any seeds

Procedure in 1 dimension (y ):

» find all distinct enclosures of
radius R by repeatedly sliding
a cone sideways until
edge touches a particle

» check sach for stability

» then run usual split-merge

In 2 dimensions (y,0) can design
analogous procedure SISCone
GPS & Soyez '07

This gives an IRC safe cone alg,



But the most conical cone is not
a cone!

[ CommrmRsi o |

Anti-kt now default algorithm in Atlas



Efficiency

1.2 > 1.2
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Not to correct for the efficiency 1n the steeply rising part of
the curve, jet cross section was first measured above the
100% efficiency point

This results in the measurement being performed 1n
different Pt bins in the various periods, because higher
luminosities forced heavy prescales on lowest thresholds



Jet response at EM scale
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Jets measured at EM scale (summing Ecal and Hcal

contributions), scaled by factors derived from MC
and cross-checked with track jets



Particle-flow in CMS

4 Sophisticated “particle flow”
reconstruction algorithm
- exploits the excellent tracker
performance and the fine ECAL
granularity

4 Reconstructed individual particles

. | detector >

{partdeson_|]

according to their detection signature

_ \S=TTev

antik, R = 0.5
p, = 50 GeV

Jet Energy Correction Factor

Jet Energy Correction Factor

L CALO jets

B JPT jets
B FFjets

antl-k: R=05
n=00

“Ho

20 30 100 200 1000
Jet P, (GeV)




Jet shapes (at the Tevatron)
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Properties of calorimeter jets: mass, y12
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Jets and dijets in CDF (midpoint!)
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Inclusive jet cross section for antikt jets: (0.4, 0.6 width in Atlas, 0.5,

0.7 iIn CMS) jets after detector unfolding.
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Comparison with various Pdf sets
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Experimental techniques: b-tagging

-.— need to measure a displaced secondary vertex.
- d, Is called the “iImpact parameter”
- L, Is a pseudo-decay distance (related to lifetime of particle)
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Y r tracks
., Secondary < —
™, Veriex 4 __---'"_-__-__
.} -
Pri E"HI' I:w oS -
mary .- -
vertex ;’,f?“#_n i
..-.--_II-IIIII -
ra _..-" ."III I
.-""- .-"JKH‘H i ¥ i
R 2
ff r .
d . f
prompt tracks "g; ’




Efficiency and purity of b-tagged jets
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Purity from mass of tracks coming from
secondary vertex: almost no light
background at the LHC detectors!



Experimental techniques: taus

= Taus decay immediately into lepton-neutrino (BR~18%) or qq pairs

= Hadronic decays produce an odd number of charged particles (prong) with
possibly neutral pions. Experimentally, a narrow jet”, with 1 or 3 tracks
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Experimental techniques:
Particle Identlflcatlon

- vital for B physics - knowing difference between pion, kaon & proton 2;
- use TOF or Cerenkov counter or dE/dX
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ELECTRON EFFICIENCY

Detectors with gas trackers can use the energy lost by particles (dE/dx) as a function of
track P as a powerful particle identification tool.

Drift in gas 1s way too slow to cope with the 25 ns bunch crossing of the LHC, so
ATLAS uses 1nstead to separate electrons from charged + neutral pion background a
Transition Radiation Tracker, a straw tube tracker where relativistic electrons have a

miirch hioher Aotacrtian ofFic1iancey than 1N



Next important SM benchmark are W and Z production,
often accompanied by jets.

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 useful for
Pdf's (how to define it in a pp machine??)



At the end of 70's, the SPS ring at Cern was run in proton/antiproton

collider mode thanks to stochastic cooling

First observation of W bosons consisted of 5 events
with large electron pT, large MET and no jets
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The Z was discovered one year later,
always with 5 events (4 ee and 1 u )
In both cases, estimated background
was negligible
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LEP experiments recorded O(1E7) Z bosons

CDF Il preliminary I Ladt=23f"
(mass known at 1 MeV level) and O(1ES) ¢ u0-
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. o E
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Electroweak fits

The point of pushing so hard on the precision of measuring the SM
parameters 1s that all these values are connected to each other via

quantum loop effects: the W mass can be predicted indirecly without

even measuring it: L L .
W.B = The combination of indirect predictions
-Boson Mass [GeV]

and measurements can constraint the

TEVATRON 8042020031 gl unmeasured sector. like the Hiaas
LEP2 80.376 + 0.033
Average 80.399 + 0.023 80.5 P, . . ,
X/DoF: 0.9/ 1 — LEP2 and Tevatron
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LEP1/SLD —a 80.362 + 0.032 68% CL
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mw [GEV] July 2011 g
L . . S
The combination of direct and indirect
measurements of the W and top masses | &
is only compatible at 68% with a light 80.3 -
Higgs, just above the LEP limit
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W-> e,p + nu transverse mass
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= Different background contribution mainly due to
different reslution and rapidity coverage for
electrons and muons 1n the detector
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2-lepton requirement makes Z channel much
cleaner, but statistics 1s poorer-hard to beat LEP's
4 million Z collected per experiment (and
lineshape fit). Fundamental tool for calibration
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Events /0.1

