Teilchenphysik mit hochstenergetischen Beschleunigern (Tevatron und LHC)

QCD, Structure Functions, Jets

e History of the Strong Interaction

e QCD/ QED

¢ Proton-structure: structure functions
e hadronisation

e factorisation

e hadron jets

® measurement of A

e search for new physics (BSM)
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History of Strong Interactions (1)

1932:

1933:

1947

1953:

1964

Tevatron und LHC

discovery of neutrons . ®© @

T

IR

2.5 £ 3 = substructure of the protons ?
2 mp

discovery of m-mesons and long-living
V-particles (K®, A)in cosmic rays

V-particles produced at accelerators
new inner quantum number (“strangeness")¢

static quark-model;
new inner quantum number: colour

Baryon Meson
(p.n, A,...) (m,K,...)
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History ot Strong Interactions (2)

1964: static quark model ; @ @
new inner quantum numberfar be.

e —~"e
1969: dynamic parton model : V' —q
N
N
>
1973: concept of asymptotic freedom; o
Quantum Chromo Dynamics. \\
>02
1975: 2-Jet structure in et e™ - annihilation: .
confirmation of quark-parton-model. e*\
g
1979: discovery of gluons in 3-Jet-events e/ZO,Y*
of " e -annihilations. !ﬁ
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History of Strong Interactions (3)

\g v
L —

- L3
. s M o L ]
1991: exp. signature of the  :
gluon self coupling £
S f ]
- | @
¢ 20 0 e s \

1990-2000: confirmation of
asymptotic freedom

03t I\

02t

2004: Nobel Prize (concept of A.F.) to in
D. GFOSS, HD PO'ItZGI’ und F WI|CZ€|( " == QCD as{?»iz)=n.z18=n.on3.

100

" Q[Gev]
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History of Strong Interactions (4)

\g v

>2004: QCD as backgrouna
in searches for
New Physics (BSM)

> 2000 - T rr—r— :

8 - Selected diphoton sample -

o 6000 L Dala 20114+2012 ]

3= = Sig+Bkg Fit (m =126.5 GeV) =

c 00— TNgea | treewsses Bkg (4th order polynomial) >~

e Hi A ATLAB: wasppmnd 3
example: Higgs searc : =
3000 —

20007~ V5.7 TeV, Lot 48’

gluon fusion 1000 — s = 8 TeV, |Lcr -13.01b

OO0 y = - :
\ L J00 =
g H 8 b
L1 -
g i

-
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Quarks in the proton: model and experiment

@
o,
- . Q.
8 4 M ". q Proton
: 1 ——
— .
— ::. ey Elektron fZ; 9
~
- = e -8 !. q = ~
~
T \A
Elektron
Truth

model, theory
experiment:

measurement of scattered electrons
result:

sandbag

too many electrons with large scattering
angles (qualitatively similar to

experiments of Rutherford, 1911)

explanation:

Tevatron und LHC

the proton has ,hard” components: QUAR
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Quarks in the proton ?

Y

measurement of scattering angle 0 43 1
and energy of electrons
(2 given entities):

determine angle and
momentum fraction x

of scattering partner of electron
(2 unknowns)

(Ch. Kiesling)
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Quarks and gluons in the proton !

measurement of momentum fraction demonstrates
complicated ,linner life” of the protons:

only half of momentum is carried by quarks ;

u Valenaguark

—3 < Gluon

7
the rest is carried by ,force carriers”, d;; —— i
the gluons
2 Je hoher die Auflosung, desto mehr Gluonen , sichtbar”
! > B 2
: Q°=15| Q=15 \ Q’°= 60
1} B =
-ty o | =y
- é#:,,\‘ o> \ 1 \N\ - s.‘\
| |14 Illli | l|l| 11 | LI | L1 Ij‘ | [Iii | L1 | 188

0 & lﬂi’ | Ill, LIl lﬂl’ | IU“»

