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PART I: QCD Lagrangian

@ QCD Lagrangian, Feynman rules, Colour algebra
© Feynman rules & colour algebra

e Running coupling
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PART II: Basic concepts

Electromagnetic Radiation, DGLAP equations in QED
g
© Running of as, Bound States, and Factorization

@ Parton distribution functions

@ QCD in the Final State: Jets
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PART Ill: QCD at Fixed Order

© Master formula for cross sections at hadron colliders

e Example: W production at leading order

@ Subtleties: scaling, giant K-factors and all that
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PART IV: QCD to All Orders

@ p_-spectrum of emissions
@ Q1 resummation in QCD

@ Jet rates in e~ et -annihilations

@ Parton showers
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PART V: Non—Perturbative aspects

@ Matrix element corrections
@ NLO matching

Q Multijet Merging
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QCD LAGRANGIAN
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1.a) QCD Lagrangian, Feynman rules, Colour algebra
1.b) Running coupling

F. Krauss

QCD at Colliders



QCD Lagrangian

SU(3) of colour: evidence

@ strongly interacting particles as bound
states of spin-1/2 quarks

(evidence for spin from sum rules)

@ mesons: qg, baryons gqq
electric charges: +2/3 and —1/3 —

(to produce integer charges 0, £1, £2)

1385 MV,

o for A™" need 3 u quarks, all in spin 1
— need new quantum number

(to avoid Pauli's law)

@ introduce colours r, g, b, such that
r+ g+ b = no charge

(called colours from first colour TVs)

o simplest group: SU(3)

F. Krauss
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QCD Lagrangian

Constructing the Lagrangian

@ quarks come in 3 colours i: ¢¥q = ¢’ (fundamental representation of SU(3))
@ interact with 8 gluons G? (adjoint representation of SU(3): colour-+anti-colour)

@ in gauge-fixing term emergence of Fadeev-popov ghosts

(spin-0 fermions with colours like gluons, only as loop-internal particles)

—i [ j 1 a a, pv
Looo = Y G (iDj—medy) @ — 761G + Ly

q

@ gauge-covariant derivative through 8 Gell-Mann matrices T

Dl = 9" 6; — ig:G T

f-ab(

@ gauge-kinetic term through structure constants giving tensors

Gl = 0uG) — 0uG] + gf " G.GS
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eynman rules & colour

Feynman rules

P k r

fm\ .............. B
H v

A i w oy [ X
p—m+i0 T2 {9‘ +(C— UA»‘ZM)] k2440

b, v (all momenta incoming)

e T

s 7" 1) 72-573 [fabef(:(le (ghPgre — gho gvp)
+fm:efbde (g/u/g/m _ g/mgup)
+fuds2fbce (gﬂ,l/g/m‘ _ g;mgua‘)}

a, ju

d, o c,p

a, pt, ky (all momenta incoming) a, ky  (all momenta incoming)

_gsfahc [Q}WU"I _ kg)p + (‘_VC].] _gsfubr: k@

¢ p ks e p ks

b, ko
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Feynman rules & colour

Colour algebra: generators

@ algebra
|:—I—a —,—b] _ I-fabc —I—c

@ normalisation of generators

T [T = T3T) = Tes™,

ji
where Tg = 1.
@ product

N =

S TiTh =

for SU(N), i.e. N =3 for QCD.

1
(5i/5kj N 5ij5k1) )
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Feynman rules & colour

@ in particular (for self-energy, etc.):

. 1IN2-1

. . 2_q .
where Casimir operator of fundamental representation Cr = N2N1 is

“colour charge” of quark

@ similarly, from the expression
Fe = —2ime [[ 10, 7] 7]
for the structure constants, one finds

Z f-abc f-abd _ CA6Cd7
a,b

where Casimir operator of adjoint representation C4 = N is “colour
charge” of gluon
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Feynman rules & colour
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Running coupling

e as in QED, coupling changes with
renormalisation scale g (running

coupling)
05
5 ‘ Py
2 aa()u‘F\’) _ B(a) o(Q) v T decays (NILO)
HR 8”2 04 a DIS jets (NLO)
R o Heavy Quarkonia (NLO)
o ¢% jets & shapes (res. NNLO)
. * Z pole fit (NLO)
with S pB > fets (L0
03
oo
2+n BO 2 ﬂl 3
—B(a) = E bpa" == al+ St 02
4 (4m)
n=0
d 0.1 :
an 11 =QCD (M) =0.1184£0.0007
— C 4 1 10 100
50 = ? A — 5 Trnf . Q[GeV]
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@ compare with QED:

50 = —?n%

@ due to gluon self-interaction: different sign in QCD § function

o effective forms

s R = 47 @Iog Hr
47 A%QCD
and 0 2
2y _ & (MR) _ 1
R = = log &
4 A%QCD

e “asymptotic freedom” (— “infrared slavery”):
QCD quanta only in bound states at low energies
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BASIC CONCEPTS




Contents

2.a) Electromagnetic Radiation, DGLAP equations in QED

2.b) Running of as, bound states, factorization and DGLAP for QCD
2.f) Parton Distribution Functions

2.g) Hadrons in the final state: Hadronization

2.h) Summary

F. Krauss

QCD at Colliders



Radiation

An electromagnetic analogy

@ consider a charge Z moving at constant velocity v

v=0

e at v = 0: radial E field only

e at v = c: B field emergesEL é B L v, EL\?,

o energy flow ~ Poynting vector S ~ E x B, || v

e approximate classical fields by “equivalent quanta”: photons

F. Krauss
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spectrum of photons:

(in dependence on energy w and transverse distance b )

dn, = Z’a dw dt;i
s w bl

@ Fourier transform to transverse momenta k :

