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5.1 Introduction

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

* QCD process, originating from
dqg, g and gg scattering

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

Leading order

2SS 1
/N - Comparison between experimental data and

’ & f M %"fﬁﬁ theoretical predictions constitutes an important
% N il oy test of the theory.

...some NLO contributions AT .
Deviations?
>wm<< >m‘*§< — Problem in the experiment ?
Problem in the theory (QCD) ?
>m€ %:;{ 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

iIn @ 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(s)
QED electromagnetic electric charge | Photon
QCD strong colour charge Gluons
Coupli tants
oupling constan s 1) = (rb+ E?F)/-\/E
ge=Vira  QED 2) = —i(rb — bF)/V/2
gs =VIra, QCD 3) = (17 — bb)/v/2
Color Octet 4) = (rg -|-_grj/_\/§ ‘
Gluon Colour states 5) = _E_(;g _ gf)‘/\/j
: 6) = (bg + gb)/ V2
c= (D) red 7> = —i(hg—_gb)/ﬁ
0 8) = (r7 + bb+2¢7)/v6
c= ( ) blue
Color Singlet |9) = —i(r7 + bb + gg)/V3

o o O = o

= ( ) green

Color Singlet gluons do not exist. Since the gluons
have m=0, this would give a strong gravity force.

— e —————



Quark and gluon states:

a quark is

characterized by

- momentum p Color states of the gluon

- spin state s
- color state ¢ /1\ /U\
0 1
0 0
ne) (p)c G| o oo
I S o] |O
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 e



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

0 1 0 0 —i 0 1 0 0 0 0 1
M=110 0 MN=[i 0 0 M= 0 -1 0 M=1000
0 0 0 0 0 0 0 0 0 1 00
0 0 —i 0 0 0 0 0 0O 1 0 O
XN=| 00 0 N=| 00 1 AM=| 00 —i )\S:w% 01 0
i 0 0 0 1 0 0 ¢ 0 00 -2
The commutators of the A-matrices define the structure constants of SU3.
There are 8x8x8=512 structure constants.
[,\“} ,\'3} = Zifﬂf"‘% AT Most are zero, except for the following and their
antisymmetric permutations.
with fﬁﬂc'r _ fﬂc'rﬁ _ _f&ﬁ'r 123 _

147 246 257 345 516 637 _
completely antisymmetric r=rr=rr=rr=rr=s
f:lEE fﬁ?ﬁ \/7




Feynman rules for QCD:

|. External Lines
2. Propagators
Quark incoming u'*)(p)c i(y* gy +me)
outgoing u'*)(p)ct 44 g?—m3c?
Antiquark incoming ¥'¥)(p)ct g _Eg“f;’ i
outgoing v'*)(p)ec .
Gluon incoming €,(p)a®
outgoing € (p) (a*)"
3.Vertices 4. Internal Loop Diagrams

More complicated than in QED.

Gy Not treated here.
e '.“||, N0, .
5. O-function for momentum

. f conservation

*
3
[t |.i =%
r
P
=




Example: invariant amplitude for u dbar - u dbar scattering

—iguy 5oB

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.
L —1gg ; __3..93 8 _v E
5 A% 5 APy
_ N 19y 0" [ .95
—iM = @(3) { Y ﬂ u(a—5—0(2)c} [—g?a o } v(4)ey
_g?
M= [@(3)y*u(1)] [5(2)y,v(4)] [c§ A%e1] |3 A%ed]




Example (ii): u ubar - gg

(2) (4)
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colour flow in hard processes:

One Feynman graph can correspond to several possible colour flows,
e.g. for gg — qgg:




Quarks and gluon loops, running of a.:

quark loop gluon loops quark-gluon loop

—

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

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

n: # of colors(=3)

2
2 os () 2 2 f:# of flavors,
" — . > .
00 = T gyt —migey 77 which are oper
at |q7]

Leading log approximation. This formula gives the running of ois(|q?|). If
we know it at |g2|=u, we can calculate in for every |q?|.



