Physics at the Large Hadron
Collider
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The machine: why the LHC 1s a unique collider
Present status (to be followed over the lectures)
Parton density functions and luminosity

QCD physics

Production of vector bosons and top

Search for the Higgs boson

Search for physics beyond SM



A bit of history...

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- engmeermg 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

£23.99

8

...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
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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 Magnets  Solenoid Magnet  SCT Tr"c.ncker Pixel Detector TRT Tracker - CMS : 1 Solenoid magnet (4T)

[woNCHmaEHs] [ INNER TRACKER | cavstaLeca |

4

[ ’ ‘Eﬁﬁm creates field inside and outside
CALoRNETER “M:
e = Muon chambers in return
"""" = f yoke

= 80000 PbWO, crystals as

e.m. calorimeter

e

SUPERCONDLCTING €O
Total Weight : o A e
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 in nucleus-nucleus
collisions- the only LHC
detector to have a gas tracker
due to low-lumi and high-
occupancy operation
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_epton 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:

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




Limitation to magnetic field

The highest currents, N
(Afem’)
therefore the largest
. . . awasnr
fields, are obtained using /e
superconducting cables. |

Unfortunately, phase transition
between super-and normal
conducting phase depends
not only on temperature but
on magnetic fields. This sets
maximum field to 8.4T

10000
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(100K times earth!) and
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2-In-1 configuration
= Unlike LEP or the Tevatron, the LHC 1s 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




Parameters

A (Protons)

LLHC General

LHC General Parameters

'Energj.r at collision

'Energj.r at injection

Dipole field at 7 TeV
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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




Event rate and luminosity

= Rate: number of collisions/s for a given process:
= R=0L

where luminosity L 1s given by
- L=tnn /A

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

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

= A =crossing area = Tir” where r = 16 pm (rms of
transverse beam profile)



Integrated luminosity and
pileup
= 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:

| o..(pp)~70mb [ | So, rate can go up to 700MHz!

>/ Divided by 40MHz bunch

et | crossing rate, and accounting for
empty bunches, we can have

e | > 20 collisions/bunch crossing

e e e ey Y¥® (pileup)

0 1o 1)
Center of mass energy (GeV)

ion (mb)
s

Cross sectio
3
1 s =% :
o 3 J g i




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




Cross sections In pp

Interactions
NO real thresholds proton - (antiyproton cross sections

107 e Ty I

. 10° . — 10°

Total cross section e o

E‘.ﬁt[l.'.'l]l ]_.HL. 1 -

(including elastic) almost  * [ I
constant g 15
. . 107 A _ - *L:_,
Some lines 'broken’ going z .« e
from Tevatron to LHC  ° [ e

due to antiprotons vs .

g’ - 1

protons . I

. 10 <4 10

Several orders of magnitude .. e

between discoveries and
background




Triggering

= 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:

1 —|
Detectors 40 MHz input rate Detectors J
-~ __]__*;'t _______ (bunch cressing) [T T T A
<L1 ) 3.2 s Cu> Regions of
L= O(100kHz) L1rate |_ 1 _ _ __ _| ! Interest |
il
Readout buffers ( L2 3@ {EOIS}
D Switching RiC GH KH }LEI " .
I—‘—l Fil rame | _[___‘. _____________
— (ATLAS only)
HLT Processor farms (EF ~15
____ ———1__ ______| O(100 Hz) output rate ‘_“—_2,________________
C_)_J {on tape) C')_'l

CMS - 2 levels ATLAS - 3 levels
(L2 +EF =HLT)

Event size

J L 1- Hardware based (calo+y’s)
De 1-2 MBytes

HLT: Software based o (HLT = High-Level Trigger)

TTRITOC




Breaking news from the LHC

LHC 1s back!

On Nov 20, 14 months

after the accident, we

have again circulating beams
in the machine, and on Nov 23 (yesterday) ...

