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5.1 Introduction

» Hard scattering processes at hadron colliders
are dominated by jet production

» QCD process, originating from

qqg, qg and gg scattering

» Cross sections can be calculated in
QCD (perturbation theory)

Leading order

o XY
Comparison between experimental data and
%«5 E ?@ :gj theoretical predictions constitutes an important
test of the theory.

...some NLO contributions oy
Deviations?
>m< >m€< — Problem in the experiment ?
Problem in the theory (QCD) ?
>WW< >:;:}>< New Physics, e.g. quark substructure ?



- Large cross sections....

- Fast rising with Vs

Leading order

...some NLO contributions
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Jets from QCD production: Tevatron vs LHC

» Rapidly probe perturbative QCD
in a new energy regime
(at a scale above the Tevatron,
large cross sections)

« Experimental challenge:
understanding of the detector
- main focus on jet energy scale
- resolution

» Theory challenge:
- improved calculations...

(renormalization and factorization
scale uncertainties)

- pdf uncertainties
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5.2 Reminder: structure of QCD, matrix element calculation

Theory Interaction charge Gauge boson
QED electromagnetic electric charge | Photon
QCD strong colour charge Gluons

Coupling constants

SU3: 1) = (rb+b7)/ V2
ge = Vina QED |2> _ —i("l'b - bl_)/\/§
gs = Vima,  QCD 3) = (r7 — bb)/V/2
Color Octet [4) = (rg + g7)/V2
=N A= =
Gluon Colour states |5) = Z_('g A )/ V2
. 6) = (bg + gb)/v/2
. ( : ) ot 7) = —i(bg — gB)/V2
0 8) = (7 + bb + 297)/ /6
0
c=1] 1 blue )
0 Color Singlet 9) = —i(r7 + bb + gg)/V3
0
‘- ( (1) ) green Color Singlet gluons do not exist. Since the gluons
have m=0, this would give a strong gravity force.




Quark and gluon states:

a quark is

characterized by

- momentum p Color states of the gluon

- spin state s

- color state ¢ 1 0
(1 (0

(s) 0 0

u (p)e aa| 0] @] 0

0 0

a gluon is 0 0
characterized by \ 0 ) \ 0 )

- momentum p

- polarisation &

- color state a*
Gluons carry color charge, therefore they

can couple to each other.
This is not possible for photons.

eu(p)a

B ————————————————————————————



The Gell-Mann A-matrices are the generators of SU3, equivalent to the Pauli
matrices for SU2.

01 0 0 —i 0 1 0 0 0 0 1
AMl=110 0 MN=]|4i 0 0 NM=]10 -1 0 M=1000
0 0 0 0 0 O 0 0 O 1 00
0 0 —i 0 0 0 0 0 O 1 0 O
N=|00 0 N=1001 AN=]100 —i )\8=% 01 O
i 0 0 010 0 2 0 0O 0 -2
The commutators of the A-matrices define the structure constants of SU3.
There are 8x8x8=512 structure constants.
[/\O’,_ 2B ] =2if By \v Most are zero, except for the following and their
antisymmetric permutations.
with fﬁ“"7 = fa“/.B = —fa"B‘/ £128 — 1

147 246 257 __ £345 516 637 __ 1
f =1 f =T ===

f458 f678

completely antisymmetric




Feynman rules for QCD:

|. External Lines

2. Propagators
Quark incoming u'® (p)c _ i(y*gut+mec)
outgoing #'® (p)cT 94 q* —ngg
Antiquark incoming @*)(p)ct g _zgﬁ“; :
outgoing v'*)(p)c g
Gluon incoming €,(p)a”
outgoing € (p) (a®)”
3.Vertices 4. Internal Loop Diagrams

More complicated than in QED.
Not treated here.

m 5. d-function for momentum

conservation




Example: invariant amplitude for u dbar - u dbar scattering

—iGu 5ab

Like in QED also in QCD
the charge is conserved.

Thus diagrams have
continuous flow of color.