10° 10° 107 107 xl 107 10° 107 107 xz 10° 10° 107 100 1

(Ch. Kiesling)
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ro

oerties of OED and OC

QED

fermions leptons (e, u,T) quarks (u, d, s, c, b, t )
jionee electric charge 3 color-charges
couples to
exchange photon (Y) gluons (g) . fm‘% “is possible
quantum (carries no charge) (carry 2 color charges) - g
o
COMplll’lg 2 0 Ji I — 2 M 5 0.12 OLS *Conﬁnement
"constant" O('(Q - ) - ]3_7 OLS(Q - Z ) ~ V. é;ggz)ptotic
i
> >
2
Q Q*
free leptons (€. LT (color neutral bound
particles P (e:7) states of q and q) Hadronen
theory Iperturbation theory up to O )| perturbation theory up toO(o.?)
2SR 10° ... 107 0.1% ... 20%
achieved




energy dependence of coupling “constants”

* verified by high precision measurements

QED QCD
158 1T
@ | TOPAZ pweeuy and qq average:a . Sept. 2013
-"ts 150 | Fits to leptonic data from: p as(Q) vi de‘cays (N3LO)
[ & DORIS.< PEP. O PETRA. A TRISTAN | Lattgce QCD (NNLO)
145 > ( a DIS jets (NLO)
1 : 03+ 0 Heavy Quarkonia (NLO)
140 | a0 3 o e'e jets & shapes (res. NNLO)
135 T T T T T ® 7 pole fit (N3LO)

v pp —> jets (NLO)

ulm Q) 5
. 1 02l

130 | e
125 LOPAL 107

. wrelim.
120 | T
115 | - 1 0Ly
110 _ OPAL 2-fermion fits: ] = QCD 0g(M,) =0.1185 +0.0006

X average: e ] ' ! .

: * 1 10 100 1000
105 0355575 100 125 150 175 200 Q[GeV]

Q/GeV
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theoretical description of hadronic processes

Spectator partons

Parton scattering

v -
g P,=x,P
: & - .
Incoming #m!mns 3
- ij -
— b - < -
=x. F .
P Pym%;%s Parton scattering

~ Spectaror partons

Hadrons Hard Parton izati
spproach Eikareatico s Hadronization Decays
e description of sub-processes :
- f(x,Q?) : parton density functions for g and g inside the proton [pdf]

(probability of a parton having a fraction of x of the proton momentum)
- 0,(Q°): "hard” QCD cross section, e.g. for qq—>gg; qg > qg
— parton shower: QCD radiation processes g->qg, g->9g, g—>qq
— Hadronization: parametrization of transition of g,g into hadrons
— Decays: parametrization following measurements and spin-statistics
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factorization theorem: i
o;; = fi(x Qz)f (x Q2)5--(Q2) iy | |
I A J 2> g :p’:;::::: im:::tion |::$:r I (Hadronization | (Decays)

plus sequential application of”Parton Shower”
and “Hadronization” .

structure functions: >W< K
Fy(x.Q%) = SeZ x f(x,Q%) ’}_{‘ I

QCD perturbation theory: ™,
Leading order (lo) matrix elements /ﬁi ‘ﬁy
e.g. for 2->2 processes:

(for precision measurements, need at least next-to-leading E:
order (nlo) or even nnlo calculations!)
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proton structure

0.6 |

05 |

= Ud5 eus

'= {ds....0
£ 2 2
= QCD fit Q° =10 GeV
CTEQ4M Valenzquarks

xXu

v

Gluon/20
X (X 0.05)

Three bound valence quarks

ElE
EHEE

Three bound valence
quarks + some slow
debris, .., 9= qf

Valence
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proton structure (HERA + LHC)

1 oCMS Preliminary Q* =1.9 GeV?
. ' =0 HERA DIS + CMS Jets
— HERA DIS
0.8}

3 2

10 10

£r
Figure 11: Overview of the gluon, sea, u valence, and d valence PDFs before (full line) and after
(dashed line) including the CMS jet data into the fit. The PDFs are shown at the starting scale

Q? = 1.9GeV2. In addition the total uncertainty including the CMS jet data is shown as a band
around the central fit.
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proton structure
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2-Jet final state in proton-antiproton collision
(Tevatron; DO detector)

Run 162592 Event 5490755 Fri Oct 25 11:57:39 2002 Run 162592 Event 5490755 Thu Oct 24 13:54:27 2002
ET scale: 190 GeV E scale: 303 GeV