2 . 2
ng:ZO‘-dw.dkL

2
w k7

note: divergences for k; — 0 (collinear) and w — 0 (soft)

applicable to electron (point charge, Z = 1)

therefore: Fock state for lepton = superposition (coherent):

|€)phys = |e) +[e7) +[ev) +|evyy) + ...

photon fluctuations will “recombine”
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Radiation in classical electrodynamics

o consider final state radiation in v* — 0
(electron velocities/momenta labelled as v and v//p and p’)

@ classical electromagnetic spectrum from radiation function:

(this is from Jackson or any other reasonable book on ED)

-k ‘7 ‘7/
€ - — ==
1-v-n 1—VvV'-n

with € the polarisation vector and A(2) the direction of the radiation

a2 e 2

dwdQ ~ 4m2

)

<i

@ recast with four-momenta, equivalent photon spectrum:

3k 2

d al . p* P
T 2r)i2k 7w | (p~k B p’~k)
d*k 2
= Wpprik

(2m)32ko ™

with the eikonal W /.«
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Radiation

Radiation in QED

o repeat exercise in QFT, Feynman diagrams:

P p

MX%e*e*’y = eﬁ(p) [F%Vu_vu%r u(p’)gfL(k)

/,

o ey [P P G T u(p) = eMyuene Wk
1 P' k p/ . k —eTe "y 22

@ manifestation of Low’s theorem:
soft radiation independent of spin (— classical)

(radiation decomposes into soft, classical part with logs — i.e. dominant — and hard collinear part)
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DGLAP equations for QED

(Dokshitzer—Gribov-Lipatov—Altarelli-Parisi Equations)

o define probability to find electron or photon in electron:

at LO in a(noemission) : £(x, k1) = &(1 — x)
and ~(x, k1) =0

(introduced x = energy fraction w.r.t. physical state)
@ including emissions:

o probabilities change

e energy fraction £ of lepton parton w.r.t. the physical lepton object reduced
by some fraction z = x/¢

o reminder: differential of photon number w.r.t. ki:

2
dn, = & | dw dny o dx

s ki w dlogki T T ox

F. Krauss
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F. Krauss

@ evolution equations (trivialised)

dé(x, K1) _ o(k}) [ de X s )
dlog ki B 27: ¢ — Pu (? a(kJ-)) L, k1)

2
il ) _ o) / Ep (2 at)) e ).

o k3 plays the role of “resolution parameter”

o the P.p(z) are the splitting functions, encoding quantum mechanics of the
“splitting cross section”, for example (at LO)
14 22 3
P = —— + -6(1 -
ZZ(Z) (1 _ Z)+ + 2 ( Z)
e if v — £2 splittings included, have to add entries/splitting functions into
evolution equations above

QCD at Colliders



Aside: Lifetime of electron—photon fluctuations (e(P) — e(p) + v(k))

o first estimate: use uncertainty relation and Lorentz time dilation
o P2 =(p+ k)> = M2, the virtual mass of the incident electron
o life time = life time in rest frame - time dilation
1 E  E E ok w
T Myme Mywe  (p+ K2 2Ek(1—cost) | KZsin20/2 K

@ second estimate: use uncertainty relation and assume only photon off-shell
e energy balance of photon

P2 =2p.-k+k?, therefore k* ~ —k3 ~ —2p -k <0.

e assume photon momentum to be k¥ = (w, ki, ki),
shift in energy for photon going on-shell: jw ~ ki/w, therefore
1 w w 1
TN N N N ——
T Sw k2 " w?sin?f  wo?
o lifetime larger with smaller transverse momentum

(i-e. with larger transverse distance)

F. Krauss

QCD at Colliders




Running of as

@ quantum effect due to loops:
couplings change with scale

@ “running” for QCD
“crawling” for QED

05 g
. . . . | April 2012
@ running driven by S—function Q|| v 2 decays 010,
2 \ a DIS jets (NLO)
04 jets
B(as) — luj? aas(/‘l’R) arkonia (NLO)
2 o e'¢ jets & shapes (res. NNLO)
8MR e Z pn‘]‘: fit (N3 (!»
60 ﬁ]_ N pp —> jets (NLO
2 3 03
= — + ag + ...
47 °  (4m)2
with 02
11 4
Bo = 3 Ca— gTRnf o1
=QCD (M) =0.1184+0.0007
34 , 20 ‘ ‘
- =7 _ == — 1 10 100
B 3 Ca 3 CaTrns — 4 CeTrny QI[GeV]
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o explicit expression for strong coupling

20,2
1
a(uh) = E8)

I
Aqcp?

f—g log
with Aqcp the Landau pole of QCD, Aqcep ~ 250MeV.

@ infrared slavery & asymptotic freedom

@ at low scales: bound states only, no free QCD quanta, confinement

@ at high scales: free QCD quanta perturbative expansion in s

o trivial (perturbative!) particle spectrum:

as(k3) dw i}

dn‘%g — C .
g a,8 T w ki

but the gluons carry charge = proliferation of soft particles

(from gluons emitted by gluons and from avg at small k | )

F. Krauss
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Factorization: the Underlying Picture

@ picture of hard interaction: coherence broken by interaction

@ hadron does not recombine but disintegrates

F. Krauss
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probing the deep structure of hadrons with photon:
deep—inelastic scattering (DIS)

@ condition for DIS on protons Q > mp =~ 1/Rp for scale Q
(typically the virtual mass of the photonic probe)

@ using Breit frame: ¢ =2pP:(0,0,0,2)  p*=25P(1,0,0,1)
P =apP(1,0,0,~1)

P :(P0767Pz) WlthPZ:\/m%PO
qu = (0767 _qz) with Q2 = _q2 — qg .

@ introducing Bjorken variable (“Bjorken—x")

o — — ¢ a
2P - q 2P.q.

F. Krauss
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@ interaction time between photon and proton from longitudinal wavelength
of photon Tin ~ A\, ~ 1/q.