Matrix elements are like in
QED, but they contain a
color factor.

u —?:gs ; 1" —-igs B_v E
5 A%y 5 AP~y
—q af )
—iM = u(3)cf [—i%/\“q“] u(l)e Zg(’;—;csi(Q)céF [—z'gg—s/\ﬁ'y”] v(4)ey




Example (ii): u ubar - gg

(1) 3) (1) 3) (D (3)

n}.‘sSy

' —— . 8 apy _
M = ;‘E(Z)c;r [—i%kﬂy”] [e:vaf'][qii%] My = iv(2)c, [—t%k yn] u(l)e, [—l' 7 ] (=™ (8uv(—p3 + pa)

X [-i%)‘"}’“][‘s'u“?'l“(l)ﬂ F8un(=Pa — Q) + (g + p3)o ey af)e; al]

M = —gg ! IF(Z)V;(}‘] — ﬂ4 + mc)ﬁ]u(l)l a‘,’af(c;}f’). 1)
8 p1pa




colour flow in hard processes:

One Feynman graph can correspond to several possible colour flows,
e.g. forqg — qg:

/)

=

J

=




Quarks and gluon loops, running of oy:

quark loop gluon loops

quark-gluon loop

Quark loops: increase o;(|q?2|) with |q?|

Gluon loops: decrease o(|q?|) with |q?

as(uz)

2 2
1+ [as(u?)/127)(11n — 2f) In(|q?|/n?) (191 > 1*)

as(1q*)) =

Leading log approximation. This formula gives the running of a(|q?|). If
we know it at |q%|=y, we can calculate in for every |q?|.

n: # of colors(=3)

f : # of flavors,
which are open
at |q’|




Running of ay:

as(ﬂz)

2y 2 2
7D = T wgdymaiin — 2 magizey )

The energy scale p must be chosen such that &s(|g?|) <I, otherwise the
power expansion does not converge and perturbation theory is not valid.

One can define the A - Parameter: InA?2 =lnp? —12n/[(11n — 2f)as(u2)]

Then the single parameter A ) 127 " )
. : — A

determines the running of o s(lq°1) (11n — 2f)In(|g%|/ A?) (Ig°1 > A7)

From experimental measurements on finds: 100 MeV <A < 350 MeV

One usually choses u = m, as a reference scale, since a,(m,?) has been measured
very precisely at LEP. With the formula above, values measured at other energies

can be extrapolated to m,.



Running of ay:

The renormalization scale dependence of the effective QCD coupling ag = gg /4T is
controlled by the [-function:

Wt =2Ben) = ol — el — ol —
ﬁozll—gnf,
ﬂl=51_%9nf,
@:2857—5’%ﬁnf+%n§,

If one solves the differential equation an integration constant appears, which is the value
of ats at a fixed reference scale yo. One often chooses pp=Mz as mentioned earlier.

as (1) do
Jexy ko) B

The value of as(p) can then be calculated from: log (,u2 / u%) =



Experimental measurements of o

0.5
July 2009
a(Q) | |
s a Deep Inelastic Scattering
04 | oe e’ Annihilation ]
T ' T ' T o= Heavy Quarkonia

t-decays (N3LO) :.04
Quarkonia (lattice) K-I).

1
Y decays (NLO) —0— 0.3

1
DIS F, (N3LO) —o— |
DIS jets (NLO) '—rO—"

, 02|
ete™ jets & shps (NNLO) ——O+—

1
electroweak fits (N3LO) l—:o—i
ete™ jets & shapes (NNLO) —o— 01l

011 o012 o013 = QCD «¢(Mz)=0.1184 £ 0.0007
1 10 100
os(Mz) Q [GeV]

Summary of measurements of o, (m_?), Summary of measurements of o,
used as input for the world average as a function of the respective energy

value (from Particle Data Group). scale Q (from Particle Data Group).



5.3 Jet production at hadron colliders

Event 1111313_,RL‘\n: 152507 EventType DATAmnpretc o,gigs,s,ss,s,ngpm,10,11,11,1;,45,15,17,49,1‘9,:1,13,55 5527,2%,80

CDF (¢-r view)

E+ =633 GeV
n = -0.19

A two jet event at the Tevatron (CDF)

Dijet mass = 1364 GeV/c?

E; =666 GeV
n= 043




5.3.1 Theoretical calculations

do M |?
~(ab — cd) = —|16 J2
Leading order dt (16ms?)
%}% Subprocess IM|?/ g} | M(90°)|2/ g3
aq'—>qq'f 9 2
4 /5% + 42 .ﬁg—{»—t“‘] 8 §° 2 3
w-w (Gt Te ) v ~
, 4 1%+ a?
97— 49’ = 0.2

E
...some NLO contributions 4 /(82 +02 {?+42
(‘1(17 — ("(;: ( ~n T an - G
9\ t=¢ 8*
a0 a3 1 £3 22 , 29
>wvvvw<< >wvv€< e 32 @®+1 8 j_,t 10
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* Right: Results of the LO matrix elements for the various scattering processes,
expressed in terms of the Mandelstam variables s, t and u. (Kripfganz et al, 1974);
* gg scattering is the dominant contribution under n = 0;
(sensitivity to gluons, sensitivity to gluon self-coupling, as predicted by QCD)
* NLO predictions have meanwhile been calculated (2002).