-3.7 3.7
180 ra

—aig
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2-Jet final state in proton-antiproton collision
(Tevatron; DO detector)

. Run 162592 Event 5480755 Thu Oct 24 13:54:25 2002
Darstellung in L = e

w-n-Ebene:

195
ET
350' - (GeV)
=-i‘
4.7
phi
Bins: 198
Mean: 3.39
Rms: 18.7
Min: 0.00883
Max: 185
mE_t: 45.7
phi_t: 139 deg

Azimutwinkel ¢, Pseudorapiditat 7 = — tan(1¥/2), Polarwinkel 14, transversale Energie Er = E sin ¢
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The highest mass central dijet event and the highest-pr jet collected by the end of October 2010:
two central high-pr jets have an invariant mass of 2.6 TeV and the highest pr jet has pr of 1.3 TeV.
e stjet(orderedbypr):pr=13TeV,n=0.2, ¢ =28
* 2ndjettpr=12TeV,n=0.0,¢p=-05
* Missing Er=42GeV, =15
e SumEr=22TeV

1 EXPERIMENT

Aun Number: 167576, Event Number: 69725215

Date; 2010-10-24 15:42:22 CESY o
Tevatron und LHC WS15/16 TUM S .Bethke, F. Simon V8: QCD. Strukturfunktionen, Jets
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one of the highest-mass di-jet events at/s = 13 TeV: mjj = 6.9 TeV

ATLAS

EXPERIMENT

|;€"tuh - i ‘ % ‘&’ f
& " o’ : A | [ f V"
v
¢
! & - _InW
-t ‘ .:. - .‘K _
¥ Y 5
[ﬁ o <
. ‘ - _'-‘3
f/ﬁ%
- A
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Event with four reconstructed hadronic jets. The four jets have a calibrated pr > 50 GeV, and are found with the

anti-kt algorithm with R=0.6. The highest pr jet has a calibrated jet pr of 144 GeV. Event collected on 10 April
2010.

%ATLAS

EXPERIMENT

Run Number: 152777, Event Number: 3900430

Date 2010-04-10 13.24:30 CEST

-
i

-—-T

": \__ -4 l,
=

Tevatron und LHC WS15/16 TUM

S .Bethke, F. Simon
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Jet momenta are calibrated according to the "EM+JES" scheme. Event collected on 8 October 2010.
The highest jet multiplicity event collected by the end of October 2010, counting jets with pr greater than 60
GeV: this event has eight.

e st jet (ordered by pr): pr =290 GeV,n=-0.9, @ = 2.7

* 2ndjet: pr=220GeV,n=0.3, ¢ =-0.7 8.jet event
* Missing Er =21 GeV, ¢ =-1.9

Sum E; = 890 GeV
ﬁEXPERIMENT

Aun Number: 166198, Evernt Number: 1007269131

Date: 2010-10-05 03:27:52 CEST
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QCD- / Jet- production cross sections

proton - (anti)proton cross sections

10° ETTT o T A BV '5109

10° [ 0 —— SI//? 110° total QCD cross section

10 " Tevatron LHC ‘ 10°

10° ' L 410°

10° | 5 - {10 7,

10' % 5 ﬁ — 10° g

10° [ _ A 110° 8 ; jet

o (> s/20) 7 1% % Jet cross section Ef** > 100 GeV
. 102 ] . 102 I
a : — ]
£ 10§ Ow : Lo 4 10' f
E o,z . . . E . Q ) .

© 10k, E>100GeV) | : 1" 5 Jet cross section Er®* > Js/20

10" s 110" @

10° | 5 o 1100 2

] 5 /. . O

10° | o . /7 110° >

10-4 %_CHiggs(MH=120 GeV) l E 10-4

10° f 200 GeV 3107

10° 4 10°

: WJS2010 500 GeV 7
107 Ll i G, 107
0.1 1 10
Vs (TeV)
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adronen-Jets

Physik der

- — . \
Zum Vergleich von Hadronen-Jets Dazu bendtigt man:

mit analytischen QCD —Rechnyngen e Definition eines Auflsungskriteriums
(Quark- und Gluonendynamik) — (z.B. minimale invariante Paarmasse,

muB man minimale Winkel, minimale Energien ..)