Lepton charge asymmetry
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The 1dea: from Pdf's, u-quarks
have higher average x, so W+
tend to be produced more
forward. Even in pp, W
asymmetry distribution can
constraint Pdf's




Z+jet Results

COF Run I Preliminary E :E_ . o
i #L- —— COF Dua L= 523" 3 g .
Muons and electrons Combined. g’ : . i : —
i wi ""'-.-.H_. —+— HLO BLACKHATASHERPA
* MidPoint algorithm with R=0.7 = e e v
» Hadron level jets with pri*t > 30 GeV/c $ o o N _ —
and |yt < 2.1 i LN . B A
* AR(ljet) > 0.7 'F -
* Theory prediction corrected for non- : o L
PQCD effects i R R FTEEET e
C ﬁ.-uuu.n"‘l;u I
Good agreement with NLO pQCD i FEEE w W R
JDLB 6?8, ‘4‘5 (200?) = 2 [ D0 Fun 11, L=1.04 1t =8 Dala al particls level == [ata == PYTHIA S0
3 10 =— WMCEM MLG == HERWIG+JIMMY == Scala unc.
= apk = PYTHIA OW
= g7 |:a_:| E E ic) = Scale ynic.
= Z15
* Jets reconstructed with midpoint A 10 el CineT el gt
- . Ola 'y (—reel+s e =
algorithm with R=0.5,pT > 20 GeV T gl i =k
HE Incd. in p? / I* 2
and |n|< 2.5 = 10 H:L..=<}5.?|'r'"'|'-25l' e
*Measurements normalized to e i - sk oo
. P AT =#= Data =#= [ata == SHERPA
inclusive Z XS and MCFM prediction bl = MEFMALO == MCFM LO f == ALPGEN.PYTHIA Scale unc.
corrected for non-pQCD effects 9: T e 9?2 ] ” o
3 z | s 1 .
NLO pQCD well described the data. S0l EL_?E;—:%?IT' Siof =T} T‘
Compared to event generators, ME+PS = [ —————~ Gy B[ e e "
show reasonable description of shapes P RN 1
bl.lt I'a-'..ge scale I.ll'lCEl‘tﬂiﬂtlES 20 3& 40 &0 100 200 300 20 30 a0 50 100 200 30D

B (1% ety [GeV] R (1 et} [GeV]



ICMS/1
|

* Jets clustered by the anti-kt algorithm

(size parameter = 0.5).

Particle Flow technique used to
reconstruct the jet constituents.

* Count jets with:
* pT > 30 GeVic
* Inl<2.4

W +

*Unfolding procedure applied to correct
for migration between Njet bins due to

imperfect jet energy resolution and

reconstruction efficiency.
* Measurement of:

dataMC

oW + n jets) / o(W) and o(W + n jeis) / o(W + (n-1) jets)

Test of Berends-Giele scaling behaviour

Cn =g(V+njets)/a(V+(n+1)jets)

==

* Cn = o + Pn: allow for deviations from LO.
- Use measurements of cross section ratios to

fit for o and B.

» 68% CL countours on the plots for statistical
uncertainty only. Systematic uncertainties

shown as arrows.

results

CMS preliminany
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* Same technique of Wjet.
* Measurement of:

o(f + n jets) / o) and o[£ + n jets) [ o{Z + (n-1) jets)

Both W+jet and Z+jet show:

*» Good agreement between data and
MadGraph in control plots.

* Good agreement with MadGraph,
poor agreement with Pythia at high
jet multiplicity as expected.

* Berends-Giele scaling behaviour:
MadGraph shows reasonable
agreement with data.