The composition of the partons involved as function of the p; of the jet
at the Tevatron:

0.8

0.6

0.2

fractional contributions

04 F

gg — jets

]

inclusive jets: Tevatron Run Il

gq — jets

ly|<0.4
qq — jets -

100

200 | 400 |
pr (GeV)

* qq scattering dominates at high p;

However, gluons contribute over the full range

Tevatron,
ppbar, Vs = 1.96 TeV,
central region |n| < 0.4



5.3.2 Experimental issues

d20 / de dn = N / (8 . L ) A pT ) An) Jor pTlBOOI_7Od A 'I-DQI_Rt_mII
preliminary
* In principle a simple counting experiment 10°
» However, steeply falling p; spectra are 10° _
sensitive to jet energy scale uncertainties ;
and resolution effects (migration between bins) 10
— corrections (unfolding) to be applied o 1
-08 -0. -0. -0. -0. : 0.l4 0;6 0.€
« Sensitivity to jet energy scale uncertainty: \ (P o Prptc?Pr
DJ: 1% energy scale error
— 10% cross section uncert. at |n|<0.4 Ne AR
0.4

032 DG Run Il '/__\ /_\

3 — Total uncertainty

oof - Jet Energy Scale = i
- = Unfolding ' | N\ 7/

T
©
—

-
- , e ®
| - fasgeeeee-e-ate . L e aa

e ., P,
-0.2[— =

relative error on jet p_cross section

- — Efficiency
03f |y <04 Major exp. errors:
04566200 306 400 506 600 700 energy scale, luminosity (6%)....

P, (GeV/c)



Jet reconstruction and energy measurement

« Ajet is NOT a well defined object 5 on '.< /
(fragmentation, gluon radiation, detector response) ; ' >'

» The detector response is different for particles § FH — ,I
interacting electromagnetically (e,y) and for I ,
hadrons ‘

— for comparisons with theory, one needs to
correct back the calorimeter energies to the
,particle level® (particle jet)

Common ground between theory and experiment

* One needs an algorithm to define a jet and to
measure its energy

conflicting requirements between experiment and
theory (exp. simple, e.g. cone algorithm, vs.

theoretically sound (no infrared divergencies)) . <t e——

P p
» Energy corrections for losses of fragmentation products

outside jet definition and underlying event or pileup
energy inside

+

1

' q
= 1 o
g 1 |
5 a4
< 1 '
—
< ' /
o,

=li0iq |



Infrared and collinear safetiness

» To compare an experimental result
with theory, often jet counting is
involved (for example, inclusive jet
cross section

*Need to have a jet reconstruction
algorithm which is “collinear” and
“‘infrared” safe

*Collinear safe: jet definition
independent on the presence of
partons radiated collinear to the quark

Infrared safe: jet definition
independent on the presence of soft
radiation

Figure 4.3: Collinear safety violation. The splitting of one tower into two can
change the jel properties.

Figure 4.2: Infrared safety violation: the radiation of a soft gluon can change the
jet properties.



A family of “safe” algorithms

* The k; family algorithms are the most used nowadays
* For every pair of particle |,j compute d;

AnQ i A¢2
RQ

dz'j — mfm(E%Z, E%j) [ !=j

dij e E% i = | - If a = -1, one has the Anti-k; algorithm

Find d,,i, = min(d;, d;;).

If dipin = d;; for some j, merge tower ¢ and j to a new tower k with
L g
momentum pj = pj + pj.

If d,,;, = d; then a jet is found.

Iterate until the list of tower is empty.



Main corrections:

« In general, calorimeters show different response to electrons/photons and
hadrons

« Subtraction of offset energy not originating from the hard scattering
(inside the same collision or pile-up contributions, use minimum bias data
to extract this)

« Correction for jet energy out of cone
(corrected with jet data + Monte Carlo simulations)




o

Regsponse,
EN

-
N

0.6

0.4

Jet Enerqgy Scale

Jet Response vs Jet Energy (R = 0.7 Cone)

Do Run II P;reliminiary :
] L I ' I l

50 100 150 200

250

E (GeV)

Jet response correction in DQ:

* Measure response of particles
making up the jet

» Use photon + jet data - calibrate
jets against the better calibrated
photon energy

= r-anam WAVAVAVS
Y g Y
"
g 5 g g
9 . 10900Q

» Achieved jet energy scale uncertainty:

DJ: AE/E ~1-2%
(excellent result, a huge effort)



