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Standar model pillar I: Matter
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Unique topic for hadron
colliders

Neutrinos not really
testable @ hadron colliders

Most quarks/all charged
leptons very deeply scrutinized

The Generations of Matler

Peter Mattig, CERN Summer Students 2012
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Standard Model pillar II: Forces UNIVERSITAT
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All interactions very precisely determined:

(M = Myz) = 0.1184(7)
Qe = 1/137.03499976(50)
Grp(M =m,) = 1.16639(1) - 107° GeV~?
My, = 91.1882(22) GeV

Dynamics well tested at energies ~ 100 GeV

e.g. g=2gg (Z,v)=>WW,.....

Peter Mattig, CERN Summer Students 2012
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Standard Model Pillar IlI: Higgs UNIVERSITAT

WUPPERTAL

Boson masses and fermion masses
break gauge symmetries

=>» Non — renormalisable theory

MU Standard Model way out:

Four Higgs fields

- Three give mass to W/Z bosons
- one is physical with well defined

properties (except mass)

Until 20 days ago ???
THE ONLY MISSING PIECE OF THE STANDARD MODEL!

Peter Mattig, CERN Summer Students 2012
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Why Standard Model @ Hadron Colliders?

> Explore phase space not determined from first principles
» Probe at highest energies

» More statistics = Top Quark

» Scrutinize the remaining piece = Higgs Boson

Standard model: the way towards establishing ,New Physics‘?
» Standard Model processes background to ,New Physics’
» will provide tools for searches for new phenomena

» Testing Standard Model to the extreme =
may reveal a glimpse of ,New Physics’

Peter Mattig, CERN Summer Students 2012
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Forerunners of LHC 7 UNIVERSITAT
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10,0001

Tevatron (Fermilab): last 20 years:
Leading Proton — Antiproton collider
1.96 TeV c.m. energy

100K = Hadron Colliders

Tevarronl 1.C500
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Two experiments
CDF & DO

Peter Mattig, CERN Summer Students 2012
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Today’s flagship LHC %Y UNIWERSITAT

Proton — Proton Kollisionen
@ 14 TeV c.m. energy
(currently 8 TeV)

4 Experiments

Will focus on results from
ATLAS and CMS

(LHCb =» talk of G.Raven)

Peter Mattig, CERN Summer Students 2012
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Reminder: how ,protons’ interact

Proton scattering = scattering of quarks and gluons

o(p > YX) = [ dar [ dwa 3 fy(on)y(za)-olas (@ P)+ay(aaP) > V)
0 0 ¥

Peter Mattig, CERN Summer Students 2012



Reminder: x, M

X=

Mscatter

?

,resolution power’

( \
= !
= \/X1 X9 - Epp /,

T

)
for LHC: 8 TeV

l.e. high masses requires

large x - values

LHC and Tevatron:

LHC has 4 (7)x higher energy,

dL/ds [pb]
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Note for M ~ 400 — 1000 TeV: Tevatron qq — LHC gg

Peter Mattig, CERN Summer Students 2012
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Some basics: rapidity UNIVERSITAT

Rapidity a ,natural’ observable for consequtive branchings

do
dy

y = 111(1(E+p||> = 1ln b
2 \E-p 2\ /m?2+p3

1. (145
/
— “n | —E
y = ¥ y+2n<1_5>

Frequently used y = 1 assuming massless particles
,pseudo - rapidity’

— const

1
n =g In (tan 6/2)

Peter Mattig, CERN Summer Students 2012
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LHC a strong interaction collider UNIVERSITAT

Remember: strong coupling rises with decreasing Q2

0.5
I“ Theory | Q S é\ L] L]
Q) |\ me_—27|2 £ 3| | Difficulty:
\\ ‘ I)ee_p Ine‘la.stlc.Scattermg A
04D\, L%Lﬁ::(‘)&éﬂﬁ?ﬁiﬁ; . ° |1 ataround Q~ 1 GeV
eavy Quarkonia ] NJ .
— = = | too strong to be calculable in
251 MeV --- 0.1215 R
031 &i%{mwv—ons‘* 1 perturbation theory
e 178 MeV — - O.llSj
" ,too many gluons emitted’
0.1t
1 160