au.ﬁosbare Tel%chenjeté * Vorschrift, wie man nichtauflosbare Jets
\_ Theorie und Praxis definieren. \_  rekombiniert. )
allerdings: Es gibt keine "natiirliche" Definition von Jets !

k; - Algorithmus und Jetdefinition:

niederenergetische
iiberlappende Jets "Jets" Infrarot-
kollineare Divergenzen Divergenzen

(meistbenutzt in e e -Vernichtung; seit LHC auch in Hadron-Kollisionen)

Tevatron und LHC WS15/16 TUM S.Bethke, F. Simon
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k: - Algorithmus_und Jetdefinition:

fur jedes Objekt eines Ereignisses (Parton, Teilchen, Energie-Cluster) wird berechnet:

2

(AR)?

d; =min(k; .k ;) o ;

“
du; = k!.i

mit (AR); =(y,-y,)’ +(¢, - ¢,)’

kii : transversaler Impuls bezugl. Strahlachse
¢i . azimutaler Winkel

y . Rapiditat; =1/2In[ (E+pz) / (E-pz) ]

dij : Abstandsmass zwischen zwei Objekten i,
dis : Abstandsmass zwischen Objekt und Strahlachse

eine Liste aller djj und dig wird erstellt. Falls der kleinste Eintrag dj ist, werden Objekte
i und j kombiniert (Addition der 4er-Verktoren); falls dis der kleinste ist, wird Objekt i
als ,Jet” definiert und aus der Liste entfernt.

R : ,Auflosungsparameter”, bei dem Objekte i und j noch getrennt werden konnen.
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anti-k; - Algorithmus_und Jetdefinition:

o

L (AR)?
d, =min(k,; .k, )——"
. . R..

-2
([ilf = l\ '

ra

(derzeit meist gebrauchlich am LHC, mit R~ 0.4 ... 0.7)
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Anmerkungen zum k; - Jetalgorithmus

* die Jetdefinition iiber den Auflosungsparameter d;; = min(E;z2, E2) AR%;/ AR?
ist eine Abwandlung der Formel fiir die invariante Paarmasse zweier masselose
Teilchen: M, = EE; (1-cos 8;) --- die historisch vor Einfiihrung des ky Algorithmus

verwendet wurde (unter dem Namen “JADE” Algorithmus).

* die k; Jetdefinition ist infrarot und kollinear sicher, d.h. Berechnungen in QCD
Storungstheorie sind moéglich und verfiigbar. Die Benutzung von d; anstelle der

mehr intuitiven Paarmasse hat Vorteile bei der theoretischen Berechnung; u.a.
konnen durch einen mathematischen Trick fithrende Beitrdge zu hoheren
Ordnungen aufsummiert werden, was bei der JADE Definition nicht moglich war.

* der k; Algorithmus hat sich besonders in der Analyse von Jets in der

e+e~ Vernichtung (zB bei LEP) als sehr erfolgreich erwiesen, sowohl in
experimenteller wie in theoretischer Sicht.

* am Hadron Collider muss bei Adaption des k Algorithmus besondere Riicksicht
auf die durch die weiterfliegenden Proton-Reste verursachten
“remnant jets” bzw. das “underlying event” in Vorwirts-/Riickwirts-Richtung
genommen werden -- geschieht iiber die Definition von dig

Tevatron und LHC WS15/16 TUM S.Bethke, F. Simon V8: QCD. Strukturfunktionen, Jets



clustering performance of k; - type Jet algorithms

TR,




Cone-Jet algorithm:

e JetClu: CDF’s Run | algorithm

— Create Er-ordered list of calorimeter towers (seed towers: Er > 1 GeV).
— Build pre-clusters from adjacent seed towers beginning with the highest E+ tower.

— For each pre-cluster: Calculate centroid;

iterate cone using all towers above 100 MeV
(AR = \/(An)? + (A¢)? < Reone)-

— “Ratcheting”: During the iteration no seed tower of the original pre-cluster ever leaves the
cone! (Pre-clusters remain connected to cones.)