Collisions! (even 1if at injection energy of 450+450
GeV)

More news next week after public announcements



Candidate
Collision Event

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
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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

radiation Sudakov form factors

jet algorithms and jet reconstruction

-
|

dry dxy [i(xy, ) f,ar'(ﬂ?ia i) Gij

—



Parton distribution functions
The functions f1’ f2 (PDF's) are

fractional momentum
distributions (x = Pp/Pbeam)
of the partons inside a proton.

|| Dolebeses a
1.8 . Qes2= 100 CeWesZ
l up CTEQB. 1M
n CTEQBG. 1M
ar CTEQB. 1M
luon  CTEQG. 1M x 0.1

Gluons and quarks other than &
the valence (uud) are present,
with steeply talling |
distributions o2

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)



Relevant variables

= Only variables invariant under z-boost should be used.

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

1. E+4pc
=] -
0: DgEE—ptc

2

It depends on the mass of an
object, so it cannot directly
reference to a detector location;
for that we use pseudorapidity,
equal to rapidity for massless
particles:

= ll'l_t-El,l'l ﬁ
n = | 2)




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®
(crucial for the underlying event)
and Q?up to 100 TeV?

We can use the DGLAP equations
to evolve to the relevant x and Q?
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
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Look at ratios of pdf's at 1.96 and 10 TeV

The plan is to run the LHC in 2009-
2010 accumulating at least 200 pb*

Take a discovery region (~1 TeV, say
for squark pair production)

The LHC is a factor of 50 more
efficient at producing a 1 TeV object
through a gQ initial state...so it would
take 10 fb! at the Tevatron to equal
the 200 pb? at the LHC

...which the Tevatron will probably get
(per expt)

...with much better understood
detectors and much lower
backgrounds

So don’t count the Tevatron out just
yet for discovery physics

In other words, since no big
discoveries at the Tevatron so far,
chances for the LHC in the first run are
also small

0.5 I [ I|IIII| I I I|IIII|

0.4

0.3

0.2

(dL/dS) / (same at 10 TeV)

0.1

0.0 1 | I|IIII|

0.01 0.05 0.10 0.50 1.00
Sqrt(s) [TeV]

5.00 10.00

Figure 13: (pp at 1.96 TeV) / (pp at 10'TeV). luminosity integrated over y.

Blue: gg; Green: gq + gq; Red: uu + dd + 55 + c¢ + bb.



So, what are we doing?

Starting an accelerator like the LHC 1s not an easy task, and the
same 1s true for detectors as complex as CMS and ATLAS

We need time to verity trigger efficiencies, detector resolutions,
alignment, dead channels, missing Et etc.

The 1deal case would be to 'switch off' the discovery physics for
some time, re-discover the Standard Model and once we are
confident make the discoveries! ;-)

Not so far from the actual scenario (dictated by the need not to
push the accelerator too close to the limits from the beginning):
discovery potential of first run close to present Tevatron

We will be however running at higher energies and covering a
lerger eta range, and the Standard Model has still some surprises
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Fractional uncertainty of dL/d

2.0 — T — T — 7T
2.0_ T R R T I [ [ I |
Integrated over y | Note that for much of the s megreled very |
sl g SM/discovery range, the pdf 5 T aQ i
: -' luminosity uncertainty is small | iHHH
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1.0 R - . :
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1°]'ﬂu'ﬂ”m{mnmmmmmmmmmu-umwmul}u_umm experimental uncertainties,i.e.
I no theory uncertainties
B NB Il: the pdf uncertainties for

PDF uncertainties at the

Sqrt(s) [TeV]

W/Z cross sections are not the
smallest

Fig. 6: Fractional uncertainty for Luminosity inteprated over y for g(d + u + s +c+ b + gld+ a0+ 5+ 0+ B) + (d +u +

ste+blg+(d+i+3+a+bg,



Correlations with Z, tT
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Particle mass (GeV)ncertainty is 4%: A(o./0,)~8%

s...anti-correlated, then cos@~-1

*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(oy,+/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



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 o(W ™).