" QGev]

Basic limitation of theoretical description

Peter Mattig, CERN Summer Students 2012
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hard scatter: two in = two out DNIVERSIIAT

This can be calculated:
Imcoming partons p, p, with momenta P,, P,
Y  Outgoing partons X, Y

i /\ X, * P X, * P q{\ :
- U

Stefan Gieseke - DESY MC school 09 11/42

O'(pl (Pl) + pz(Pg) —Y + X + RGSt)

1 1
= / dxy / dxz )  Fr(x1)Fz(x2)o(qi(x1P) + qz2(x2P) = Y + X + Rest)
0 0 .

Peter Mattig, CERN Summer Students 2012
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Parton distribution function WUPPERTAL

Parton momenta P, P, : fraction of proton momenta = x,P, x,P
only probability distributions known

Q2= 100 GeVer2
—_up CTEQ6.1M

6 e oy Interpolated from
previous data

14 . ~.-. gluon  CTEQ6.1M x 0.1

142

0.8

Extrapolated to LHC
energies

O'(pl(Pl) + pz(Pg) —Y + X+ Rest)

1 1
= / dx; / dxz Z Fr(x1)F(x2)0(q1(x1P) + q2(x2P) — Y + X + Rest)
0 0 P

Peter Mattig, CERN Summer Students 2012
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Strong interaction: gluon radiation UNIVERSITAT
calculable
(although in
. N < B‘?x — o *f\ 3 most cases not
U~ v completely)
(N)NLO calculation,
i.e. full matrix element with up to two
Stefan Gieseke - DESY MC school 09 a d d iti O n a I pa rtO n S 0((153)

Peter Mattig, CERN Summer Students 2012
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A parton shower WUPPERTAL |

Original hard
partons start to
,shower’,

i.e. splitin
gluons and
quarks

A

\

Stefan Gieseke - DESY MC school 09 11/42

Peter Mattig, CERN Summer Students 2012



Quarks and Gluons hadronize

Stefan Gieseke - DESY MC school 09

11/42

Peter Mattig, CERN Summer Students 2012
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Quarks and
Gluons turn into
pions, kaons,
protons:

hadronisation
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A more comprehensive picture UNIVERSITAT

Proton remnants interact:
,underlying event’

<

Only QCD ,motivated’
models — not from first
principles!

Stefan Gieseke - DESY MC school 09 11/42

O'(pl(Pl) -+ p2(P2) —Y + X + Rest)

1 1
= / dx; / dxgz Z Fr(x1)Fz(x2)0(q1(x1P) + q2(x2P) — Y + X+Rest)
0 0 :

Peter Mattig, CERN Summer Students 2012
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QCD in the detector

c 2
- @]
L S «
N - © c
S (@]
lc e L -
oo o0 ofd d
o o C
o n.l a
- = | o
frar X a N o
R = cC O 5 o -
..m (&) =5 N g q...h
O.W v &£ 9 P n
o o O ‘o ....ua. o 9
<< o O vnh =~ w T X

N I/

P\

=

===

72
zZ

)
A )
W\

\\
\

A

n
o~
0
n
o
K
-
Lo
£ 0
@
£ 3
m7
Z <
2 o
eo
> <
@
~ 1
o o
® o
o
o
0 o
- o
LN
b
22
£
5 0
=z
<
=]
(4

7/ \ \\ (\‘, /
f V ,, .._ o,// /,(, {
il \\\\\\3\: , ,»//z@m

e
N

Peter Mattig, CERN Summer Students 2012



BERGISCHE

Standard Model tests: Type | UNIVERSITAT
Underlying event

O(pl(Pl) -+ pz(Pz) —Y + X+ Rest)

1 1
= / dx; / dxgz Z Fr(x1)F(x2)o(q1(x1P) + q2(x2P) — Y + X+Rest)
0 0 .