Running of oy

os(1g°[) = o)
= T )/ 127100 — 2f) In(1g2] /1)

(16%] > u?)

The energy scale y must be chosen such that 0s(|q?|) <I, otherwise the
power expansion does not converge and perturbation theory is not valid.

One can define the A - Parameter: In A2 =In ‘uz — 127 /[(11n — Zf)as(uz)]

Then the single parameter A ) 127 ) 5
. : ; = > A

determines the running of o (|97 (11n — 2f) In(lg%|/A2) (97| )

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

One usually choses p = 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,.



Experimental measurements of a.:

T-decays (N3LO) |'-o-|
. |
Quarkonia (lattice) IOl
|
Y decays (NLO) —o—
I
DIS F> (N3LO) —O— :
DIS jets (NLO) —O—
|
ete jets & shps (NNLO) ——O+—
1
electroweak fits (N3LO) l—:o—l
ete™ jets & shapes (NNLO) —o—
Lo e B e e e e
0.11 0.12 0.13
o (Mz)

Summary of measurements of o (M),
used as input for the world average
value (from Particle Data Group).
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Summary of measurements of o,
as a function of the respective energy
scale Q (from Particle Data Group).



5.3 Jet production at hadron colliders

19,21,23,56/58,27,2%,80

I

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
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...some NLO contributions
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Theoretical calculations
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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);

* Qg scattering is the dominant contribution at n = 0;

(sensitivity to gluons, sensitivity to gluon self-coupling, as predicted by QCD)

* NLO predictions have meanwhile been calculated (2002).

4
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The composition of the partons involved as function of the p; of the jet
at the Tevatron:

1 T T T T T T |
i inclusive jets: Tevatron Run Il
y|<0.4 Tevatron,

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

08 [

06 | qq — jets |

fractional contributions

50 100 200 400

* Qg scattering dominates at high p.

« However, gluons contribute over the full range



5.3.2 Experimental issues

d’c/dp;dn = N/ (e-L-Ap;-An)

D@ Run Il

preliminary

* In principle a simple counting experiment

« However, steeply falling p; spectra are
sensitive to jet energy scale uncertainties
and resolution effects (migration between bins)
— corrections (unfolding) to be applied

-08 -06 -04 -02 -0.0 (0,2 - 04 . .0’1.5. -O.E
- Sensitivity to jet energy scale uncertainty: \ P jor ProptelPr prcy
DJ: 1% energy scale error

— 10% cross section uncert. at [n|<0.4 N1, e
°-4F Do Run II
0.3 — Total uncertainty

ool - Jet Energy Scale E
- — Unfolding e ©
SO S

:'Il-—.,:-

T
©
—

relative error on jet p_cross section

'0; e
[ eeseeeTeeee” I S S S -
-0.1 . . b . - PT
-0.2[ . . =
- — Efficiency
03F |y l<04 Major exp. errors:
045405 500 300 400 500 600 700 energy scale, luminosity (6%),...

P, (GeV/c)



Jet reconstruction and energy measurement

* Ajetis NOT a well defined object

M
ja =
o

(fragmentation, gluon radiation, detector response)

» The detector response is different for particles FH —

interacting electromagnetically (e,y) and for
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

calorimeter jet
-

* 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))

» Energy corrections for losses of fragmentation products \ .
outside jet definition and underlying event or pileup q

energy inside

WL,



Infrared and collinear safeness

» 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 Figure 4.3: Collinear sofety violation. The splitting of one lower into fuo can
“infrared” safe change the jet properties

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

* Infrared safe: jet definition o ity Salibns T wucileons o el g s o 4
independent on the presence of soft
radiation



A family of “safe” algorithms

* The k; family algorithms are the most used nowadays

 For every pair of particles i,j compute dij

AP+ A g
RZ

dij = min(E7;, E7;)

REN
dz‘j o E% L] * If a = -1, one has the Anti-k, algorithm
Find dp, = min(d;, d;;).