@ parton wavelength must be as large as photon wavelength for them to
“see” each other: — p, =gq;

o lifetime of parton Tiite ~ p;/P3 > Tint
must be larger than interaction time!

let the parton live before it interacts!
o therefore: p, > p, for interaction to happen

o if this holds: collision of two quasi-free particles
collinear factorisation
into hard process and independent proton — parton transitions

@ then cross section proportional to probabilities to find partons in proton,
given by the parton distribution functions £/,

opIs ~ Zesfq/f’(x> Q2)7
q

F. Krauss
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Hadrons in initial state: DGLAP equations of QCD

@ similar to QED case:
define probabilities (at LO) to find a parton g — quark or gluon — in
hadron h at energy fraction x and resolution parameter/scale Q:
parton distribution function (PDF) f,/4(x, Q?)

@ scale-evolution of PDFs: DGLAP equations

s ( e ) )

oA [ (e ) (0B,

F. Krauss
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o QCD splitting functions:

[ 14 x2 3
P,g},)(x) = Cr 1 —x)- + 55(1 - X)} = {Pc(yclq)(x)] + 7((,1)5(1 —x)
L +

PR(x) = Tr x2—|—(1—x)2] = PY(x)

:1+ 1—x)?
PRIG) = ¢ [FEEE0] — ey

P (x) = 2Ca [ﬁ+l_TX+x(1fx)}

11CA — 4nf TR

. PREI| o280,

+

5(1—x) = [

@ remark: IR regularisation by +—prescription &
terms ~ §(1 — x) from physical conditions on splitting functions

(flavour conservation for ¢ — gg and momentum conservation for g — gg, qg)

F. Krauss

QCD at Colliders



Parton distribution functions

@ simple idea: proton = |uud)
(valence quarks) only *

+ no interactions

. . . == rubber bands
@ naively: no interactions

— QCD interactions

— fudsp ~ 6 (x = 3) )

@ elastic interactions
— Gaussian smearing

@ strong interactions: |
develop “sea” = soft partons h \\
will depend on resolution scale D

00 ‘

Yot 00 107 ot 10°
remember: dn  logw log k2

@ in fact, due to g — gg, sea increases much faster,

éea/p(xy QQ) ~ X_/\ s A ZJ 1.

F. Krauss
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@ however, sum rules put constraints,
example: momentum sum rule

1
/ dxx > fyn(x, u*) =1 Vp® and for all hadrons h,
ry i

@ also flavour sum rules, for protons:

dX |:fu/P(X7 )uz) - fL‘l/P(Xa .u’2)i| :2

ax [farp(x, 17) = fijplx 1%)] =1

dx [fq/p(x, uz) — fz/0(x, ,uz)] =0 for q € {s, ¢, b},

O\H O\H O\H

F. Krauss
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PDFs: inputs

@ PDFs are essentially non-perturbative objects
(how many partons in a nucleon?)

@ obtained through (global) fits: experimental data + DGLAP

(data: usually total and differential cross sections from different processes

NNPDF2.3 dataset

NMC-pd
NMC

stac

BCDMS
HERALAV
CHORUS e o o 0
FLH108 0
NTVDMN
ZEUS H2
ZEUsF2C
HIF2C
DYEG0S o
DYESgs Y
COFWASY .
COFZRAP . -
DOZRAP - - - -

v %
L] L] . . DX
erera
CCMS-WEASY-840PB x
LHCB-W-36pb X
" &’%
X% [3E O B
¥ % % *

XK
.

10° 10" 10° 10? 10" 1

%0000 000X XXX XX¥XXXX

* #

Krauss

QCD at Colliders



PDFs: parametrisations and results

Example below: CT14NNLO, at @ = 2 GeV and Q@ = 100 GeV

CT14NNLO CT14NNLO
08 0|
>3
3 06 8 o5
o 8
~ S
1" 1
o o
2 o4 2 04
o™ o™
z z
= =
02 02
o o
0001 0 Y Y . X 0001 0003 001 003 01 03 1
X X
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Hadrons in the final state

consider QCD final state radiation

pattern for ¢ — gg similar to £ — ¢~ in QED:

2 2 2
T Y
w

2w k2 E
w=E(1-2) as(k?) . dk3 . 14+2%2 a(k}) . dk?
= = P
2T Cr k2 dz 1—=z 2 Cr k2 dz ( ):

o divergent structures for:

z — 1 (soft divergence) <— infrared/soft logarithms
k3 — 0 (collinear/mass divergence) <+  collinear logarithms

cut regularise with cut-off ki min ~ 1GeV > Aqcp

F. Krauss
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o find two perturbative regimes:
o a regime of jet production, where k; ~ k” ~ w > k| min and emission
probabilities scale like w ~ as(ky) < 1; and
o a regime of jet evolution, where k| nin < ki < k\l < w and therefore
emission probabilities scale like w ~ as(k ) log? K2 R 1.
@ in jet production:
standard fixed—order perturbation theory
@ in jet evolution regime,
perturbative parameter not as any more
but rather towers of exp [as log k7 log k]
@ induces counting of leading logarithms (LL), asl?,
next-to leading logarithms (NLL), asl?™ !, etc.

F. Krauss
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@ consider spatio-temporal structure in classical QED case
e assume a charge comes into existence at t = 0 with v = 0:
in its rest frame radial E spreads out in sphere r’ <t/
e assume charge moves with v — 1 and Lorentz factor E/m:
then in lab frame field at radial distance r; will arrive at t = «t' = Er, /m
@ translate to classical QCD:
o light quarks with constituent mass m ~ Aqcp ~ 1/R
or m = mgq for heavy quarks
(assume here typical hadron radius R)
o identify r; with typical hadronic size R
o then: hadronization time
ER?  for light quarks
t(had) ~
for heavy quarks.