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

i
T

07

- __—ﬁ-h___ :

pdf uncertainty on

R =do(W')ds(W)

A = (de(W')-ds(W)M(ds(W ) +da(W))
R, = da(W" VdsiZ")

at LHC using MSTW2007NLO




The underlying event and
the minimum bias

= UE: everything apart from the hard scattering o
(beam remnant, Multiple Parton Interctions, :‘r‘;'“‘f-"-'*' T
etc.) Ture A5k

Ture: O

= Will pollute all your physics events (especially ~ meeaw

e 1. ., . .
rapidity gaps”), and influence precision :
measurements "

b T

= normally softer (but with large fluctuations) T s .

*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



Pythia 6.4 model
(roughly)

The incoming partons to the hard scatter are
back-evolved to lower Pt by including:

. (ISR) Initial State Radiation using Pt shower
weighted by back-evolved PDFs.

- (MPI) Multiple Parton Interactions that amend the
PDFs in question.

The full event (ISR and MPI included) is forward

evolved (FSR) to lower Pt by a Sudakov shower.
- Primary ordering is by Pt.

The final collection of partons and remnants are

assigned to stnngs and fragmented using the
Lund model.

Minimum bias cross-sections are calculated
using a pomeron and reggeon exchange model.

- MPI are rescaled to match pomeron & reggeon
predictions.




Herwig (Jimmy) model

Multiple interactions, including the primary Hard Scatter are introduced by Jimmy.

= Assumes a Poisson distribution of parton interactions.
= The hard scatters are identified as a subset of the general parton interactions.

HS incoming partons high Pt are back-evolved to lower Pt by including:

= Initial State Radiation (ISR) using Sudakov method weighted by PDFs.
= Angular ordering is applied between the proton on the radiated partons.

Final State Radiation (FSR) from the hard scatter 1s forward evolved by a parton
shower.

= Primary ordering is by angle. This limits the solid angle that is populated by
the shower.

The final collection of partons is made by splitting gluons to consist only of quarks
(or diquarks), which are paired to form color-singlet clusters. These are then
fragmented to on-shell hadrons.

Minimum Bias events are generated using a negative binomial distribution for the
particles in the event.



PhodJet 1.12 model
(roughly)

« Cut REEQE-DFI & Pomeron exchanges are
calcul _

- Elastic scattering occurs via Pomeron
exchange (c), and in resonances by

Reggeon exchange (a).

= Inelastic scattering includes siring pairs
from cut Pomerons (d) and from cut
Reggeons (b) that account for MPI.

+ The hard scatter {(2—2) mainx element is
calculated.
= Parton exchange, rather than Reggeon or
Pomeron.
« The ISR & F5R for partons from the hard
scatter i1s calculated.
« The FSR ?artﬂns and proton remnants are
0

assigned to stnngs. These stnngs and the

stnngs from cuts are then fragmented
using the Lund model.

Lf

9

HH

dy

5]}

£

Flgures froim PhaJet Manual



J1

UE .
Characterization &

Hard Scatter yields* 2 or 3 hard jets. .4
*Given sufficient qualifying statements.._ a LL'L -
+

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

Additional interactions yield softer o s
particles whose directions are not — - M
correlated to the hard scatter axis.

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

Three equally hard jets are roughly at 211/
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.

il
-1 "_"_I 1

Images from R. Fledd.