If dipin = d;; for some j, merge tower ¢ and j to a new tower k with
i — l [ l
momentium [_7‘1, — pf‘- —|—p’;-.

If d,i, = 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 simulation)




Jet Energy Scale

Rgsponse,

- Jet Response vs Jet Energy (R = 0.7 Cone) Jet response COI'reCtlon In DQ
A ®* Measure response of particles
i making up the jet
1) I N SN N —
! « Use photon + jet data - calibrate
) IR S S S S— jets against the better calibrated

photon energy

q >
‘Y q '\{

i g —
T R R R — d g

| DO Run Il Preliminary

i | | ! l | ] | l | ° I I I .
0.4 50 100 150 200 250 Achieved jet energy scale uncertainty:

E (GeV)

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



Jet energy scale at the LHC

« A good jet-energy scale determination is
essential for many QCD measurements

(arguments similar to Tevatron, but kinematic
range (jet p7) is larger, ~20 GeV — ~3 TeV)

* Propagate knowledge of the em scale to
the hadronic scale, but several processes
are needed to cover the large p; range

Measurement | Jet p; range
process

Z + jet balance | 20 < p; <100 — 200 GeV
v + jet balance | 50 < p; <500 GeV
(trigger, QCD background)

Multijet 500 GeV < p;
balance

Reasonable goal: 5-10% in first runs (1 fb")
1- 2% long term

Example: Z + jet balance

I-:‘-!-EH'IjEt incl. s 7 g8+ nkg

1ot Coned7 jets - I:; QCD
L Top
- 200 =1
r po R * |
& - [ R

)

o= -y 10
1 Y\ (NS _':ﬁ'{:&i"*‘*ﬁﬁ"&

10 [LﬂPJFUFIIILUJv] e oo
S

L]
50 60 70 BO B0 100 110 120 130 140 150
Mie &) (GaV)
T 0.04F .
N 0.02F arxiv/0901.0512
Q-‘:'- -0t & -{—
802 % ¢
ﬂ- - = +‘ﬁl._‘
~ C + — +
a=-0.04
0.06F +
- & reco, PTIZ)
~0.08; 500 ph-1
-0.1 ; A& tuth, PT(Z
= Cone07 jets P12
-0'12:_ Almmam | N PN T
_0_14:— A truth, (PT{jetl+PT(Z)y2
.16 ATLAS
-0.18__||||IIII|II|||||||||||||||||||||||||||||
50 100 150 200 250 300 350 400

P, Z (GeV)

Stat. precision (500 pb-'): 0.8%
Systematics: 5-10% at low p+, 1% at high p;



Test of QCD Jet production

Inclusive Jet Cross Section.

E=]

=10
__-E «D@ Runll Data, L, = 34 pb’
S0t g™
:é_ —NLO CTEQ6M, R, =13, uz=pe = >
—10
a
=10 |
b F Cone Algorithm
© :
=l Recrs =0.7

107 ==

In|<0.5
10°F
- DO Run Il preliminary 3
10_3 Loyl PR R ||I.||I||: |

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

An “early” result from the
DJ experiment (34 pb1)

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 p; and n

CDF Run II Preliminary
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* 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

4

- D& Run Il Rera = 0.7 1 NLO pQCD Ho =M =P + ® Data _ | :
1.5F L=0.70 i’ —;- +Non- perturbatwe correctlons + Systematic neatanly 3
1.0f T : 5 -
o T .++ - ]
0 0.5 T T -
2 lyl<04 T 04<|y/<0.8 r08<|yl<1.2 ]
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D_D-_i o111 | 1 1 L ‘-_;\' L1 11 ] ] 1 L1 -.-I I | 1 ' |
50 100 200 300 50 100 200 300 50 100 200 300 p_ (GeV)

- CDF and D@ agree within uncertainties

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

Ratio to MSTW 2008 NLO

Gluon distribution at Q% = 10* GeV?