F. Krauss
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@ repeat exercise in quantum mechanics

e confining forces associated with gluons with k ~ k. ~ kj =~ 1/R~ min
hadronic rest frame

o they emerge at (as before with Lorentz factor E/m)

had) ~ ﬂ ~ E =~ kHRQ,

(
t
k% m

@ demand hadronization time > formation time:

k
form) Il ~ ¢(had
t( ) ~ 2 < k”R2~t( )
1
o therefore ki > 1/R = O (few Aqcp)

@ breakdown of perturbative picture at scales/transverse momenta
O (few Aqcp)

@ transition to bound states (phase transition), “gluers” replace gluons

@ no first—principle understanding: = models

F. Krauss
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What are jets?

@ pictorially: jets are collimated hadrons
flying roughly in the same direction
e may contain hundreds of hadrons (at
LHC) = a lot of information

e you don't always need fancy algorithms
- to “see” the jets
;&p!»!?éwsr e but you do to give them a precise and

quantitative meaning

jets are usually (i.e. the quarks and gluons)
jets unavoidable in high-energy parton scattering

related to the underlying perturbative dynamics

perturbative picture typically well understood.
example: jet cross sections

@ partons fragment through multiple parton emissions

(soft & collinear divergences dominate, large logs overcome “small” coupling)
o fragmentation & hadronisation dominated by low p; .

therefore: hard partons result in collimated bunches of softer hadrons

F. Krauss
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Jet definitions

@ purpose of a “jet algorithm” is to reduce the complexity of the final state,
simplifying many hadrons to simpler objects that one can hope to
calculate.

@ jet algorithms map the momenta of the final state particles into the
momenta of a certain number of jets:
{pr} 1L
o for this jet definition to be useful,
o the rules must be the same, independent of the level of application: QCD
resilience/robustness;
o the rules must be complete, with no ambiguities;

o the rules must be experimental feasible and theoretically sensible.
= Infrared safety crucial!

{i}

@ most algorithms contain a resolution parameter, R, which controls the
extension of the jet in phase space

F. Krauss
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(anti-)kr jets

@ main idea: sequential recombination

o distance between two objects i and j (and to the beam):

2 2
. oD _2p 4 cosh® An; — cos™ Agj;
dij = min{pj1, pj1

d;

RQ

2D
Pi, 1L
@ combine two objects with smallest dj;,

until smallest djj > decut.

@ “cone-size” R, usually fixed to values
such as R=0.4

@ value of D defines jet algorithm:

—1 anti-kt
D = 0 Cambridge-Aachen
1 kr

F. Krauss
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Summary
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QCD @ FIXED ORDER
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Contents

3.a) Master formula for cross sections at hadron colliders
3.b) Example: W production at LO and NLO
3.c) Subtleties: scaling, giant K-factors and all that

F. Krauss
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Master formula

Master Formula for Cross Sections at Hadron Colliders

1
O2sn = Z/andef:a/hl(XaaHF)fb/hz(vaﬂF)&aban(ﬂF’ﬂR)
a,b

IS phase space parton distribution functions

1~
= E / dxadxy  foyp (Xas 0F) iy hy (Xbs 12F)
a,b
1 ) 2
X 5 X d®, | Moaposnl (P prF, wr) -
incoming flux FS phase space amplitude squared

F. Krauss

QCD at Colliders



Master formula

@ inspect N—particle final state phase space integral

Lorentz—invariant volume particle on—shell with positive energy’
—_~— —_—— —_—
5 d4P' 2 2
i
don = (]] Gy (m)d(pf —m?)  O(E)
i=1

N
X (271')454 X,;:Dh1 + XbPh2 — Zp,'
i=1

total 4 —momentum conservation

@ note: incoming parton momenta are given by Bjorken-x times hadron
momenta:
Pa,b = Xa,bPhl,Q

F. Krauss
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Leading order

Example: W Production at Leading Order

@ test case for the development of ideas: W production

@ matrix element/amplitude for real W production:

iViagwdij 5 1—1
Mygwe = —Tjdi(PZ)’YHTUj(PI)EELW) s

o CKM matrix element V4, weak coupling gw (from Fermi constant),
subscripts /, j indicate quark colours

@ squared amplitude (summing/averaging over FS/IS internal d.o.f.)
internal d.o.f. = polarisations, colours, ...

= 3 |V.dl|?g? y1— Q.Q.
doIMP = = Wialgw 2' YT B B | e+
w
- R -
=1 9= ™

F. Krauss
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Leading order

@ add in one—particle final state phase space

~roy 1 [d'pw
ud—w+ T Dg (2n)*

_ mo(5 — my)

(2m)*6" (pu + pg — pw)(2m)3(ply — miy)|M|?

Q

‘M|2 _ 7r6(§— m%/l/) gl%V|VUd|2m\2/V )
5 12

@ therefore, hadronic cross section:

1

A~ (LO
FLO) _ /qudXJ E fuym (Xu, 10F) f3 /1, (X35 “F)UEJJW+
0 u,d

F. Krauss
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Leading order

F. Krauss

o with the integral over the energy fractions rewritten as
ds
dx,dxz = — dyw .
s

from c.m.-energy squared $ and rapidity y

N 1 Xu
§ = xyxgs and yw = Yoem. = =log—.
2 X
o limits on rapidity from x, = m?,/(sxz) > mY, /s since xz < 1
1 s
< Ymax = = log ——.
ywl < Yimax = 7 log ey
@ therefore cross section given by
o ﬂ-g2 IVd|2 Ymax
w u
o0 = TE el [y 3 o (s ) fa (5 ).
—Ymax u,d
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Leading order