R
b
(0,

—

events /5 GeV

1

2

2

dataMC

= IR

10

—

~

results

CMS preliminary CME pradminany
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(Z+1 jet)/(W+1 jet) Rjet ratio

Nepr«-p

Muon (Fiducial) Combined (Fiducial) Combined (Full Phase Space)

E 15 T T T T E e 1G T T T T FrrrqQ?r E e 1G T T T T DL L

I e —— fie L'} = D Charrmits corbred L'} - Dalmw pCharrwts covisreed
- . [rata Weoa Channed | o chila i L
: - " [LA:" - - Totad aypsl. urcanardy At = - Totad aypsl. urcanardy =t
* gl Guml . Gnoenainty :‘_ + 44 O E :._ + 14 NINTLY i
= l.'\".w [T IR, B g == [N Tl dpil. b rtal ieeartniaty == [N Tl dipil. bl ieeartaiaty
= R . <= S— ATLAS = — WCR ATLAS
B — ATLAS 1 1
T 12 == 42 0 < 3.5, =30 GeV == 42 Full Beson Phate Space

" e 24,1 - 20 GaV £ ZM

1 [=] =] [=] =]

10
i ) -]
- - -
'i £ I
: g g
: = g 3
- S i 2 2
i [-4] 41 o e Er sl 18R I [T] [ T3] 10 12 e 180 1SS0 FT [T] [ T3] 10 12 D 180 15D F
Jol g, Threshold [EeV) Jel @ Theeshosd e Jel @ Theeshasd |l

* Probe QCD dynamics without QCD uncertainties

* Theory uncertainty is reduced in the Rjet ratio(control on systematics at few precent level): in
particular there is significantly reduced dependence on the PDF

*The Rjet is measured for events with only one jet with p1>30 GeV and |n|<2.8 as a function of the
minimum jet pT

*Results are given for the electron and muon channel separately and also combined, both in the fiducial
and total bosons phase space

Very good agreement of NLO prediction from MCFM

Very good agreement with matched LO prediction from AlpGen and PYTHIA (norm. to data)
I



B Physics at the Tevatron

Production is by strong interaction: b
q b & LI g
>’UU< F -
b
T 5
Flavor Creation (annihilation) B 3 5 i &
Flavor Creation (gluon fusion) q Flavor Excitation Gluon Splitting
Pros cons
e Large cross-section e Large inelastic background
~3-5 ubarn “reconstructable” Triggering and reconstruction
At 2x10%2cm-2s1 = ~800Hz of are challenging
reconstructable BB Modes with #”’s are tough
e All B species produced e Reconstruct a B hadron,~20-

40% chance 2" B is within
detector acceptance

e p;spectrum relatively soft

Typical pA{B)~10-15 GeV for
reconstructed B’s (gy= 2-3)

Bu:Bd:BS:BG:*'de"'
e CP symmetric initial state
Equal numbers of qand q



Silicon Vertex ];SL%L
um® 33um

E !
e SVT incorporates silicon infointhe $ |,z50l @ beam
Level 2 trigger... select events with & | _ o _ 48pm
large impact parameter! £ G0r
- :EDDDE—
Second -
V’nr‘l‘:xaw 4000
'_.*:.-' B sum:r;—
sz.*“ zur:m;—
Pri o H 1000
; -b00 -250 0 250 b00
d = impact parameter SVT impact parameter (um)

e Uses fitted beamline

e impact parameter per track ~ T
e System is “deadtimeless™: __‘
> ~35usec/event for readout [t

+ clustering + track fitting JEEEE TS




@ B_ mesons are bs bound states, which, like B, D and K neutral mesons, exhibit
parficle-antiparticle oscillations due to the flavor changing weak interactions.

Y ELE—E'.S time evolution is described by a 2x2 complex effective Hamiltonian,
M -ir/2:

N / j
;i B’ _ M 5 [ M.,
ot

£
2
B) \M,-3T, M-z [8)

h,

@ Mass eigenstates are a linear combination of flavor eigenstates:
By =p |B) +q|By)
|BL> :p |Bs> o q |E’5>
3 B{Es oscillations involve three physical quantities:
Am, =My —M,; =2 |M|2|
Al' =T, =Ty =2|},|cos o,
o = arg(-M,,/T'},)



@ In the Standard Model the B5 — EB transitions are described at lower order

by W-exchange box diagrams: =" FLpo7
Wy, 1=
b —— s -
e
t) t I
(c, u) (c, u) 0.5
§ —+—— b N
I""ES W Ty
ﬂ-l 1 | [l Jrl 1
42 0 2 -1
Gepmynpmp, B, fp, o\ tr e
Mo = — 52 So(mi /miy ) (VigVip)
Z ol

;- mﬂ;;" mp. Bp f? m2 mJ

. TFTRRR i g B, it rEYs a2 FRYF NFEYS e rRYr \2 g i
| 12 : - X 't]’.*r,r{"ﬂu' T \E"fr,r{"fh\'rq h 9 + “'r-fjl*}-h,l @ il
N ”'FJ'.I ”'Il'lu

@ Recent SM calculations (A.Lenz and
U.Nierste, hep-ph/0612167):

@ Many uncertainties cancel in the ratio:

Ams  mp, 2|1f},;.|2
Am_ = (193 +6.7)ps Am, ;% V|2
AT = (0.088 £0.017) ps
o = (42+1.4)x10° from lattice QCD: £ = 1.21 X3 54t

(M.Okamoto, hep-lat/0510113)




® Time-dependent measurement: detect an oscillatory pattern in proper
time distribution of B, decays:

P{I)EG_,ED = E_L —i';'r(al + COS r‘\mf]

P(t)z0_50 = 5:€ V(1 - cos Amt)
® Three ingredients:

proper time resolution

o signal E:‘n.ﬂ
' 2 \7 2 - 297 time domain analysis
: [SeD= _(Amsvp? [0S Soe y
Slg j— k.ll!l-#__.-’ 2 E\‘ fi E »IIIIII L__’T _|_ H I@DIE _Tntl.]l
— \ - = ot — unmixed
“ background 3! - miked
r r e e P rp——— N o o - i L .
tagging efficiency dilution = 1 — 2 x (mistag probability) - ©0.3
=
0.2
0.1
0 Measurement of B, decay flavor:

. uﬁﬂ 0.5 1.0 1.5 2.0
inferred from B, decay products; ‘ ' decay time, ps

® measurement of B, production flavor:
flavor tagging fechniques;

secondary
ﬂ . i vertex
proper decay time measurement: ‘B
mB 1 F P 5
ct = L, primary "

P:(B) vertex ® ot



CDF B, samples

CDF Run Il Preliminary L=101"
@ 1 fb' collected with displaced track trigger; ; - data
o B — il
. : o , ‘w400 A
@ hadronic 'c:nd semileptonic signal samples: = B oD ik
NN selection. = | T Dk
o 300 o
E i B, » Dip
. Q. i b— DX
channel yield @ 200 -
B, —D,m", D=, p—K"K 2000 _'E |: . B" D'
) i S 0 Af AL w
B:_"l::li:- Irr"' D:- _"D:.r"rﬂ Und B:_"D:-Ip“' p‘_.ﬂ*n 3“:':' % 1o Gﬂl'l'"lh. hkg
B,—D.m", D, =K K, K=K 1400
B, —D/n", D,—n'n"n 700 2 54 56 58
B,—D m'mn’, D¢, ¢—K'K 700 T - Mass [GE"'.I"."EZ]
B, —D.m'mn", D—KK, K"K’ rr 600 2000/~ gata g
- i Eﬂw-é
B =D m*m'm*, D—=m'm*n 200 o i - |
= || B, signal 2000
TOTAL A700 %1 500 — false lepton & physics E‘m
Tr] carmb. big, B4
] i’ |t L ® L
. :fh i 1.!5:1-1%1!3&20“?
channel yield Q1000 ¢ n mass [Gevic]
o
B, =D, X, D=, p—K'K 20600 =
=
B, —£*D; X, D;=K*"K, K* =K' 22000 %‘f 500
B, —t'D, X, Dj=mr'n 9900 i
TOTAL 61500 o 5
¢ 7'-F mass [GeVic]




« lepton charge:

b-tX. butb—c— X
+ jet charge: momentum

opposite side same side (vertexing)

weighted charge
* K charge: opposite |
b—oc—=KX side lepton
. wm
- - ., - .,
D meson
B jet B hadron
Collision Point
Creation of hE
CDF:

P NN combination of opposite side
jet charge, kaon and lepton fags:
eD? = 1.8%;

» NN kinematic and PID variables for
same side kaon tag:

eD? = 3.7% (had.), 4.8% (semilep.).

» correlation between B,

flavor and the charge
of fragrmentation K

——: }E
: _ " s . VKR
: fragmentation o " e
| Kaon K* ;a_,;
e
-------- T ;
Eﬂ : -\l-. - - H_
8 : ~ : -"- ,
L,y typicalty 1 mm ! D. - _
- - B " L
mg
ct=L,,—
¥ pT
D@:

» opposite side tagging uses lepton
information or secondary vertex:
eD* = 2.5%;

» combined single and multi-tfrack
fag:
eD? = 4.5%.
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CDF results IE3

3 CDF Run Il Preliminary L=1.0fb" hSUCDF Run Il Preliminary L=10f"
§ g — data+ 1o & 85% CL limit 1;rlgp5" % — eambinad
=3 1.5 18455 sensitivity 1.3 pe” o K —— hadronic
E 4 dam:t6dso , « 20 —— semileplonic
< E dalas 1.645 o (stat. only) '+ :
= = i L 1 II TRTTTITT i
; T B AR R :
0.5 I 0
1E [
155_ A(17.25ps") =1.21 + 0.20 101
-E:"""""'""""""""""" —1?265 | | | |
0 <) 10 15 20 25 30 35 15 16 17 18 19 50
s s Am, [ps )

Am,= 17.77 £ 0.10 (stat) £ 0.07 (syst) ps’

® 5.40 statistical significance.