1.5
1.4
13
1.2
1.1

MSTW 2008 NLO (90% C.L)  fomghunisias et

MRST 2004 NLO

S CTEQ6.6 NLO

1B RN
09 \—;
08F s
%7E"  hep-ph:0901.0002 3
0sE- )
0.5: 1 1 1 1 1 —

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X



Di-jet angular distributions

* Reduced sensitivity to jet energy scale
 Sensitivity to higher order QCD corrections preserved

& .' = .

21 pg i s DO

2 ® pr s 160 GeV (xB000) ; = s il

"5 Do 130 <pf™ <180 GeV (x400) 9 L E S = e ot LN
Aq)dijet u% B 100 < pf™ < 130 GeV (x20) = 3 | T E™ s 180 GeV

@ o3 0 75<pf™<100 Gev = ol il

-1 ; o I 1 . 1y dependence

& ; o 2p —— PDF unesriaily

™ 10 e | "

130 < pi™ < 180 GaV
P I T I

seas [0

T S
- 1uu<lnr"".;|snulﬁav
NLOJET ++ (CTECSS. M)
NLOJETs+ (CTEQB M) | 50

10 : ol ik
10 l.I.- s
.3 5
10 e : : = — "
;) Ami4 n T Am'd Tt
A gy (rad) A gy (rad)

M=y =05 pr™ 75 < B < 100 GeV
P I — i i i

Good agreement with
next-to-leading order QCD predictions



High p+ jet events at the LHC

bar Mumiber: 1
L T Diote 2016-10-25 £5-55-48 CEST

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

A EXPERIMENT

Run Murnber: 166128, Event Mumber: LOO728931

Drate; 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: py = 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:

8 1,8_ T T T T T T T II T T T T T T T I_

B - o PYTHIA 6 ’

e 17 anti-k jets, R=0.6 -
o

(&] C [ ] ]

» 1.6 e 03<Inl<0.8 7

9 F . -

C A 21<Inl<2.8 ]

© {50 . "l -
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C A ) n
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- ATLAS 4y

1.1_ 1 1 1 1 II 1 1 1 1 1 1 1 I_

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 Uncertaint

> 0_1 8 r T T T LI | T T T ]
- anti-k, R=0.6, 0.3<nl<0.8, PYTHIA 6 .
0.16 :_ [ J Underlying event (Perugia0) @] Fragmentation (MC09-Pro) _:
0.14 A ALPGEN, HERWIG 6, JIMMY A Shifted Beam Spot ]
E B Additional Dead Material 0  Hadronic Shower Model E
0.12— v nNoise Thresholds ~ =====-= LArTile Absolute EM Scale ]
0.1 :_ X JES calibration non-closure  [____| Total JES Systematic Uncertainty_:
008 ATLAS -
0.06— ]
- $ O —
0'042 *_.[:'.E .......... O.... B....Q..g..ﬂ-.g_a ............. =
ooz | B 4y ® 1
0 : ﬁ $ % 1 B 1 |R| i
20 30 40 102 2x10° 0°

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 reduced

the jet energy scale uncertainty
significantly:

- Single particle response

(E(calorimeter) / p(tracking detector)

measurements)
- Di-jet balance
And, more recently:

— vy + jet balance
- Z + jet balance

Strong impact on all measurements
involving jets

Fractional JES systematic uncertainty

©
M

o
"t

0.08

0.06

0.04

0.02

1 Ll I
[ AL PGEN+HERWIG+JIMMY

&
x JES calibration non-closure
o Single particle (calorimeter)

Atk A=006, EMGJES, 0.05< |1 | < 08, Data 2010 + Mante Carla incl jeis

¥ Moize thresholds
PYTHIA PERUGIAZO1D

] Additional dead matarial

I | Total JES uncertainty ]
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8 g 45 2"
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Final uncertainty in 2011 data