-

Take from Well known process
previous

measurements
Measure underlying

event

Peter Mattig, CERN Summer Students 2012
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Standard Model tests: Type Il UNIVERSITAT
Parton distribution function

O'(pl(Pl) + pg(Pz) —Y + X+ Rest)

1 1
= / dx4 / dxo Z Fr(x1)F(x2)0(q1(x1P) + q2(x2P) - Y + X + Rest)
0 0 ;

\_'_A_'_I

Well known process
Take from

models

Measure parton
Distribution function

Peter Mattig, CERN Summer Students 2012
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Standard Model tests: Type Il UNIVERSITAT
The hard scatter process

o(P1(P1) +p2(P2) = Y + X 4 Rest)

1 1
| dxa [ dxa 3 Frx)Fr(xa)o(ai(aP) + aa(xaP) + Y + X + Rest)
0 0 T

— —

Take from .
previous a 2 Irom
measurements modeis

Measure hard
process

Peter Mattig, CERN Summer Students 2012
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In a nutshell: oreenaart

Hard process
= (data
- pile up events from simultaneous pp — collisions
- underlying event from proton remnants)
X (transfer from jets =» partons)
X (unfolding of parton energies = parton distribution fct.)

Involved,
........ but with experimental knowledge feasible

Peter Mattig, CERN Summer Students 2012
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Key ingredients to use data RS T

- pile up events = multiple proton — proton interactions in
one bunch crossing
- ,underlying event’

- transfer function (partons = hadrons)

-Parton distribution functions

Peter Mattig, CERN Summer Students 2012



Pile up events
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Pile — up events can be measured:
pp — interactions without trigger bias ,minimum bias events’
At 7 TeV: 6 charged particles per |An | =1, mostly low p;

Ratio

1/N,, -dN_, / dn

-
N
T

0.8 e R L s S —sns ":"-"L:

U P e
n,,>2,p >100 MeV, |n|<25 ]
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e
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S
T
T
0.5F E

No good description by models
Note: per LHC bunch crossing ~ currently 20 of these events

Peter Mattig, CERN Summer Students 2012
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Underlying events UNIVERSITAT
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Jet #1 Direction Jet #1 Direction

\/-\‘¢

71 ”»
“Toward” Toward

Jet #2 Direction

Transverse regions little affected by hard process
=» properties like underlying event

Peter Mattig, CERN Summer Students 2012
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Particle distributions in UE events UNIVERSITAT

WUPPERTAL
1_6_]l| T T LN I B L B NN B B B I 25_ |||||||||||_
: CMS \[s=7TeV 1 L CMS \s=7TeV
C ] © C ]
C = L ]
ol ] o 2
: S I
C ] N r
- o 1.9 m
C N L
n 7] v -
g 06E + Data - 31 1 E
g E — PYTHIA-6 Z1 ] ‘<']’ L —PYTHIA-6 Z1
— 0.4F ~"PYTHIA-8 4C c i -=-PYTHIA-84C ]
- ~ PYTHIA-6 D6T - Jos = PYTHIA-6 D6T
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* (pT > 0.5 GeV/c, ml <2,60°< IA(I)I < 1200) ] § (pT > 0.5 GeVlc, Inl <2,60°< |A¢| < 1200) |
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Leading track-jet p_[GeV/c] Leading track-jet p_[GeV/c]

Can be reasonably described by models

Peter Mattig, CERN Summer Students 2012
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Modelling ,soft interactions’ N ERSIT

Minimum bias + underlying events:
Measured in special environment

Extrapolate to all conditions:
try to model applying several ad — hoc concepts

il e | Overlap of protons
\ ] Proton beam remnan‘l‘:‘l

' Tunle A dou‘ble Gaulssian R
old double Gaussian ------- |

jaussian -
ExpOfPow(d=1.35)

exponential
EM form factor ----- 4

O(b)

0.0001

resolved screened S
A~1/p B Color
t 1605 ] N . L . .
0 1 2 3 4 5 6 7 8 Reconnection
(example) /% .

Colour screening
Colour reconnection

Soft Vacuum Fields?
String interactions?  +,
Size of effect < 1 GeV?,,

ntiproton beam remnant

Challenging! Only an approximate description possible!

Peter Mattig, CERN Summer Students 2012
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Parton distribution functions UNIVERSITAT
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Energy fractions of different kinds of partons f in proton

O'(pl(Pl) -+ pz(Pz) —Y + X+ Rest)

1 1
= / dx; / dxz Y  Fe(x1)Fz(x2)0(q1(x1P) + q2(x2P) = Y + X + Rest)
0 0 .