UE '
Characterization -, ] "

e [ [1F data

= = Dl evienl

The number of tracks in the | et

fransverse region 1s less 15 2, s
correlated to the lead jet | s
: Y :Hn i
EnErm' 10 . .1.- |IH|-_|||-|IE jot I__‘- .'-H_.-ll'l"".
Sources of fransverse tracks: [ o : _ﬂm_ﬂ-—-"“‘"-
—MPI Pl _,},__
— Fragmentation of string T e R
connections to remnants. Pa’
Ll L {b b M 4 Sl
Track .Jets are used, so that Abave: Pial by Aflokder atal. P, . (GeV)
low energy calonmeter
response is not involved. CHS Prefiminary CHS Praliminary |
— Also simplifies companson to A i N
models. ~ . — Jul 120 = 1y — i1
Drell-Yan: Look for p*p- there 3 - g
Is no FSR associated with G - — e’
their production. - g
— The entire ¢ range
characternizes the UE. , N
h A5 S0 c'.:_ i SO 10 150 By 155 10l ‘.1::- Il =0 i s

Abowe. PIoE from F. Ambroglind



Mean p., vs Charged Multiplicity

Aarage FT (Oevis)
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LHC projections

"'T[IWHII:I" Charged Partlcle Density: ﬂl"-lf']ﬂﬂt‘!l

210
CDOF Run 2 Preliminary : “Drall-¥an Prociuction™
= dals comecied LHC 14 70 < Mipair) < 110 Gel
2 : ErlT gy o lesssl .f,?'f.a“
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] Charged Pardicks (Jql<14. FT=0.5 Ga'io)
axchading the lepton-par

[Ilu I ] I : :

I 5 Rl 75 100 125 150

PT(Z-Boson) (GeVic)
= Larger by a factor ~ 3, extrapolation not obvious

= Tuning has to be redone (and 1s currently on-going)
with first data



QCD and Jets
|: Tree level ] [Hunte Earln} - = —@ [ B5M searches ]

\ / "
[jats (theary l:::H:I}l] ,:.5 nggs iearches]
CEEW E
Bl E
[ MC + Tree ; [tnn physics |
4‘ Jet I—Hl‘

Ml: validatio n]

/ ] \[PDFflts]

[ Jet :—:m i
[ Detector unfolding

| DETECTOR ]

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



Two types of jet finders

= Cone algorithms:

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

= eXx. JetClu, Atlas cone, CMS cone, MidPoint,
PxCone, SISCone

= Jterative 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



Issues with cones

= Cone algorithms are apparently simple to understand and
fast; but what happens 1f two cones overlap? Does the
result depend on the choice of seed? (it shouldn't)
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Last meaningful order

JetClu, ATLAS | MidPoint CMS it. cone  Known at
CONe pc-sa 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]
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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!

__l B iCorw PG, Aw b [Fwvi e I

Anti-kt now default algorithm in Atlas



Example of early QCD
measurement: jets with
large rapidity separation

- Forward |ets: test the low-x QCD evolution

- Sensitivity to BFKL dynamics S
« Muglier-Naveiet dHets with large y separation b
- Jets separated by large rapidiy gaps
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@ Produced mainly in pairs

#0=Tpb@2TeV

B5% 15%

Top quark production and decay

# SM decay: t—Wb ~100%
@ W decays define final state

TS
14%

(5=

ti decay modes

all hadroric




Top quark physics: early
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,. >20GeV

|m;-m,,| < 20
GeV

3 jets p;> 40 GeV
+ 1 jet p> 20 GeV
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The first top signals

« P do dat
CMS PAS TOP_08 005 _;;}'g,fa”a a

1 (othen
[ W+Jets
B 7+ Jets

10 pb1 B QCD
CMS
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[ttbar
4 [Moth -
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100 WW+ets |
80 -]
60 ATLAS

50 100 150 200 250 300 350 400 450 500
My, [GeV]

tt > semileptonic (W)
1 isolated muon, p; > 30 GeV

1 jet w/ p;> 65 GeV + 3 more
w/ p;> 40 GeV

No b-tagging
* S/B~1.5
 Selection Efficiency ~ 10%

* tt > semileptonic (e)
1 isolated electron, p;> 20 GeV

3 jets w/ p;> 40 GeV + 1 more
w/ p;> 20 GeV

No b-tagging
Loose m,, constraint

* S/B~3.5
* Selection Efficiency ~ 10%
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First o(tt) measurements