Anti-k, R = 0.4, LCW+JES + in situ correction
Data 2011, Vs=7TeV,[ Ldt=4.7fb"
n=0.5

(] Total uncertainty

senn Z4jet

y+jet

=+ =+ Multijet balance
n-intercalibration
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Jet energy resolution

Select di-jet events in back-to-back-topology in transverse plane
(additional activity is corrected for in complicated procedure)

Consider asymmetry in p;balance
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First measurements of jet p; spectra:
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Inclusive jet differential cross section as a
function of jet p; integrated over the full region
ly| < 2.8 for jets identified using the anti-kt
algorithm with R = 0.4. The data are compared
to NLO pQCD calculations to which soft QCD
corrections (e.g. underlying event) have been
applied. The error bars indicate the statistical
uncertainty on the measurement, and the grey
shaded bands indicate the quadratic sum of the
systematic uncertainties, dominated by the jet
energy scale uncertainty. The theory
uncertainty shown in red is the quadratic sum
of uncertainties from the choice of
renormalisation and factorisation scales,
parton distribution functions, a,(m;), and the
modelling of soft QCD effects.



From 2010 to 2011 data
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Recent LHC measurement
(full ATLAS dataset at 7 TeV)

JHEP 02 (2015) 153
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- PDFs result in a significant uncertainty in the
theoretical prediction at large p; and at large
rapidities

- Scale uncertainties at the level of =5% at low p,
growing to =10-20% at high p-
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Experimental uncertainties
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Experimental uncertainties are dominated by
uncertainties on the Jet Energy Scale

(largest at high p)



Detailed Comparison between data and theory

JHEP 02 (2015) 153
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Study of Compatibility

JHEP 02 (2015) 153

900 [T T T T | T T T T | T T T T T T T T T T T T T T T T | T T T T g 900 : T T T T I T T T T I T T T T T T T T T T T T T T T T I T T T T 4
- ATLAS 2 1 £ b ATLAS 2 E
700 f_ \/g =7Tev 7= Median - 700 vg =7Tev /7= Median —
500 - anti-k, jets,R=04 - Mean sooF. ant-k, jets, k=06 oo Mean 3
- lyI<05 T Ndof - = <05 s Ndof  :
400 25 - 4001 [D:20
300 NLOQCD = 300 NLOQCD
200C Poss 084 3 200 Pops: 0-52 E
1002— _i 100;— —;
b L it O 20 30 40 50 80 70
0 10 20 30 40 50 60 70

=
N
=
N

The x2 distribution of pseudo-experiments (black histogram) for NLO pQCD prediction
using the CT10 PDF set for jets with R=0.4. The full information on the uncertainties,
including their asymmetries and correlations is used. The black vertical dashed (solid) line
indicates the median (mean) of the distribution, while the green (yellow) band indicates the
*+10 (£ 20) region. The blue dot-dashed vertical lines indicate the observed x2obs with
the corresponding observed p-value, Pobs, given in the legend. The pink dotted lines show
the number of degrees of freedom.



Angular correlations:

The differential cross section (1/sigma)(d
sigma/d delta phi) binned in nine p;m2 regions.
Overlaid on the data (points) are results from
the NLO pQCD calculation. The error bars on
the data points indicate the statistical (inner
error bar) and systematic uncertainties added in
quadrature in this and subsequent figures. The
theory uncertainties are indicated by the
hatched regions. Different bins in pTmax are
scaled by multiplicative factors of ten for display
purposes. The region near the divergence at
delta phi --> pi is excluded from the calculation.
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Ratio between data and
NLO calculations:
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expectations from NLO pQCD (points). The theory uncertainties are indicated by the hatched regions. The
region near the divergence at delta phi --> pi is excluded from the comparison.