Tevatron LHC, 8 TeV
gE T T T g T T T
/TN ] W ]
! /\\\ ] PN ]
— / \ 1 — / , ~ \ 1
< v 1 <2 g , \ N
=} ! \ H =} / \ \ ]
2 W / \\ W+ ] sl / //W N \ 1
g ’// \ 1 g / \\\‘\ 1
= ’/ / \ 1 = 4 R
T / v 4 T \ 4
INEET I v _ >~ Vol
_g i/ W\ ] _g Vi
1/ Vi B 27“ AR
1/ W 1 / \\\:
ol /] OJ(‘H‘\HH\HH\HHM"
-4 -2 0 2 4 -4 -2 0 2 4
y(W) y(W)
16 e WHE, 14 TV LHC, 100 TeV
AR RN AR R RN RERRS]
] 60 - ) =
. 7 i
o — 7 ‘ ]
E10 Eol/ N
iy 40 w NN
\g/ g /7 \\ \]
= , H
§5 § / \\:
/
3 $30p 4
/, "\ ]
o) /A E A A B o) P N T U D
—4 -2 0 2 4 -6 -4 -2 0 2 4 6
(W) (W)
F. Krauss
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Leading order

Example: W + j Production at Leading Order

@ add additional quark or gluon to final state; Feynman diagrams:

g

S5

; g ¢
J _
d
u v v
u
w
u W
g d o g d I
a
g 7 i P
W v
d
W
d 4 d o

F. Krauss
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Leading order

e amplitudes (ignoring W-decays):

igsgw Vi i
-/\/lu(7~>gWJr = gsg\;vi ud Vdi|:1/ i d £

b= by

n v,a
—|—%L72’Yu ij| Uuj€wes >
(Pu — pg)

igsgw Vud . |:’Yu 2 ﬁg — P4

Moamaws =705 Flos — pay
b, 73 g
Mesaw+ = % Vd,i { ML%% Ty
+v F?M%L] Vi€l e’

F. Krauss
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Leading order

F. Krauss

@ squaring them and using Mandelstam variables:

M _ 4masCr gy | V| £+ 0° +2miy 8
ud—gW+ — 12 E[’]

and

» ) Amos Tr gl Via|? 82 + 0% + 2m,t
M aws = IMByows = s 12W\ ud| . wt

o used identity below for compactness (ab — 12):

P 2 2 2 2
S+t4+u=m;+my+m;+m;,

QCD at Colliders



Leading order

@ rewrite as LO matrix element times “radiation part”:

(LO) ~ D

6,3 2+ 0+ 2miys

MBage = =0 (amayCr) — 0L 2m

~(LO) N R ~

|M|2 aw+ — 70u5~>w+ . (471'(1’ TR) 52 i U2 i 2ml2/Vt
ug— S

T —80 '
o identifying, with c.m.angles #*, and for ud — gW™

t = —2pupy = —2E,Ez(1 — cosb;,)
= —2pgpy = —2E5E,(1 —cosb,).

<

shows two possible divergences:
soft (E; — 0) and collinear (07 — 0)

@ must regularise with cuts (jet algorithm)

F. Krauss
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Leading order

Example: W Production at Next-To-Leading Order

o diagrams for W + j above can act as
o LO contributions to W + j, or as
o real corrections at NLO
to inclusive W production

@ must add virtual corrections (loops)

(1) _ 8w 2_ /5 4-D d°k g"re*
MuJ—>W+ = ﬁgs vi(d) {N / (m)P K2
;z ¢d + # ,YHL ¢u — lf
“(pa+ k)2 " (pu—k)

< e 5 T8 | w@ew?)

e UV and IR divergent

F. Krauss
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Leading order

@ matrix element above to be multiplied with LO matrix element:

2 2
5O M(°)+M<”]O( = MO+ 2| MO MO + 0 (a2)

@ technology:

analytically continue to D = 4 — 2¢ dimensions
evaluate numerator (traces, contractions, etc.)
use Feynman trick(s) to map onto master integrals of the form

wp [ dPk K2m
(2m)P (k2 + p?)"

o evaluate integrals over Feynman parameters

F. Krauss
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Leading order

o therefore, result for relevant contribution

2 1>
Qs m _2_3_ 2
271_CF (02) Cr( i 8+7T>

with Q2 = (pu + pd)2 = m2W and cr = 47°/T(1 —¢)

@ note: finite term “8" is scheme-dependent

ud—W+ ud— W+

2 ‘M(l*) M(O)

l O}

ud— W+

(scheme for evaluation of Dirac algebra/ numerator in D dimensions)

@ note: UV divergences already renormalised

(this is explicit, when self-energies/wave function renormalisation is added, gauge invariance at work!)

F. Krauss
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Leading order

o IR divergences in virtual part = poles in 1/¢
@ but also: IR divergences in real part, if pp — 0

(or, equivalently, if £ — 0 or & — 0)

@ Kinoshita—Lee—Nauenberg theorem guarantees that
IR divergences cancel for physically sensible observables

@ examples for such observables:
total cross section o, differential cross sections do/dO for observables O
based on physical particles (jets, pions, ...)