— Two overlapping stable cones are merged if more than 75 % of the transverse energy of one of
the cones is shared by the other one.
Otherwise the cones are split by distributing the shared energy among the cones.
(CDF-specific, iterative) L
N i Highest Et Seed
— JetClu is neither infrared safe /| DN LT TP rr
nor collinear safe. i | W I Seed Towers
- Yet, JetClu is being used in
CDF’s Run Il Level 3 ftrigger ERNEE W i
and for some analyses (back- | T~ \Lf o B EEET NN Precluster Window
ward compatibility). T PPN '

0 D

R . Energetic Towers

== Cone Radius
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Anmerkungen zum Cone - Jetalgorithmus

e der Cone-Algorithmus ist historisch der am ldngsten und meist benutzte Jetalgorithmus
in der Analyse von Hadron Kollisionen (Tevatron).

* seine Definition und Anwendung ist i.w. durch experimentelle Randbedingungen

(Zellgrosse hadronischer Kalorimeter) und technischer Details bestimmt;
in der Vergangenheit hat daher auch jedes Experiment (zB CDF und DO am

Tevatron) leicht verschiedene Variationen des Cone-Algorithmus benutzt.

e der Cone-Algorithmus ist weder infrarot noch kollinear sicher, kann daher nicht
fiir QCD Prizisionsstudien verwendet werden.

» wegen der langen exp. Erfahrung mit dem Cone-Algorithmus wird dieser

auch weiterhin am Tevatron dominant (und zT auch am LHC) benutzt; hier
besonders fiir technische Studien (z.B. Isolation von Leptonen, Ereignisklassifizierung,

jet tagging etc).
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Jet-Wirkungsquerschnitt am LHC

« Studie: Single-Jet-Spektrum nach einer Laufzeit von etwa 1 Jahr
(107s), bei niedriger Luminositét (L = 10%2ecm?s"): | Ldt =1 b

O Messung bis 1 TeV sehr
frih moglich
O Unsicherheiten:

Jet-Energieskala

Energieauflosung

Triggereffizienzen

Luminositat

AN/ dE .., | 1/GeV

10"
10" .

00 e ” —=—ohne Trigger
10° >

10° * e
10’
10° ®

10° 8

10* -

10° .
10° ‘e

—=— mit Trigger

Tevatron und LHC WS15/16 TUM S.Bethke, F. Simon

V8: QCD. Strukturfunktionen, Jets



Jet production cross section

v—|1012 T T T TTT] T T N Yo B A K T
% anti-k, jets, R=0.6 ATLAS
(2 10’0 2010:J-Ldt=36pb". \s=7 TeV e 2011:|y|<0.5
Q n :
Q. 108k 2 :ILdl=4.5 o', 1s=7 TeV 2N
-9
o 6 s
= 1
_8_ 0 e
-
B 4 e
Nb 10 >
© '-_O;
10° -,
5,
1 ia
5
102 -,
2011 Systematic R
" uncertainties :g..
10 2010 Systematic
uncertainties —
10-6 o el L L1t el 1
3
10° 10

p. [GeV]

JHEP02(2015)153
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Tevatron und LHC

Jet production cross section

; 1 02 = T T T T  E—
Q) - 13 TeV, 78 pb’ -
o L .
£ . )
Q.
— L . —
>,
p < | a
= 10F =
Q. z » 3
O N ® ]
Nb [ ;
o
U - -4
- ® N
L
1= e Data ° E
Systematic ® ]
uncertainties P -
i NLOJET++ (CT10) x ® x
- Non-pert. corr. 4
@
Relalive unceviainly of 9% in the integraled lurninosily nol included
1 0-1 1 1 1 1 1
4x10° 5x10° 6x10° 7x10° 8x10°

p. [GeV]
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Jet multiplicities

| | |
ATLAS Preliminary

|

T

R=0.6, .[ L dt=17 nb™

T IIIIIIII

LI} IIIIIII

| —— Data (Js=7 TeV)+syst.
- Alpgen MC+scale uncert.
—#— Pythia MCx0.62

I I

T T TTTITIIT

43

3
2
1
0:

1
O
<
g
®
o

| | |
4 5 6
Inclusive Jet Multiplicity
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Measurement of event shapes at large
momentum transfer
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Eur. Phys. J. C (2012) 72: 2211
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http://dx.doi.org/10.1140/epjc/s10052-012-2211-y