Invariant di-jet mass spectra, ratio data/theory:

JHEP 05 (2014) 059
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Important for: - Test of QCD
- Search for new resonances
decaying into two jets (see later)



Invariant di-jet mass spectra, ratio data/theory:
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- Test of QCD
- Search for new resonances
decaying into two jets (see later)

Theory/data
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The x? distribution of pseudo-experiments (black histogram) for NLO QCD using the CT10 PDF
set. The full information on the uncertainties, including their asymmetries and correlations, is
used. The black vertical dashed (solid) line indicates the median (mean) of the distribution, while
the green (yellow) band indicates the = 10 (£ 20) region. The blue dot-dashed vertical lines
indicate the observed x?, with the corresponding observed p-value given in the legend. The pink
dotted lines show the number of degrees of freedom, 21 for (a) and 61 for (b). The plots
correspond to (a) the range y* < 0.5, and (b) the first three ranges of y* < 1.5 combined, for jets
reconstructed with radius parameter R = 0.6.



In addition to QCD test: Sensitivity to New Physics
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Latest results (2014), including full LHC Run-1 dataset

Di-jet mass spectrum provides large
sensitivity to new physics

e.g. Resonances decaying into qq,
excited quarks q*, ....

Search for resonant structures in the
di-jet invariant mass spectrum
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5.4 Impact on the parton density distributions

« As discussed before: there is a sizeable gluon contribution in the QCD jet
cross sections; even larger at the LHC than at the Tevatron

Tevatron,\'s = 1.96 TeV

LHC,\'s =14 TeV
1 I .
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« The gluon distribution, at particular at large x-values (high P+ jets) is not well
constrained from deep inelastic scattering or other experiments

- large uncertainties



ATLAS data at 7 TeV:
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Since the experimental uncertainties are smaller than the pdf uncertainties,
the latter can be reduced / pdfs can be more constrained



Tevatron jet data are included in recent pdf fits:

* Reduced pdf uncertainty
(already included and used in recent cross-section calculations at the Tevatron
and at the LHC)

Gluon distribution at @ = 10* GeV?
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It is expected that LHC data will be added as well very soon - further constraints



Relevance for Searches for new physics:

Several models for new physics, e.g. quark substructure, predict deviations
from the QCD behaviour at large PT

Effects from pdfs and “new physics” must be separated

Famous “historical
example™
evidence for quark
substructure in the
CDF experiment
in 1997
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Observed deviation in tail ........
was this a sign of new physics ?



Some important comments:

« Disentangling the effects of pdfs and “new physics” is not easy

« All data entering the pdf fits must be described in the global fits by the
pdf fitting groups.... it is important to have uncorrelated data sets
(different physics processes, accelerators, as little common systematic
uncertainties as possible)

« pdf uncertainties must be evaluated and interpretation of new physics
must take these uncertainties into account

Evaluation of pdf uncertainties:

(i) Uncertainties on the fitted parameters, within one parametrization
(these uncertainties are provided by the pdf-fitting groups)

(i) As an additional check = systematic uncertainties
a comparison between different pdf fits (groups) must be performed

(iii) Uncertainties on the strong coupling constant o
(enters via pdf evolution)



Error bands of individual parametrizations and consistency among them:

« MSTW (2008) is always used as a reference

 uncertainties depend on the x-values or the c.m.s energy of the parton-parton-
system

gg luminosity at the LHC:

gg luminosity at LHC (s = 7 TeV) 99 luminosity at LHC (/s = 7 TeV)
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Error bands of individual parametrizations and consistency among them:

« MSTW (2008) is always used as a reference

 uncertainties depend on the x-values or the c.m.s energy of the parton-parton-
system

2 dq luminosity at the LHC:

%q(6d) luminosity at LHC (s =7 TeV) Y4(q@) luminosity at LHC (Vs =7 TeV)
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This has direct implications on the cross-section calculation at the LHC:

Example: Higgs boson production (via gluon fusion)
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Correlation between pdfs and o (most affected is the gluon distribution):

Gluon at Q% = M2 = (120 GeV)’
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... less dramatic for quark distributions:

Up quark at @* = M3
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Implications on the cross-section calculation at the LHC:

Example: Higgs boson production via gluon fusion, m, = 120 GeV

NLO gg—H at the LHC (s =7 TeV) for M, =120 GeV
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Implications on the cross-section calculation at the LHC:

Example: top pair production via gluon fusion

NLO tt cross sections at the LHC (\'s = 7 TeV)
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Gy ' B(W* = I'v) (nb)

Example: Production of W and Z bosons at the LHC

NLO W — Fv at the LHC {\-E =7 TeV) NLO Zn — I'T at the LHC {\E =7 TeV)
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All these processes have been measured in detail at the LHC (see next lectures),
differential measurements will provide significant constraints on pdfs



5.5 Direct photon production
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Motivation:

« Test of perturbative QCD
« The gluon-initiated process dominates up to ~150 GeV
—> the high statistics Tevatron and LHC datasets can further constrain the gluon pdf

« Better energy resolution of photons, as compared to jets
(no decay, fragmentation, no jet algorithm, better el.magn calorimeter resolution)

—> process plays a key role in jet calibration



Direct photon production has been measured in many fixed target and

collider experiments:

Highest p; values from
Tevatron experiments so far

In general, data are well
described by NLO pQCD
predictions

Ed’c /dp’® pb/GeV?

= - o
u = wn

-
P

10 |

¢ DO ppvs=1.96 TeV
JETPHOX —_
(il — R
Mmpi=bmpe/2 ; rDI-Il;_:upu’i 1.._,Tev
# CDF ppvs=630 GeV
o UAZ pp vs=630 GeV
O PHENIX pp 200 GeV prelim

< = i
AJ
ch hio M

Vs=38.8 GeV

) e EY
' AN
i'._ +10 .
1 hepphiosozrs
10 107

pr GeV/c




Some details on the experimental measurement:

« Main backgrounds: photons from final state radiation off quarks
—> di-jet production is a background

decays of high pr i mesons inside jets
—> di-jet production is a background

» To suppress backgrounds: require isolated photons
(cut on energy deposited in a cone of R=0.4 around the photon)

(inside jets)



Example: Isolation variable, as measured in the CDF experiment

CDF Run Il Preliminary
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Photon fraction is determined from a fit to the experimental data
(templates, i.e. shapes of photons from Monte Carlo simulation,
cross-checked with electron shapes from Z - ee data)



The photon fraction as a function of p:
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Measured photon p; spectra at the Tevatron:

CDF Run Il Preliminary
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Photons at the LHC

Data / Theory

-
[=1]

1.5

14

13

12

11

0.9

0.8

0.7

= T T T T T T T =
- CMS \Js=7TeV —4— Data/ JETPHOX 1.1 E
E L=29pb" CT10 PDFs | BFGHI FFs 3
- ] < 1.45 Stat. + syst. uncertainty E
- + 11% lumi. unc. not shown —
E E:o <5Gev Theory scale dependence E
Fean E/2<p<2E] -
E - = O v ene PDFs uncertainty E
3 Bl E
P rwe - csta E
:. 1 1 1 1 1 L1 I 1 1 3
20 30 40 50 60 7080 100 200 300

Er [GeV]

+ 4 [T TT TTTT T TTT TTTT T TTT T TTT TTTT T TTT
10 I I I I I
% 1 Data 2010 | Ldt =35 pb"
e
'Ef_ X - JETPHOX CTEQ 6.6
w10k % ;
N * _ . Data2010 f Ldt = 0.85 pb
o)
© 10 - ATLAS Preliminary
— ]
1 —— _E
—— ]
107 E
0.0 < I'I<0.6 . -
10-2 1 11 I I 111 I I 111 I I 111 I I 111 I I 111 I I 111 I [ 11 I_§
> 1-6 T TT | TTTT | T TTT | TTTT | T TTT | T TTT | T TTT | T TTT
o 1.4}
g 1.?| ]
% 0.8 |
T 0.6 ]
0.4 1 11 I 1 111 I 1111 I 1 111 I 1111 I 1111 I 1 111 I 1111

50 100 150 200 250 300 350 400
E, [GeV]




Photons at the LHC 10

Data / Theory
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There is still something not understood going on below 50 GeV
— However, due to different energies, effects from pdf and matrix elements can be separated

(LHC probes a different x-range for the same p; value)

The additional kinematic reach of the LHC is apparent

— For the same x;, the LHC goes out 3.5x further in E;.