@ counter-examples:
number of emitted gluons, or their individual transverse momenta

F. Krauss
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Leading order

o direct integration of two—body phase space in D dimensions:

- d°k 2
4-D ©)
H / (2m)P ’Muiaww

cancelled with virtual

2 3 =

ud—W+

:‘ ©)

2 PR(2)
13 CF
—_———
absorbed into PDF

F. Krauss
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Leading order

@ total result for gluon emission:

a_(l\_ILO) _ a_(I:O) {1 + Oés(/‘LR) Cr |:<4l _ 8) 5(1 _ Z)

ud— W+ ud— W+ o 3

+ (% log (Gt _zz)z)+ —2(1+z)log =2y _22)2

(1)
N L

@ add in gluon initial states:

~(NLO) _ A(LO)
ug—dW+ - ud—W+
(1) 2
as(pr) Pag (2) HF
o R { e om3,

+ [22 +(1- z)2] Iog@ + %(1 —2z)(1 +7z)}

F. Krauss
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Leading order

@ in general, cannot perform phase space integral for real emission
contribution Ry analytically

@ must resort to Monte Carlo integration for N—particle Born phase space
&3 and (N + 1)—particle real emission phase space ®r

(note: have absorbed PDFs etc. into phase space)
@ but: cannot MC integrate in D dimensions
@ solution: identify singularities in real contribution
@ subtract them from real contribution with term S

@ have to add it back to virtual V

F. Krauss
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Leading order

o therefore structure of NLO calculation for N-body production
do = d¢BBN(¢B) + dq)BVN((DB) + d¢RRN(¢R)
=dog (BN + Vv + I,(\,S)> + doz (Rnv — Sn)

@ assumed here that ®r = P R O,
/ A1 Sy(Ps ® &1) = T8 (Ps)

@ nice feature: universal IR behaviour of gauge theories
— can write process independent subtraction kernels as

Sn(Ps @ ¢1) = Bn(Ps) ® Si(Ps® d1)
I (05 @ ®1) = Bu(®s) @ i) (5)

with universal Sy(®5 ® ;) and Z\5) (d5)

F. Krauss
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Subtleties

Subtleties: scaling, giant K-factors and all that

@ which order is which? can be tricky ...

@ higher—order reduce scale dependence
however: effect still may be large!
= how to chose the “right” scale?
@ generic idea (borrowed from later):
analyse process in terms of “parton splittings”
e choose renormalisation scale as geometric mean of scales
o choose factorisation scale from largest deflection of colour flow
@ K-factor as ratio to LO cross section
of course, just a number for total cross section
but not necessarily flat for distributions!

@ occurrence of “giant” K-factors when new channels open

F. Krauss
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Choices, choices, choices

@ common lore: NLO calculations reduce scale uncertainties

@ this is, in general, true. however:
unphysical scale choices will yield unphysical results

0 S0 100 150 200 250 300 350 400 450 500
T T T

UL L
W+3djets+X . Lo

—w'E = — NLO 3

s - Ty

<

z

s

= 0'F

g
10 E
7F =
ok i 4
s =
aF 3
SE 13
2F 3
2 i
12 |
o ! i

050 100 10 200 250 300 350 400 450 500
Second Jet E; [GeV |

@ more ways of botching it at higher orders with more legs

F. Krauss
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Subtleties

Example: giant K—factor in W + j

@ manifestation in differential jet rates

W*41 jet, LHC, Vs = 7 TeV . W'+1 jet, LHC, Vs = 7 TeV
102 S B B B 10 BN T T T
G = 1o =
t’; 100 - = fé 100 = =
& E ER E i
5 £ S £ 3
{10’1 e = §1n’1 E =
1072 = 1078 = —=
10-3 L | | [ w0 L | | [
200 400 600 800 200 400 600 800
pr(W") [GeV] pr(iy) [GeV]

° piW) relatively stable, 15" jet not

@ hints at large impact of 2—parton configurations

F. Krauss
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QCD TO ALL ORDERS
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p_| -spectrum of emissions

A QED example: p/* in eme™ — ppt

o Feynman diagrams:

@ ignore emission of FS leptons

@ treat problem as e~ et — ~*v with virtual mass Q

F. Krauss
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p_| -spectrum of emissions

@ matrix element squared for e~ e™ — v*v with photon virtual mass Q

g+ 2Q%(Q* -t — 0)} ’

2 2 o [
‘M|e_e+—>'y”/* = 32m°a l:E + El,)
@ LO cross section for e"e™ — v*: ¢ = 4wa’/(38), therefore
dér o 60 [1 g+2Q2(Q2fffﬁ)
dfdQ?  2m @ |4 f ta

@ note symmetry under f «— i

o remember Mandelstam identity, here § +f + i = Q?

F. Krauss
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p_| -spectrum of emissions

p1 spectrum in single— and all-emission approximation

@ introduce Q. the transverse momentum of the virtual photon and assume
low-Q. limit, Q> > Q% — 0

@ symmetry under f <— @, consider £ — 0 only:
Qf_ ~ -0 and o 2% Q*—s

o integrate over all masses Q?, with 4m? < Q? < § — 23 Q. results in
(approximatively)

dér a 1 §
=60— — |log = +0O(1
105 =00 gr (e o]
a ad s
— do’RNO'O > |Og72
1 1

(this is a double-logarithmic spectrum — DL approximation, DLLA)

F. Krauss
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p_| -spectrum of emissions

@ calculate cross section for Q1 > Q. min:

N dQ3 s 5. & §
dér(> QLmin) = / L log Q G075 log? ——
1
L min

@ but total cross section for v* production finite:
Oe—et s =00 (1 + O(a) - non — logarithmic)
Qi,rnin 5

dér + d6v / 2 dor
= aQ? =27V / d —
0/ ot ot 308

2
Q1 min

@ this implies that

Q1 min

dégr +dév R o 5 § A 1

4Q2 LRIV a1 Lo > | = (1 pu ))
/ Q dQL 7 ( 2r %8 Qi,min 70 *

F. Krauss
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p_| -spectrum of emissions

@ consider many emissions

p+k

@ expression for single emission in soft limit

AN SR X

k Pl M ~
e Ell«( ) u(p),-y (p+ k)2 e u(p)p -k ’
becomes for n emissions
e" p-e1 pre p-€n

n p-kip-k T p-ky

F. Krauss
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p_| -spectrum of emissions

o therefore, n—photon contribution ¥

P
1 |« s 1 « 51"
(mp2y _ 1 |« 2 s _ 1| a2 5
0P = | /dlogQLlog | [ 5 108 Pi] :
0
@ summing all orders:
Q) = il {f log? ;]" = exp {f— log? i}
“— nl Q2 27 Q3

F. Krauss
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p_| -spectrum of emissions

@ normalised differential cross section with respect to the transverse
momentum squared in DLLA

1 dé d 2 « S « 2 3
B 3 = 2 log = exp | —~v log? =5 | .
5o dQ@7 — dQ@ N\ = Tzl iex"[ o |8 Qi}

@ X is the Sudakov form factor

(a no—emission probability, we will see much more of it!)