® From Amg _ MB, .2 A .ﬁ|2 .
FAN mp,  |Vid .
R o +0.0081
IV A/ 1V ] =0.2060 = 0.0007(exp) _g goeo (theor)

CDF PRL 97, 242003 (2006)



Standard model Higgs
production

PG Fiues o

Higge-atrahiung

0 Ik::&h‘;‘l £ F-.____I_
tibar H [“assockated™ [H'I:]ﬂ.l{:-'tlﬂ-;ﬂl
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Higgs width ~ (m )




EHiE

=

Main decay modes
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Theory constraints to mass

EO0 1 1T T 77 FTT T Upper baund
(tmaality) :
= Al mg = 173 GaV¥ -
: e (M) = D118 A=M, il |*
I_II 00 |- J Mg /
- - no perturtative unitarty | haund
00 | —— (vacuum stability) ;
| -|.1r|=E|t.'1I:|IE- vacuum
e L

2 Flogla? 1)

07 1F 1of iplf qplf gt My
A [Gev)

8

(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

wew ® Indirect from EW fits,
g ' direct from LEP and

ﬂ'.":II'|'|EL|::| =

t‘.:"-,—DDE?E[ltG oooaz  ff ]
bsciomonedll HEN Tevatron searches
iieeincl low Q% data #f § —
0
> — - -
-7 Tevatron Run |l Preliminary, L < 8.6 fb
_ 5 |  LEPExclusion = Tevatron
210 B ... e - Exclusion
o . s ]
_| - T == E1l:5Exp:cted 4 /
| | 120 Expected 2 R
o
R
Ty)
300 ®
15[
(—T?VatronlExclumlon |- i |y n,2011
Best-fit value a|ready escluded by 100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c )

LEP; "big desert” scenario excluded
by Tevatron



m Higgs Production @ Tevatron

'Events produced at Tevatron in 1 fb"|

w IE - 3z
= ?\bb % -lg ;2 Low mass High mass
2 : g 00k . . .
Em" iuzj 5ﬂ*§—--
m 40 .
300 — WH— Iveb
- _zHi—bwbb
10% 20 ——ZH=lob
105 Lo HoWW vl
_ —— _Tmal....‘.. |
10° 355 2603005001000 'P1D 120 130 140 150 160 170 180

M, [GeV] Higgs mass (GeV)

Reconstruction/selection/tagging efficiencies:
~10% in H->bb
~25% in Ho WW

Maximize sensitivity:
combine many decay channels
use all production modes




FBDD

SM: best sensitivity obtained

from combination of many =
independent channels:

WH -lvbb
ZH—vvbb
ZH—lIbb
WH/ZH—jjbb
ttH->WbWbbb
H-yy

H—rtr

WH= vt/ ZH-lltr
WH/ZH/qqH—jjr
H-WW-slvlv / Ivjj
WH->WWW / ZH-ZWW

95% CL Limit/S

H—ZZ 1l / Hjj

10

10

10

Channel Combination

CDF Run Il Preliminary, L < 8.2 b’

I I I T I LI T 1 I
———  WHiIHs¥BF-sjbb 181" Os —— WHsZH-MITHL T A 86" Ohe
=wmmm  WHePHa VB gbb 4816 BEap = memes WHaZH-4il Thb 74 #b" [xp
LEP — Mecrr B0 ik — WH kBB TE B DEa
N HettBOW ' Eg === 0 =eees WH—shisls 75 " Exp
EI'EI- —  FH-dibb T 5-F 98 Obe — ey T O
===== ZH- ik T5-T 98" Exg = Hpy 70 " Exp
— HH M Tames &7 Fb" Oim —  HHlisie P4 407 Db
----- 1tH MET4peta 5.7 b Exp = MM l4jes TEID Exp
—_— WZen Al Obs 122 4183 " Obs
W T v Exp X482 " Exp
_— H-®W 50 " Db
ceses HWWER T Exp
Capmitiaruis OHhS
2 = i Eup
/ SM=1 July 17,2011
L el | L | L | L
100 110 120 130 140 150 160 170 1El'.| 15ﬂ 200

m,, (GeV/c?)




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—=Yyy, qqH — qqrT
qqH — qq WW*, ttH — ttbb

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

H— WwW®"
H — ZZ", ZH->1Ibb

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



Small signal (BR~107), over a 20 times larger BG.

But full mass reconstruction possible, and for these
masses Higgs 1s a very narrow resonance (Ecal
energy and pointing resolution essential!)