Expect Ao/o ~ 17% for o(tt) from

100 pb-
::. 250—_ | I ' I_ ' I ' T 1 —j
G f ] At ~200 pb! more top-quarks
S 2000 ATLAS preliminary - than the Tevatron!
- u -1 i
3 10 A\ 100 pb™ bbqquv
S F . 2000 — .
2 joof T - ATLAS preliminary estimate
o - 7]
o - e . Tevatron &+jets w. 8 fb
é sof- . - ) 1600
Z 2 /‘
2 1 | | MR | 1 | - o 1200
0300 150 200 250 300 M:s[ue V) u\; e +y
§ 800
; / eﬂ«»
* Invaluable for detector studies 400 “Tevatron eebb w. 8fb* ——
— fires many triggers 0+ é_{,&/ A
— mass peak tells you if you got it 2 6 10 14
— calibration of light jet scale from Ecm (TeV)
W-> jet jet, study b-tagging ATLAS input to LHC Chamonix 2009

meeting (2-6 February 2009)
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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

T,miss?

— 70-80% b-purity after selection

CMS study 1(10) fb'!

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

— Uncertainty 4-6% for large
data samples

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

{

b-Tag Uncertainty Barrel

m, & m, constraints

|| —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 - ]
1 1 | 111 | 111 | 111 | L 1| | L 1| | L 1| | L1 | | L1 | | |:|
40 60 80 100120140160180200

Calibrated E; b-Jet



Top mass: template method

I#.H i1 oo™ Emmrapaliins;, 7 gy arvvrsis {5 IFR w0 BT
@ Choose and calculate per ]m- -
event one or more <. .
observables sensitive to true foud
Im i
1 -
@ Build templates for signal and ane
background distributions in o R
this observable at different m, e
(and JES) values T, g e 8

B ~t=- as
| ETETEE
SlES e+ D

P aFfi=an
P |8 A

H-nn-lplh'-!l
)

@ Determine most likely top
mass from templates fit to
data

. § 5§ &3




# The most accurate measurement of the top quark mass
@ Provides advantage in statistically limited 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:ﬂ_;li“'l':'l'
P rabxability

& 4
[ & L

.. o
2 2
(o 0.

Tap Mass Tap Mass Tap Mass Top Mass

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



Details of ME method

Normalization bifferential cross ‘
acceptance \ section based on LO ME
& efficiency

Poy(x:m,, JES)2——[|d"o (v, mi| g, dgaf (q;)f (q: W (x, v, JES)

alm
2 (m) \
Probability to observe Initial state Transfer function
a sef of kinematic | P;ﬁhﬂbmh’ diﬂf}:bﬁ: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

Povent (@5 ey JES) = fo Pog(smy, JES) + (1 — fi)Porgl 2y JES)




First-data expectations

CERN-OPEN-2008-020

@ @ 10 TeV and ~50 pb™
@ 40 times less signal
d@ ~1000 signal events before
b-tagging
@ Similar to current stafistics

at Tevatron but smaller
background

@ Methods based on per event
information (ME-type) are
expected to have a befter
performance

@ Allow 2D fits and will help to
perform JES calibration

# consfrain top mass to
Tevatron average and fit
JES

Process =4 pls 2 b-pels
Pr > 4002V | pr > 40 Goy

Signal 43370 | STRO

I boson hackgrounds 450 200
all-jels (lop pairs) () 160
ds-lepton (Wop panrs) N 120
single top, t channel | 250 330
single top, I ( channe! TT0

170

single top s channel

|

3

pb’ (Atlas)

hS

/@ ~2% for light <JES> with 50 )

@ ~1% for light <JES> and
b<JES> with 100 pb™ (CMS)

@ perform ME analysisin 3D ?