Measurement of the ratio
of the inclusive 3-jet and 2-jet cross sections
and
first determination
of the strong coupling constant & in the TeV range

* measurement of R32 = R3jet/Ro-jet as function of
Q = pr12= (pr1tpT2)/2

e use anti-ky algorithm with R=0.7

* most exp. uncertainties cancel in ratio

e comparison to QCD predictions (NLO) as function of
coupling strength o(Q)
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R32 as function of pr1.2
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summary of &Xs measurements
at hadron colliders (ep, pp, ppbar)

— T T 11 T T T T T T1T] T T T T T T T1T] T

g 0.24 CMS Preliminary =
S 09oF CMS Incl. Jets : 0g(M,)=0.1185""%° | —
or s CMSR,, :
02k N 5 CMS tt cross section -
- v CMS 3-Jet mass
0.18— . CMS Incl. Jets mi
0.16 -
0.14F —~
0.12F =
0.1 :_ a DO inclusive jets _:
— o DO angular correlation ]
9.0 = s B ttbar NNLO R, 3
0.06 T L1 11 1 1 1 1 1 11 I 1 1 1 1 1 11 I 1 ?
10 1 02 New at LHC 1 03

Q (GeV)

K.Rabbertz, ICFA Beijing 2014
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summary of &s measurements
at hadron colliders (ep, pp, ppbar)

1 1 1 I | 1 I I I I I 1 1 I
- H1 multijets at low Q2
EPJ C67 1 (2010) HERA
H1+ZEUS (NC, CC, jets)
H1-prelim-11-034, ZEUS-prel-11-001 (2011)
ZEUS incl. jets in v p
Nucl. Phys. B864 1 (2012)
H1 multijets at high Q’
arXiv 1406.4709 (2014)

CDF incl. jet
Phys. Rev. Lett. 88 (2002) Tevatron

DO incl. jets
PRD 80 111107 (2009)

DO ang. correl.
Phys, lett. B718 56 (2012)

Malaescu & Starovoitov (ATLAS incl. jets)
EPJ C72 2041 (2012) ATLAS

ATLAS N,
ATLAS-CONF-2013-041 (2013)

CMSR,,
Eur. Phys. J. C 73:2604 (2013) CMS

CMS tt cross section
Phys. Lett. B728 496 (2013)

CMS 3-Jet mass
CMS PAS SMP-12-027

CMS incl. jets
CMS PAS SMP-12-028

World Average
PRD 86 010001 (2012)
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0.11 0.12 0.13 0.14
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Jet Paar-Massen und Suche nach neuen schweren Teilchen:
excited Quarks
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c 4 ] -—
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- ] = e Data
10° —e— q(eoo) \$=7TeV E ‘B e,
F —*— q7(e00) [ Ldr=3.1pb" ] ? e 2
- A =3.1 pb . 10 o
oL —e— q*(1500) ) -, =
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Reconstructed m’ [GeV] Reconstructed m, [GeV]

Produktion angeregter Quarks ausgeschlossen
im Massen-Intervall 0.3 <m < 3 TeV
(Tevatron limit: 0.8 TeV)
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Zusammentassung

e QCD (d.h. die Starke Wechselwirkung) dominiert omia SSG
bei weitem die Reaktionsraten an Tevatron und 1
LHC (o, , in nebenstehender Graphik) -

tot

* QCD beschreibt die Dynamik von Quarks und el
Gluonen. Die Beschreibung von Hadronen ist .
nur durch Zuhilfenahme von Hadronisierungs-
modellen moglich.

10** em? sec !

1ub -

(proton - proton)
T

* alternativ werden Hadronenjets definiert und
analysiert; Jets konnen theoretisch mit Quarks und
Gluonen assoziiert und berechnet werden.

o

inb -

Events / sec for £

* neben dezidierten QCD Studien wie der Tob -
Bestimmung von & ist die genaue Kenntnis
der QCD Prozesse unabdingbar fiir das Finden
und die Vermessung neuer physikalischer
Effekte am LHC (e.g. Higgs, SUSY, large extra
dimensions).
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