8000;— H % W

7000 |

50002— L, Higgs signal

Events/500 MeV for 100 fb-1

5000 | 3

4000 | ”Lqﬂ%
‘ | | L
110 120 130 140



H->yVy: Large neutral pion background reduced using

preshower, and measured using control regions

~ 7 iy
E <00 ATLAS Preliminary ArXiv:1108.5895v1
o : :
o 350k Data EG1I\E=?TEV,ILdI=1.ﬂE fb1 Leading g, pheson
% 3ﬂﬂ . Incdusive diphoton sample S :i, o
o | ® Dals 2011 -
LU 350 - — Exponartinl il
200 + ) i | g "
150 + 1: r:"-.ﬂ_r B
100 + - II'- Rh"“'-x. S
50 HeE — I". Subieading p, Fm;.".:'x,ﬂ
L1 D | I 1 I | I L1 0 1 I | I 11 I L1 0 1 I L1 1 1 S re p phots T:I‘“ Hﬂ
?DD 110 120 130 140 150 160 n
After cuts, expect about 15 signal N .
events in a Higgs mass range 110-140 " o

E™ by [t



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

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

I decays “o gl I Is:g;m'| (1:35(3;#;.':?'} i

S = TET EW+QCD Z+jets

T e 1 3 r ttbar W-ets ]

r SR i | S ¢ BELLIE Fit to Signal N

v, [ @ I a 4' 1 iz ]

|'5L,:l'3 y ot L 4 s F : -- Fit to ttbar W+jets ]

d gt = gap =i L ﬂm— 3 Sum of fits ]

[ i | i GI;EI i E z:_ _:

| a2 o I-K:.L_- I _ I.. - :_ - _

f'; i E e .

0 = SR B i : Lo - RN oW socec o G S _ -
2 -2 0 z 4 % ""se 100 150 200 250

n M. [GeWcE]
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H->TT

o

» Semileptonic and fully
leptonic final states
studied (right plot for II)

e Lepton cut at 10 GeV in
central rapidities (2.5)

« MET cut at 20 or 30
GeV

e Main BG form Zand W
+ |ets

Events/ 20 GeV
N w w LN

ATLAS-CONF-2011-133

ATLAS Preliminary —@- paa

diboson

J-L=1.06fb - ngle t

+ 30x H(120) »tt—Il GG

0x H(120) »te—Il VB

fklp
,/.4

50 100 150 200 250 300 350 400
m.. [GeV]

observed
expected 47.4+3.9

gg2H(120 GeV) 0.4410.05
VBF H(120 GeV) 0.38+£0.02




Transverse mass In

Entries / 0.31 rad

©)
=
o
©
()]

H->WW (*

- \fs=7Tev,_|- Ldt=1.70fb"
HoWWosiviv + 1 jet
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- ATLAS Preliminary
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Golden Channel H->Z/Z->llll

{330 ATLAE F'rellrnlnarg.r E

) H_-‘EE —:u:“ _ } - |' ID_:,‘_l,l'll'Al LA L L L L B B B -

%zﬁ_il_LEn = 1.96-2.28 fb ' ] @ gr- [ Background ~ ATLAS Preliminary -

T -5_[: ;TTE“-" : © - [ Signal (m =150 GeV) =

20 - l = 8- [ Signal (m =220 GeV) -

-[zz ] £ "F [ signal (m =480 GeV)x 2 -

15 LIt Z0b.Z | 5 TE =

: :. g H-zZ" -4l E

10F 3 - [Ldt=1.96-2.28 o -

5 l * 1 5;_ Vs =7 TeV E

: '- 4t :

9580 85 80 85 100 105 110 11 3f b ki

My [GeV] -

- ! ! | ! I 4 E:_ l - ]

20F | - \ -

o aras Prmean E (33 B A A UL S

: _[Lﬂi_‘lgE'EE'Eﬂ:' _' :I el I | | I I i | | I_I_-I-I 1 ]
E Fs= 7 TeV ] PD{] 200 300 4DD 500 600

“ 120 Ds:::ﬁ- Ma [GeVl
jor OiEz6B.2 - * Atotal of 27 events are selected by the

analysis algorithm: 6ee, 9ep, 12pup
* Expected: 28+4

= r.|.\.:|II.E. Im l:i:l
&=

|— o a—
I..III...I.I..II

b | | ArXiv:1108.5064,
00408810 e ATLAS-CONF-2011-131




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

scattering process o

e
-

This cross section 1s divergent in the SM, Wt s
Wb i

but 1f the Higgs 1s 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 3
present, even in a pure SM §
scenario, with broad mass ﬁ
spectrum



Going to high masses: semileptonic

H->\WW and H->ZZ arXiv:1108.5064
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HZ: S/BG ratio increases for
high-Pt Higgs. In that case, and {5, .4
for the main decay channel H- “: \\
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>bb, Higgs decay channels end “#===®zxg
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used to find 1t

[ 8GeV | 30fb

Diffractive Higgs: Higgs canbe L. .27
produced 1n diffractive mode, with ;
the two protons stay intact after
collision. Only possible with 1™
quantum numbers, requires
installation of forward proton
taggers
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SM Higgs combination

Results shown above, plus VH->bb and H->ZZ->lIvv, without H-> WW
->qqlv, are combined accounting for correlated uncertainties, from theory
and experiment.