Standard model Higgs
production
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Main decay modes
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Theory constraints to mass

E'I:Iullllll

I | | || | _LIIF-FI-E-r' I:.g:|.|_||"'|:|
(tmaality) :

o GO0 my = 175 GaV .
L it (Mg) = D1LA ..!'LEMHEE;{#E "_]
o 00 IMj
= _
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200 (vacuwm stabilty) -
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I I s s o o o s S B

— 3G, 42 -
0T 10f g8 (plf pif qp18  Mi> E::r’ Flog{A® /v
A [GeV]

(A = cut-off scale at which new physks becomes Imporiant)
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
» Indirect from EW fits,

Augu= 2009
(Rt

i i —D.02758£0.00035

Y aee incl. low Q° data

(5)
Mhad =

0.02749£0.00012

| Excluded
30

Best-fit value already escluded by

100

m , [GeV]

Preliminary

300

95% CL Limit/SM

LEP; "big desert” scenario soon to be
excluded by Tevatron?

—i
o

direct from LEP and
Tevatron searches

Tevatron Run Il Preliminary, L=2.0-5.4 i’
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OO

T vovmersmg ]
20 130 140 150 160 170 180 190 200
m,,(GeV/c?)




How to look for the SM Higgs

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-> WWY
= H-> 77", 7ZH->11bb

= 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



Vector Boson Fusion (VBF)

= 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, if not for
the UE and pileup!

= Depending on mass. look for TT Or WW
decays | '

th
| | ]

EW+QCD Z+jets :
L] ttbar WHjets

.......

B
T T T 1

----- Fit to Signal

1 -—----Fit Z -
----- Fit to ttbar W+jets
Sum of fits

Nevts (30fb™) / 5GeVic?
Itldl LI

i)
T 17

PR T P T AR, ul: e !.!;-:'Ei‘_':-!-:. - = T =]
0 50 100 15[‘ 200 §5ﬂ
M__ [GeVic]



Higgs —» vector boson pair

= Golden channel if mass 1s high enough (very small BG,
full mass reconstruction in the ZZ case)

Main BG: ZZ, Zbb, tt, T

>
i
: : o 1 ATLAS
Can be used in a wide mass 5 i
g (mK-;adors)
range 5
NQ | ?f?_qsi gigrgt e 160 Gev et
3 e W nacrgroind 5
D) 1 :m- Bl W bockground {; + "‘
o -
3 - M =160 GeV }[ J,f L J,f
075 |- 0 |
% 400
5 m,, (GeV)
©oos
0.25
0

o 50 100 180 200 250
M. (GeVic?)



Very high-mass Higgs
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 1s divergent in the SM,
but if the Higgs is there a diagram with —_ =<,
Higgs exchange restores finiteness

Does not work if Higgs 1s too heavy, 1n that case some

other resonance could be produced in WW final states
3 -

More than one Higgs could be
present, even in a pure SM
scenari0, with broad mass =
spectrum B e = S |

.. (3=

L]
&
;; frry
= |:r.-
&




Non-conventional search
channels

= HZ: S/BG ratio increases for
high-Pt Higgs. In that case, el A N
and for th.e main decay channel - &\\\\\ ﬁ: S
H->bb, Higgs decay channels i
end up 1n a single jet,
substructure used to find 1t

= Diffractive Higgs: Higgs canbe 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




= If a particle 1s found in any Higgs search, is it really 1t?

Is it really the Higgs?