2

xf(x,Q2)

[ | Databases \
1.8 B Qex2= 100 GeVex2
r ‘ ___up CTEQ6.1M
__.. down CTEQ6.1M
upbar  CTEQ6.1M

.. gluon CTEQB.1M  x O.1 Gluons

i
‘ P

Various measurements
at M2,
theoretical evolutionto |
(M2), i

Up quarks

Just one of several
pdf parametrisations

Down quarks

Peter Mattig, CERN Summer Students 2012



Significant uncertainties

G.Watt

low x:

many gluons

=>» Theoretical &
experimental
uncertainties

gg luminosity at LHC §s =7 TeV)

A.1.2 1\l Illllll EIEIEI?IIIII T T ]
J. \'“'».\\ \ i i H H 5
(S NN \ — MSTWO08 NNLO _:
o \ AN - HERAPDF1.0 |
ax \ \ \ 3
& \ N\ \ S35 ABKMO9 3
[{e] _ \\ 0
N N TR — JRO9
N\ N\ "
J \\\\~ \\\\ \ \}\
Z \-‘~-:~'<:“—~--_:;:‘:.\~_. 5
< 1= SSamezzmmmnnsiens
— N :-:.'n
8 — :2u<:: """""""""
o > T
S 0.95 / il
E 09—
N u
= 085
O o
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LHC will allow some self - calibration

Peter Mattig, CERN Summer Students 2012
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High x:

few gluons
=» Large
uncertainty



Hard interaction: Jets ONIVERS TAT

WUPPERTAL

EXPERIMENT

116

|
.

un Numbe

Peter Mattig, CERN Summer Students 2012



Jets are universal N e AT

WUPPERTAL

e* e collisions e p collisions

H1 Run 122145 Event 69506 Date 19/09/1995

[Q® = 25030 GeV?, y =056, M =211 GeV|

Jets: representative of quarks and gluons
=» stringent test of theory
=» experimenal challenge: extract partons from 1000 hadrons
= experimentally attainable
direction and energy + (sometimes) parton flavour

Peter Mattig, CERN Summer Students 2012
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How to find a jet ? WUPPERTAL

\\/ \Ei/ W p\% Unambiguous

connection to
underlying partons =

jet 1 jet2 jet 1 jet2 jet 1 jet2 jet 1 jet2

v v V v Comparison to theory

Not so straight — forward: example cone — jet finder

A

AN/ N

Peter Mattig, CERN Summer Students 2012
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Sequential jet finder UNIVERSITAT
,Reverse evolution of event’

1 Select one particle (e.g. most energetic)

2 Find ,most similar’ particle, (e.g. smallest angle, p,)

3 Is combination smaller than predefined ,cut off’ value
(e.g. maximum angle, maximum mass ....)

IF YES:

4 Combine to a new ,pseudo — particle’ (e.g. sum 4 —
momenta)

5Goto2

IF NO:
4 Jet found: sum of all associated particles

Peter Mattig, CERN Summer Students 2012



Standard jet finding at LHC: ,Anti — kt’

AR?Z
e 2 __2 ij
dij = min(py;”, Py;”) 13
. 2 2 2
© Gavin Salam ARLJ — (yl - yJ) ‘|_ (¢1 o ¢J)
b [GoV] _———-=eatlel gelect hard particles as

,seeds’ for jets: favoured
by min(p,?)

Hard particles separated
in space are disctinct
seeds: large AR;

,cut off’ given by d;;
(steered by R)

Peter Mattig, CERN Summer Students 2012



Standard jet finding at LHC: ,Anti — kt’

AR2
dij — min(p&?, pglz)R—ZJ
©Ga\l'|nSa\am AR% — (yl — yJ)z ‘I‘ (Cbl — ¢J)2

~_ _ . anti-kt, d = 2.98e-06 |

Gradual d; increase:
Associate close by particles:
mostly soft ones in
neighbourhood

(if no hard ones close by)

Peter Mattig, CERN Summer Students 2012



Standard jet finding at LHC: ,Anti — kt’