Statistics used is the profile likelihood
Distribution of test statistics performed:
* With toy MC (fully frequentistic)

ATLAS Preliminary CLs Limits likelihood ratio
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MSSM H/A — TtT + nv
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Effective mass accounts for undetected neutrinos

Background estimated using a same sign-
opposite sign subtraction ATLAS-CONF-2011-132




If a particle 1s found 1n any Higgs search, is 1t really 1t?

Measure width (or ratios of) and quantum numbers
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Signal significance
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Summary: discovery potential
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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 dm ~ &A”, so to

prevent 1t from becoming super-heavy it requires a
compensation or unnatural fine-tuning of parameters

- - / A
- )
H H oo f
Fermion loop Boson loop

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

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



Minimal SUSY Standard Model (MSSM) particles

D

Standard Particles SUSY Particles

e U T

SUSY equivalants of fermions have prefix s-

A
2

SUSY equicalents of bosons have suffix -1no

At least two Higgs doublets with lightest Higgs mass <
135 GeV (this can kill SUSY!)

Charged Higgsinos mix with Winos — charginos

Neutral Higgsinos mix with Zino/photino — neutralinos



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

Introduce a new quantity, R = (-1Y®""™ 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 is
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 confined 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 B ratio of vacuum expectation values of Higgses

sign(u) sign of SUSY Higgs mass term (its abs value is the
EW symmetry breaking)



M SUGRA parameter space

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

WA EYWQER

Charged L5P

250 350

bulk

neutralino mostly bino, annihilation
to ff via sfermion exchange

focus point

neutralino has strong higgsino
component, annihilation to WW, 27

co=-annihilation

pure bino, small NLSP-LSFP mass

difference, typically coannihilation
with stau

Higgs funnel

decay to fermion  pair through
resonant A exchange (m, ~ Efﬁ
high tanp



Production mechanisms

Squark/Gluino | ;f
Production

Ijr E | I:'il'l fl
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
missing + visible Et)
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Eventiz G

In most of the parameter space, charginos and

&0000

40000

20000

neutralinos have no 2-body decay, so a dominant
decay is 3-body X = X [I'T. The lepton invariant

mass will have a sharp edge corresponding to the
SUSY mass difference. Signal can be very clean.
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If 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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1 S L B L Squark-gluino-neutralino model (m F=[:|IIL'J|‘E‘I..I’}
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SUSY Ieptons + jets + MET
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Technicolour: an additional interaction modeled after
QCD colour ssmmetry 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 -

httles / 106V c"
- B

*Excited quarks/leptons: decay into a
photon and a quark/lepton,
producing a mass peak in that
distribution
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W' and same skgn dilepton
Look for jacobian peaKn

lepton + MET transverse arias  baren

. . q ms P W — ev O w_{:m?n?
mass distribution 1o worew G
104 ILdt=1.041fb —

Same-sign muons from could e ) B

come from doubly-charged H | "||..
Tl

107

ArXiv:1108.1316
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Leptoquarks: a new symmetry between leptons and
quarks could produce particles strongly coupling (and

decaying) to both o J{
Compositeness: if quarks are +
composed of something even EY
smaller, that would result in
Increased high-mass dijet tall ' Jf

R
i ! i sthat bt

] -
- %

* 4

1/

- Ey

"#|  Z, W from additional ;7

| SU(2) symmetry, *o

| behave like high-mass ¢
" W'sandZ's |




The three space dimensions we live in 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

! 30 Gay

b ga

E'vais

-
TR
S/

Great way to escape

' ' from the in-laws???