— With only 1% of the data, the kinematic reach is the same as the Tevatron’s
— This represents 1-10% of the data the LHC has already collected
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Good agreement between data and theory in the high-p;region at the LHC



The next step: Di-photon production
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H—-
Main backgrounds: yy
vy irreducible background

q

ID Material DC3-05 lay| ATLAS

)
N
g

M Services
CATRT

[ scT

M Pixels

[ ]Beam Pipe

iy

[+1]
(=]
T

)i
Y

q—>—m

v-jet and jet-jet (reducible)

100}

Thickness in radiation length (%

— P
8 m;»éb—% Y :Z
i %G a
q 0 N
o, ~ 108G, with large uncertainties LAl e ik
yJ JJ yy 1.2 | Pixel p |
—need R >10° for &y = 80% to get 1;_-:%;;;;';35;',';:;;“

Outside |/

G,Yj+jj « GW

Main exp. tools for background suppression:
- photon identification
- v / jet separation (calorimeter + tracker)

- note: also converted photons need to be reconstructed CMS. fraction of converted ys

(large material in LHC silicon trackers) Barrel region: 42.0 %
Endcap region: 59.5 % _




Result of the ATLAS search for H = vy

Phys. Lett. B726 (2013) 88

> 10000— ~ T~ T T T T T T T T L —
& - ATLAS ]
S oo ®  SiHiggs boson m =126.8 Ge (i) ] p-value for consistency of data with
< . ey mmemeeee Bkg (4th order polynomial) n ; 13
g ol - background-only: ~ 10
e o E (7.40 observed)
E \@=7TeVJ‘Ldt=4.8fb'1 E
2000 — -
N \@=8TeVJ‘Ldt=2O.7fb'1 .
2 e E
2 woE + E
Al SRRIW WK
- AL b3
T 100 110 120 130 140 150 160
m,, [GeV]
g —>—annnn, |
g —>——lannnn T
Background Higgs signal (main production process via gluon fusion)

(mass can be reconstructed from vyy)



Events / GeV

Events ! GeV

Results on di-photon background
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The background is dominated by real di-photons
(vj fraction ~25%, jj fraction ~7%)

The 7 TeV and 8 TeV data look similar, but not
identical

(have to be handled separately in the combination)

And finally: good agreement between Monte
Carlo simulation and data
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Results on di-photon production at the LHC:
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Reasonable agreement with
recent NNLO calculations



5.6 Measurements of the strong coupling constant o,
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Running of o, well established, in agreement with predictions from QCD

World average (2010):
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- o (p;) from inclusive jet cross section
B in hadron-induced processes
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The results for o (p1) top and o (M) (bottom). The results are based on 22 selected data points.
For comparison, results from HERA DIS jet data have been included. The running of a s for the
value measured in DO is superimposed as yellow band. All data points are shown with their total
uncertainties, the DO values are correlated.



inclusive jet production  fastNLO
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A compilation of data-over-theory ratios for inclusive jet cross sections as a function of the jet
transverse momentum (pT), measured in different hadron-induced processes at different
centre-of-mass energies (Particle Data Group, 2010).

The various ratios are scaled by arbitrary numbers (indicated between parentheses) for better
readability of the plot. The theoretical predictions have been obtained at NLO accuracy, for
parameter choices and structure functions as indicated at the bottom of the figure.



Towards precision tests of QCD at the LHC

CMS
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