Intermediate step: emerging
jet cones

© Gavin Salam

p. [GeV] _________J _'_”a‘pti-g, d = 1.83e-05 |

Peter Mattig, CERN Summer Students 2012
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The final jets WUPPERTAL

All particles assigned to
jets

© Gavin Salam

. anti-kt, d = 1.00e+100 |

Close to circular in space
good for experimental
corrections

Note: special treatment
of particles close to beam

Peter Mattig, CERN Summer Students 2012
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Physics from Jet measurements WUPPERTAL
@ hadron - colliders

- crucial for understanding background

- tests of QCD predictions at highest reachable energies
(inclusive jets, jj — masses, multi — jets)

- will help sorting out parton distribution functions

- tests of physics beyond SM
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The experimental challenge | UNIVERSITAT

WUPPERTAL

Steeply falling cross section =» sensitivity to energy scale
Jet energy determined from calorimeter (+ tracking information)
Sophisticated calibration procedure o s

True cross section \

AN/
Observed distribution ‘K
,-" - aue
to wrong energy scale

> 004 : —
< o ATLAS Preliminary — Statistical 3
> £ 0.035 DB Method -+- Photon energy scale 5
3 E -%- Jet resolution 3
5 003 \s=7TeV » -o- Radiation: p2? 3
Jet pt E [Ldt=471b v Radiation: Ab(y,jet) 3
0.0251. anti-k, jets, R=0.6 -a- MC generator —
F RS LCW+JES +- Photon purity 3
o0z ni<iz %tT-f\fl:cone =
0.015F 3
H 001 3
Use y + jet events: E yaea | -
0.005_ - “—’—‘N:\‘\{\ - ‘;‘\d:“ S :: = : :\I\l \‘7’»1' __
— 3% s e N
Jet energy scale known to 1 — 3%! T
p) [GeV]

Peter Mattig, CERN Summer Students 2012
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The experimental challenge Il UNIVERSITAT

WUPPERTAL
sensitivity to energy resolution E 3 SR amas prenminary
02 det=950 pb” é
O'E+ EM+JES - é
0.05§ . |_CW N E
g ec?i ------ EM+JES E
% 40 ; Teew A N N PR +é
Exptl- rESOIUﬁOn ;ES %3-0-* 40 50 60 7080 160 200 300 400 500 1200
- p, (GeV)
&= )
Log o True cross section log © SN Observed due
- \ °
g - to energy resolution
AN
\
\0
> >
Jet pt Jet pt

Peter Mattig, CERN Summer Students 2012



Uncertainties: summary

Theory uncertainty (%)

60 I

40}

20:—

LI I 1 T 1 I 1 LI
[ ] Total uncertainty

....... PDF (CTEQ6.6) N
—— NP (Pythia-Herwig++)

- Scale (W/2—2u) —

. Anti-k; R=0.5 Jets 1

100

200

p, (GeV)

BERGISCHE_
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Experimental uncertainties
dominate at low p;

pdf/theoretical uncertainties
dominate at high p;

Note: loss of control of
uncertainties for p; < 20 GeV

Peter Mattig, CERN Summer Students 2012



Jet cross sections in rapidity and pT

d°o/dp_dlyl (pb/TeV)

T

—h

o
—_
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—

o
—
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lyl <0.5 (x 10% B

X 102)_:
X 1 01)—_

O « » m @
—
o
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A
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NNPDF2.1 u.=u, =po
—— NLO® NP
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2
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Peter Mattig, CERN Summer Students 2012
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Excellent agreement
theory <-> data