Jet energy scale at the LHC

Example: Z + jet balance

« A good jet-energy scale determination is

essential for many QCD measurements [ Zoeetioninat. e
10 e o
(arguments similar to Tevatron, but kinematic S 200pe o =
range (jet p;) is larger, ~20 GeV — ~3 TeV O R i
9e pT) < ) 1§MW%
* Propagate knowledge of the em scale to ‘°WWW
the hadronic scale, but several processes LA, Aws |
are needed to cover the large p; range PO T e G
T 0.045 arxiv/0901.0512
Measurement | Jet p; range N 0.02- 1
process = % , T
o0z T +
Z + jet balance | 20 < p; <100 — 200 GeV al-0.04F
-0.065 +
y + jet balance | 50 < p; <500 GeV 0085 5o b1 o e PT)
(trigger, QCD background) 0-(:.;;: Coneo7 jets N
MU'tlJet 500 GeV < P _0:1 4§_ A tuth, (PT(e)+PT(2)2
balance -0-16;‘ATLAS
G 06" 150" 200 250" 300 350 400
P; Z (GeV)
Reasonable goal: 5-10% in first runs (1 fb™") Stat. precision (500 pb-'): 0.8%

1- 2% long term Systematics: 5-10% at low p1, 1% at high p;
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10

Test of QCD Jet production

Inclusive Jet Cross Section

g «+D@ Runll Data, L, = 34 pb”

3 Er”

E —NLO CTEQ6M, R,,, =13, pg=jtp ==

Cone Algorithm

N R.one =0.7

= |nl<05

- —.—

- DO Run Il preliminary :
lllllllllllllllllllllllllllllllllllllllllllllll[

100 150 200 250 300 350 400 450 500 550
Jet Transverse Momentum [GeV / c]

An “early” result from the
D@ experiment (34 pb)

Inclusive Jet spectrum as a function
of Jet-P;

very good agreement with NLO
pQCD calculations over many
orders of magnitude !

within the large theoretical and
experimental uncertainties



Double differential distributions in pr and n

CDF Run II Preliminary
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-g_|_10 s 1.6<|y|<2.0 (x2)
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o 10?
10
TE s =1.96 TeV
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10°s — NLO pQCD
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10°e CTEQ6.5M Bo=H_ =P
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PRL 101 062001 ('08)

* Measurement in 5-6 different rapidity bins, over 9 orders of magnitude, up to p; ~650 GeV
« Data corresponding to ~ 1 fb-? (CDF) and 0.7 fb-' (DQ)



Comparison between data and theory

- D@ Run Il Reone = 0.7 + NLO pQCD R =K =P; + ® Data _ _ ]
1.5F L =0.70 fb" — +non-perturbative corrections _ + Systematic uncertainty ]
T A T ]
> C ++ I ]
o 0.5f iy } ¥ E
2 rlyl<04 T 04<]y|<0.8 T08<|yl<1.2 ]
= %\}\I\I\.\l\\\\\.\\\\l\\l\\.\\l‘;'_I\\l\\l\l\l\'\\\\\\\l\\\§\\l\\.\\};:W&W =
% 33 NLO scale uncertainty =— CTEQ®6.5M with uncertainties /

T 1.50 e T MRST2004 .7 T ’,' ]
 mmee o e TS ]
T SR TR '
0.5F i ¢ Y :

F 1.2<|y|<1.6 I16<|y|<2.0 I120<ly|<24 PRL 101 062001 ('08)
O_O-_u'uuuu 1 1 1 ||_“_|\||||i 1 1 1 ||_“_|\||||i 1 1 1 [ W |
50 100 200 300 50 100 200 300 50 100 200 300 p. (GeV)

b

- CDF and D@ agree within uncertainties Gluon distribution at @* = 10°GeV*

Z

MSTW 2008 NLO (90% C.L.)

MRST 2004 NLO

- Experimental uncertainties are smaller than
the pdf uncertainties
(in particular large for large x, gluon distribution)

===—== CTEQ6.6 NLO

-
w
|Illl||lll||ll||lll|

-

A
A
!
1.