= Measure width (or ratios of) and quantum numbers

A(T,/T,)

0.9
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Summary: discovery potential

g
E . EH_[;ITL bb) 8 R | ]_1
= s H 272" - 41 c CMS, 30 fb
QJ H - ww'" = v 8
E w0’ 53 \szw_;ur:jj N
%u —— Total significance 5) 1 0 ;_ ]
20
NLO background Xsecs
—— H—yy cuts
10 —&— H—yy opt
—— H—=ZZ—4l
—s— HoWW--212v
—— qqH, HWW-hvij] |
/ JLat=30" —— qgH, Hottol+jet
o (no K-factors) BERRRER RN -—— qqH, H—yy
! z 3 Yoo 200 300 400 500600

o m,, (GeV) M_,GeV/c



Issues with the Standard Model

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

= The Higgs mass has a loop correcton dm ~ &xA?, so to
prevent 1t from becoming super-heavy it requires a
compensation or unnatural fine-tuning of parameters
_ o / A
H @ H ) oo H
Fermion loop Boson loop

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

@ X
3388 1338

= SUSY equivalants of fermions have prefix s-

= !

Nt O
o ot B Y

=N,

{

= 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



R-parity
= A SUSY particle would have spin Y2 smaller than its

non-SUSY equivalent (apart from the Higgs!)

= Introduce a new quantity, R = (-1)®*  which is

= R =41 for SM particles
= R =-1 for SUSY particles

= In most SUSY versions R 1s conserved

= SUSY particles produced in pairs

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



SUSY breaking

= 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)



A minimal scenario: mSUGRA

= 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 f ratio of vacuum expectation values of Higgses

= sign(u) 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 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

[j.- v : I:'il'l fl
b 7 ()

Direct Gaugino
Production




Decay cascades

= Most SUSY channels involve
several successive decays, until

the LSP 1s reached. “ E” i_
= Signature of SUSY would be an -

excess 1in missing Et (or

L] ° ° ° c =
missing + visible Et) = e o
~ 10% E W + jets
ﬂ - Z + jels
E * - i
— QD
.IUE-:EI 11 | Ié: ﬂ o sjgna‘
B . 10 =
- 0F E g
a3 : Al H “ IR
I - Z ] I
Z 10k - -
- : | I
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EE EE 0 50 100 150 200 250 300 350 400 450 500
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Dilepton signatures

= In most of the parameter space, charginos and
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.

1 I | L | L
- 1 B __ sigmnal
60000 — —

400 — voee oM backg
—-— SUSY backg i
'T.E -
T E -
E o 300 ]
= 40000 — = B
& T
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A0000 —
100 —
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0 20 40 G0 RO
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R-parity violating models

= 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:

0.16
014
0,12 |

0.10

Events/10 Geviao fi’

Probability

.08 |
0.06
0.04

0.02 E

0 200 400 600 800 1000 0 2 4 6 8 10 12 14 16 18 20
Er o (GeV) Ny

R-parity violating



Other new physics models

= Technicolour: an additional interaction modeled after

QCD colour simmetry 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,

Ry = TID Gty

like rho decays into pions

*Excited quarks/leptons: decay into a
photon and a quark/lepton,

producing a mass peak in that
distribution

dﬁ-’dnLﬂlpl ¥20GeV)




More new physics

= 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
smaller, that would result in i
increased high-mass dijet tail | Loy

g et e,
& *|  Z', W': from additional
" E ., | SU(2)symmetry,

=0 behave like high-mass |
W's and Z's




Extra dimensions

= 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

E ! Jem A Tel
energy a % S Ganos IWWies) WN
'g w T ﬁ
1I|' i -“"' el Lk g oundd
g = g s
g- :
h 0 &5 i “
d E Great way to escape " o,
g l; from the in-laws??'7 B T R ....,. “ il
L Epsns (Da)



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!
ctel ] Antonella De Dilepton mass




Conclusions

As you saw, the physics program of the LHC is huge (and we only
gave a few snapshots), and even 1f 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 needed to understand detectors and re-discover the SM,
and study some missing details

As energy and luminosity ramp up, the hunt for new physics will
open up (beware of false alarms)

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

Thanks to: A.Del Santo, E.Todesco, J.Huston, G.Salam, R,Thorne,
T.Wengler, M.Schumacher, and others!
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