F. Krauss
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Q7 resummation

Impact parameter space

@ problem in reasoning so far:
every emitted photon gives a transverse momentum k|, total transverse
momentum comes as the sum over all of them:

QL = — g ki
i
@ rewrite as ¢ function and Fourier transform:

~ . 1 - ~ S
8 QL + Zki,i = — /dzbi exp [ibl - | QL+ Z/&,i
i=0

27 £
i=0

F. Krauss
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Q7 resummation

@ rewrite single emission terms in impact parameter space:

~

|

a 1 s
kii) = —-—5—log ——
viksi) m ki,i % ki,i
<—> Zi dsz,,-exp |:7I'5l7,' . EL’,‘] l/(klﬂ') = l/(blﬁ,')
m
@ summing over all emissions
SEAS 2 1 dk? ak?) s
—— = — [ db] Jo(b - log —
a2 Lho(bL@u)er | —5 e o K

after 6—function has been taken care of

F. Krauss
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Q7 resummation

Q7 resummation in QCD

@ apply the same reasoning on pS_W):

~(LO)

do—AB_) w+ U,'j*; w+ / db2
—CABWE b b;
dydQ? ; o Jo(by - QL) ii(b; Q, xa, xB)
with ) )
sro) _ _AmtalVjl
=W 12sin? Owm?,

o function W;(b; Q, xa, xg) incorporates resummation with:
Sudakov form factor, PDFs, potential higher orders

@ may have to supplement (hard) real emission corrections

F. Krauss
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Q7 resummation

@ at LL accuracy (and with ki min = 1/b1)

Wi(b; Q, xa, x8) =

2

Q

1 1 dk? 2 Q?

(o ) 0 (s 50 o |- | (astren
2

L
(remember x4 g = My /\/5 eEY)
@ must regularise large-b, /low-k, regime:
add non—perturbative dampening function (such as exp(—b3))

(will ignore this added term)

F. Krauss
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Q7 resummation

o full beauty result:

d ~(LO)
OAB— W+ _
a2

U,"% + db2 g ~ re
JZWW {/ Tl |:JO(bL - QL) Wi(b; Q, xa, XB):|

+ Yisw(QL: Q, xa, XB)}

@ function Y as differrence of full real correction and real emission parts
coming from W (“matching”)

F. Krauss
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Q7 resummation

F. Krauss

@ anatomy of resummation part

Wi (b; Q, xa, xg)

{/de/dfs a6 2 ) s (55, )

corrections to factorisation genuine loop corrections

< (Groan) oG] m (G ge)

02
dk2 Q2
xew |~ [ G (a)ios T+ B0)
Y 1 1

2
/62

Sudakov form factor
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Q7 resummation

F. Krauss

e terms A, B, C, and H all with expansion in a5, e.g.

@ process-independent are the A”) and

Aqyg =2CFa
67 10
AE;‘)g =2CraK = 2G4 ¢ {CA <18 ?) - ETRM]
Blg, = —3Cr, —2p
c® ( ) 6(1-2)
2 2
(= i,u%) — PPlog 2 — Pi(2) + dub(l — )G
b I 6

QCD at Colliders



Q7 resummation

@ logarithmic accuracy:

accuracy H terms included ‘

LL AD
NLL A(Z), B(l), c
NNLL AG) B (@)

@ note: log—counting differs by community

(1 adopt counting of Collins-Soper—Sterman and Catani-deFlorian-Grazzini)

F. Krauss
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Q7 resummation

@ example result: interplay of fixed order and resummation

. + .
Resummed cross section for W' production
d6/dQ"dQ,dy (y = 0) for pp collisions at 8 TeV
1000 T T T T T T T T T

[ — - Resummed, W + Y (fixed order corrected)
b — resummed, W only (no fixed order)
t -+ fixed order

=]
8

do/dQ’dQ,dy (y=0) [pb/GeV’]

0 10 20 30 40 50

Qr [GeV]

@ note: parton shower will act similar to Q7 resummation

F. Krauss

QCD at Colliders



Q7 resummation

Threshold resummation in QCD

@ another source of large logarithms: production thresholds

@ produce heavy system (singlet) with mass Q, add multiple soft gluon
emissions to “hit” threshold @ from above,
~ 1/(1 — z)4 from splitting function

@ integration over splitting yields logarithms of the form

o {Iogk(l - z)} .

s 1—=z

@ interesting limit: large logs from “squeezed” phase space,
gluon emissions do not change kinematics of system

F. Krauss
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Q7 resummation

. . (th
@ log—enhancement of cross section encoded in VV,J res)

1

1

do, Q?

% = /dr/ dxidx; fi/a(xi, pe) /(X /LF)(5<T— le_Xj)
0 0

. VVU(threb (7_ Q7 LR, l’LF)y

o relevant limit 7 = Q?/8 — 1
@ usually discussed after Mellin transform, therefore only qualitatively

e important: no phase space for hard collinear emissions,
o therefore completely driven by soft eikonal, identical A’s!!!!

1— 2)02 5
d
- [ Fea-ae,

Q2

ires 1 4C
MN[WU(ue)( _ F/dz

o subleading terms start at O (a2)
o same choice of scale, k2 = (1 — z)q?