\\\\\\

Ratio to MSTW 2008 NLO

= IIIIIIlllII'lHi'i’lv(’v;“lllll Ill{‘hl

- Wait for updated (2009) parametrizations 07E-
_ = hep-ph:0901.0002
(plans to include Tevatron data, to better 08E" |
constrain the high x-region) o o.lz o.la 0.14 ojs o:s 0.11 8



Di-jet anqular distributions

* reduced sensitivity to Jet energy scale
* sensitivity to higher order QCD corrections preserved

2 10% ' 2 i
év - Dg "'.' 8 2 k Dg
g J ® P > 180Gev (x@000) ; = E l
5 10°F 0 130 <pf™< 100 GeV (400) 9 ——ﬁM
03 i ® 100 < p™ < 130 GeV (x20) Z i pT™* > 180 GeV
© 1OJ:I:I 75 < pf™ < 100 GeV ; PRSI oty SR
-1 w [ (] u,. uy dependence
o e 2p —— PDF uncetainty
- 10% - .
: [ l 130 < p7™ < 180 GeV
. SR - —
o [
2 |- {
1k s :
- 1 w—:
ol SRS LRl
E - NLOJET++ (CTEQS.1M)
J g ---- LO 2 E
Rl : ! NLOJET++ (CTEQ®.1M) ) o o322 ooo
.3. vl&=111=05l}|-m F ¢ 75 < p™ < 100 GeV
10 e " ] PR BT Tt PR RS | PR R
n/2 An/4 n /e 34 B

A"dlﬁ (rad) A"dlm (rad)

Good agreement with
next-to-leading order QCD predictions



High p jet events at the LHC

N ©
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= W a
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T T I T T T T T T 1

a

1 \\
Run Number: 167607, Event Number: 40296085 5 \ : ‘
Date: 2010-10-25 05:59:48 CEST - 1so 360

Event display that shows the highest-mass central dijet event collected during 2010, where the two leading jets
have an invariant mass of 3.1 TeV. The two leading jets have (p+, y) of (1.3 TeV, -0.68) and (1.2 TeV, 0.64),

respectively. The missing E; in the event is 46 GeV. From



An event with a high jet multiplicity at the LHC

UATLAS|
1 EXPERIMENT

Run Number: 166198, Event Number: 100726931

Date: 2010-10-05 03:27:52 CEST

The highest jet multiplicity event collected by the end of October 2010, counting jets with p; greater than 60 GeV:
this event has eight. 1st jet (ordered by p;): pr =290 GeV, n =-0.9, ¢ = 2.7; 2nd jet: p; = 220 GeV, n = 0.3,
¢ =-0.7 Missing E; = 21 GeV, ¢ =-1.9, Sum E; = 890 GeV. The event was collected on 5 October 2010.



Initial jet energy scale calibration:

g 1.87 T I

Z  Fe PYTHIA 6 ]

2 1'7; anti-k, jets, R==0.6
o

o : ) .

w 1.6 e 03<Inl<0.8 -

i :

C 21<Inl<28 ]

O 1.5/ . : " 3

S : A a

) C ° .

<>: 14; A ) 7:

- A [ ] .

, ° 7

1.3 A A LIPS ]

C A ® o .

| A L] [ |

1.2 Paa "

- ATLAS A7

1.17 1 1 1 1 \‘ 1 1 \7

20 30 40 102 2x10? 10°

PEM[GeV]

Average jet energy scale correction, evaluated
using PYTHIA 6, as a function of jet transverse
momentum at the EM scale for jets in the central
barrel (black circles) and endcap (red triangles)
regions, shown in EM scale p; bins and n
regions.

Fractional JES Systematic Uncertainty

0.1 8 [ T T T T T T T T I T T T T T T T T _]
C anti-k, R=0.6, 0.3<Inl<0.8, PYTHIA 6 .
0.16 :_ [ J Underlying event (Perugia0) O Fragmentation (MC09-Pro) _:
01 4 T A ALPGEN, HERWIG 6, JIMMY A Shifted Beam Spot ]
E | Additional Dead Material O Hadronic Shower Model E
012 Noise Thresholds ~ =====-- LAr/Tile Absolute EM Scale ]
0.1 C X JEScalibration non-closure ~ [__| Total JES Systematic Uncertainty |
0.08F =
0.06 ]
0.04 —
0.02
0 C A\ oay) > K 2s] os] 3
20 30 40 10 2x10 10
P, GeV]

Fractional jet energy scale systematic uncertainty
as a function of p; for jets in the pseudorapidity
region 0.3 < |n| < 0.8 in the barrel calorimeter.
The total systematic uncertainty is shown as the
solid light blue area. The individual sources are
also shown, with statistical errors if applicable.



Further improvements

Several in-situ techniques have
reduces the jet energy scale

uncertainty significantly: 0.12
0.1
- Single particle response .

- Di-jet balance
0.06

And, more recently: 0.04

- Gamma + jet balance 002

- Z + jet balance

Fractional JES systematic uncertainty

Strong impact on all measurements
involving jets

T T |
Anti-k, R=0.6, EM+JES, 0.3< |n| < 0.8,
ALPGEN+HERWIG+JIMMY

JES calibration non-closure
Single particle (calorimeter)
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