over huge range in
phase space
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jet — jet mass WUPPERTAL
1 1017 I T T T T LI T T T T T
> - Svstemnai v 20<y*<25 (x10% _|
() - ystematic 15<y*<2.0 (x10°) 7]
S 1015 - uncertainties i) 1_g;§* : ?g §§18§ — "
- = NLOJET g 05y < 1.0 (x10) = Excellent agreement
= 10°F % (CT10, M:;T exp(0.3y) x ® Y <05 (x10%) &
*>‘ y = Non-pert. corr. E theory <-> data
'CJg 10 i 'e'seb HQEE E
€ 10°b ., e — :
S Fes Ty, %o, Ty - Probing masses up
10" = *a —
o 0L e, T, gﬂss E'% _ to 5 TeV!
5 e = T ]
10 F --- = - =
- '.'... EEE 7 <] % —
3| o, T = _
10°F e =) | i
— ATLAS Preliminary ey, Sa_ E
— . . C ] —
10 B anti-k, jets, @=0.6 "'.‘ — B
oL V=TTV, [Lat=asm” e R
— 2011 Data == -
10-3 ] ] ] oo | ] 1 1 1 L
3x10™ 1 2 3 4 567
m, [TeV]
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QCD effects: number of jets UNIVERSITAT

\
\
o 4n6L l r ]
8107 ATLAS 1 (- aﬁ;ﬁ% !
. | :
10° 3 - 3 /"/
10°F ) 3
3 :
10 R=0.4,ILdt=2.4 pb! Pu—
o | —e— Data (Vs=7 TeV)+syst. ]
10 E e ALPGEN+HERWIG AUET1x1.11 _:___”
s PYTHIA VBT 1065 T Even though not exact
105_—— ALPGEN+PYTHIA MCO09’ x1.22 E
@ 5 t matrix element:
o
§ ey — Good agreement on
s 0.5. ETETETEISTETAIE

' T e —— jet multiplicity

Inclusive Jet Multiplicity

Peter Mattig, CERN Summer Students 2012
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The effects of gluon radiation WUPPERTAL |

¢ pI > 300 GeV (x10%) CMS
¢ 200 <pT™ <300 GeV (x10%
A 140<p:‘a"<200GeV(x102) .
o 110 <pl™ < 140 GeV (x10) s

o 80<p:“"<110GeV 2
L=29pb’
Ns=7TeV
V<11 =4

Azimuthal angle between
leading, i.e. highest pT jets

—
o
w
T llllll] T lllllll] T TTTTm T TTTT

—— PYTHIA6 D6T
""""" PYTHIA6 Z2
=== PYTHIA8
----- HERWIG++

—— MADGRAPH Aq)
dijet

1 I 1 1

/2 2n/3 5n/6 T
A(pdijet [rad]

Peter Mattig, CERN Summer Students 2012



BERGISCHE

High p; Jets WUPPERTAL |

High p; jets: important to explore TeV scale physics
May be due to boosted objects = substructure
Important: does QCD describe the structure of boosted jets?

= B S L B B
& ATLAS —e— Data 2010, L=35 pb’
\0.025— —
ha - e PYTHIA6 AMBT1 -
gy
12330-02— —— PYTHIA6 PERUGIA2010 ]
"_lz I~ p—— - = [ [ o
0.015|— g PYTHIAS 4 - Measure mass of high p; jet:
0.01— Anti-k, jets, R=0.6 —
u N p, > 300 GeV - .
0.005|— — i <2 - Good agreement with
B rr—— T 7 [
ok e expectation found
91.4:— —:
© 4 o =
Q1.2: _______ -
O s Y : S ——
S E —— T S S e Levvveeeeessseeeeesnssssnen m
o8-  S=msmss===s =
0.6 , . , , . . =
0 20 40 60 80 100 120 140

Jet mass [GeV]
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Testing high pT — jets = search for BSM:
Are partons composite?

pp — interaction

qq — interaction

¥

interaction of quark
constituents ????

Lo = %ULL(@LV“ V) (WYryr) + (RR,LR)

1 1
orr =| Msar |2 +2FR8(MSM-M01) + F\Mcf 2
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Jets and BSM: S EREH T
Search for di — jet resonances

WUPPERTAL

(77 = I B A L L L
§1055 \s=7TeV, | Ldi = 48f0"
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= atom, nucleus ....)
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Are quarks composite ? BERGISCHE

UNIVERSITAT
WUPPERTAL
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X = e|3’1 —y2| X

Note: results applicable to other exotic models:
black — holes, colour octet quarks, ......
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Strong interactions at core of pp —interactions

» Multihadron events (soft interactions)
measured

» Jet cross sections agree with predictions
over a wide range

» Probing Multi - TeV range: no sign for
physics Beyond Standard Model
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