Randall-Sundrum models

"] Bulk A small, highly curved (‘warped”) extra
dimension connects the SM brane (at

e

Flanck
\\“--—F..r—‘gﬁ‘ O(TeV)) to the Planck scale brane
,5_"'*‘ T #_ i »
re=0 = rx Gravity small in our space because warped
L dimension decreases exponentially between

L_/—/—f’éjl the two branes

Series of narrow, high-mass resonances: 5 G — (7 v J4+
(only first peak visible at LHC, due to PDFs) qq gg KK "/N JI JI

Spin  analysis to ' s
distinguish _spin-2 Drell-Yan at the LHC

0.1

G from spin-1 Z ¥ ]| 5, ]0.05
resonance 0 L P S I I

" 1000 3000 5000 V!
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Strong-coupling gravity [Hic e

—T-mlEL-
D Z(—=wv)ejets
-'NI—*I + jata

» Quark + graviton final state
— monojet

ATLAS-CONF-2011-096 =
Missing ET [GeV]
» Black holes: multiple Sy ATLAS Preliminay
objects filling the detector; = P

(
s BH(n=7M_=1TeVM,=2.1TeV)
(n=4,M =1.2TeV,M, =3.5TeV)

look for large track
multiplicities in peculiar
events with same-sign
muons (to reduce BG)

ATLAS-CONF-2011-068 1000 2000 3000 4000[2(\)/(])0




Limits on strong-coupling gravity

—— ADD signal: n=2
— ADD signal: n=4
— = 95% CL Exclusion

ATLAS Preliminary
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Displaced vertices

R-parity violating SUSY has no MET, but can lead
to a heavy (> 10 GeV) displaced vertex in
association with a muon

Good understanding of material budget
distribution is needed

ArXiV:1106.4495
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BSM searches: models and signatures

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton

Many extensions of the SM have been

developed over the ;
>

Supersymmetry =

Technicolor(s) S\
SR -
Little Higgs SO

No Higgs <o o< N

S : o A
GUT \\\\
=
Hidden Valley < oy &
Leptoquarks ‘\H}*f’
Compositeness “\‘* _

4™ generation (t', b')

LRSM, heavy neutrino
etc...

(for illustration only)

Extra-Dimension }_{‘-&

Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

| epton-jet resonance

| epton-photon resonance
Gamma-jet resonance
Diboson resonance
S+MET

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

Microscopic blackholes
Dijet resonance

etc__.




5USY

Exitra dimensions

;L:;r 2/ WO

Ofher

MSUGRA/ICMSSM : 0-lep +E, _ .

Simplified model {light "u} c0-lep+E;

Simplified model (light i ) : O-lep + E,

Simplified model {light ;(i'_l (0-lep+E, ..

Simpl. mod. (light x‘]n :0-lep + b-jots + E,

Simpl. mod. (ﬁ—ﬂ{j1}: Elﬁp +bjets +E, .

Phano-M35M [Ingllt*xij 2dlepS3+E, ..

Pheno-M33M (light i ] - 2-lep O3_ + E‘l',rnhu-
GMSB (GGM) + E:mpl madel ; nr + E

GMSEB : atanE T

Stable massive particles : R-hadrons
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Summary on searches

 LHC has a wide spectrum of new physics searches,
from very specific models to signature-based
model-independent ones

» “around the corner” SUSY was not found, now
searching “in the corner” (of phase space); mass
limits around TeV on sparticles

« Contact interactions and resonances excluded up
to masses of several TeV

* No indications yet of low-energy manifestations of
gravity
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Last month of LHC running in 2010 (just started in
2011!) was dedicated to lead collisions, to see if a new
state of matter, a quark-gluon plasma expected to
precede quark hadron formation after the big bang can
be seen

One of the predictions 1s observation of events with an
1soloated jet one side, and sparse activity on the other,
sign that a parton from a periferal collision had to cross
the plasma and was scattered (while the one exiting the
other direction was not, giving a nice jet)
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Nucleai are not pointlike, so behaviour depends on

overlap between them 1n space. This can be measured
from the energy deposition in the forward calorimeter

Jet quenching due to QGP expected 1n ultraperipheral
events



Monojet events

01, [GeV] ATLAS
] Run: 169045
. . Event: 1914004
i Calorimeter D\:ta:: 2010-11-12
3o_f b Towers Time: 04:11:44 CET

i .
Ll 60-: P.[. [GeV]

N e

= Clear evidence for jet quenching have been found and
very quickly published- also distributions for ultra-

peripheral events do not agree with unquenched
MonteCarlo

= Great success of the HI program, first LHC discovery



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

Detector understanding and calibration 1s crucial; first data taking
period was used to understand detectors and re-discover the SM,
and study some missing details

Many measurements already performed on jets, W, top physics

Higgs and new physics search now 1n full swing

Run at 7 TeV 1n 2011 and collected 5 tb-1

Insistent rumors: we may run at 8 TeV 1n 2012

If something 1s found, 1t will be hard to understand what 1t 1s, and
in the past nature has often been more creative than our
Imagination.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	PDF uncertainties at the LHC
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124