F. Krauss
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Resummed jet rates in eTe~—annihilations

@ use Durham jet measure (ki -type):
2 - 2
ki ,; =2min(E’, E7)(1 — cos ;) > Qics

@ jets given by k1 > Qjes

@ remember probabilistic interpretation of Sudakov form factor
7Dno emission — Aq,g(Qa QO)

QZ
2 2 2
_ L‘} Cr.aas(q) (A log Q—z + B>
qL 2m qa

= exp
o

@ jet rates from no—emission probabilities

F. Krauss
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Jet rates

@ evaluate 2— and 3—jet rate

o for example: 2—jet rate given by probs of no
emission above Qjet for either quark

9{62(Qjet) = [AQ(E3m7 Qj2et)]2
meS(Qjet) = 2A‘7(Ec2.m.-, Qj2ct)

dq’ >
Y - R TG ATNC AT )
1

@ used “integrated splitting function”

C Qs 2 QQ
Fae(ql) = 7F’A27T(q ) (A log 5 + B>

F. Krauss
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Parton showers

An analogy: Radioactive decays

@ consider radioactive decay of an unstable isotope with half-life 7.

(and ignore factors of In 2.)
@ “survival’ probability after time t is given by
S(t) = Puodec(t) = exp[—t/7]
(note “unitarity relation”: Pqoc(t) =1 — Pphodec(t))

@ probability for an isotope to decay at time t:

dpdec(t) _ _dpnodec(t) _ l _
dt dt T exp(=t/7)

@ now: connect half-life with width ' = 1/7.

@ probability for isotope decay at any fixed time t determined by I'.

F. Krauss
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Parton showers

@ spice things up now: add time—dependence, [ = I'(t')

@ rewrite
t
re — / dt'r
0
@ decay-probability at a given time t is given by

t

I(t) exp —/dt’r(t’) = I'(t) Pnodec(t)

0

deec(t) N
de

(unitarity strikes again rIP(lm,(«),’(H = —dPphodec (t)/dt.)
@ interpretation of l.h.s.:

o first term is for the actual decay to happen.
e second term is to ensure that no decay before t
= conservation of probabilities.
the exponential is - of course - called the Sudakov form factor.

F. Krauss
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Parton showers

The pattern of QCD radiation

@ a detour: Altarelli-Parisi equation, once more
@ AP describes the scaling behaviour of the parton distribution function

2
(which depends on Bjorken-parameter and scale Q2)

1

dq(x, QZ) dy 2 2
dn@Q ) y [QS(Q )Pq(X/Y)] q(y, Q7)
X
@ term in square brackets determines the probability that the parton emits
another parton at scale Q? and Bjorken-parameter y
(after the splitting, x — yx + (1 — y)x.)
@ driving term: Splitting function Pg4(x)
important property: universal, process independent

F. Krauss
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Parton showers

Rederiving the splitting functions

+

o differential cross section for gluon emission in e"e™ — jets

doeessj _ o Cras X +x3
dadx, <7 (1—x)(1—x)

singular for x1» — 1.

@ rewrite with opening angle 0q, and gluon energy fraction x3 = 2E,/Ec.m.:

dO’ee*,3j s 'CFOés 2 1+ (1 — X3)2
d cos Oggdxs T | sin0qg X3

singular for x3 — 0 (“soft”), sinfgg — 0 (“collinear™).

F. Krauss
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Parton showers

@ re-express collinear singularities

2dcosfy;  dcoslq d cosfqe
sin? g, T 1—cosfg 14 cosfy
_ dcosfq dcostzs doz, n doz,
T 1—cosfg  1—cosfg, 0% 0%,

@ independent evolution of two jets (g and )

Cros Wi )

2
ajg

dUee—>3j N Oee—2f E
j€{q,q}

F. Krauss
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Parton showers

@ note: same form for any t o< 6%
o transverse momentum k3 = z°(1 — z)?E?¢?

o invariant mass ¢° = z(1 — z)E2¢?

ki aq
2" K2 T g2
@ parametrisation-independent observation:
(logarithmically) divergent expression for t — 0.

@ practical solution: cut-off Q.
= divergence will manifest itself as log Q.

@ similar for P(z): divergence for z — 0 cured by cut-off.

F. Krauss
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Parton showers

2
@ what is a parton? Teschr
collinear pair/soft parton recombine!

@ introduce resolution criterion k1 > Qp.

@ combine virtual contributions with unresolvable emissions:
cancels infrared divergences = finite at O(as)
(Kinoshita-Lee-Nauenberg, Bloch-Nordsieck theorems)

@ unitarity: probabilities add up to one
P(resolved) + P(unresolved) = 1.

F. Krauss
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Parton showers

o the Sudakov form factor, once more
o differential probability for emission between g and g* + dg*:

Zmax

_ asdg AP T(
dP = o dzP(z) =:dqg°T(q°)

Zmin
o from radioactive example: evolution equation for A

_dA(@% ¢°)
dq?

dP

= A(Qz7 qz)diqg - A(Q27 q2)r(q2)

QZ
— A(Q%, ¢°) = exp —/dkzr(/f)
2

F. Krauss
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Parton showers

@ maximal logs if emissions ordered

@ impacts on radiation pattern: in each emission t becomes smaller

E>B>¢E, >

F. Krauss
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Parton showers

Quantum improvements

@ improvement: inclusion of various quantum effects

o trivial: effect of summing up higher orders (loops) as — as(k?)

(A2

o much faster parton proliferation, especially for small k3 .

o avoid Landau pole: k3 > Q3 > /\éCD = Q2 = physical parameter.

F. Krauss
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Parton showers

@ soft limit for single emission also universal

@ problem: soft gluons come from all over (not collinear!)
quantum interference? still independent evolution?

@ answer: not quite independent.

@ consider case in QED

F. Krauss
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Parton showers

@ assume photon into ete™ at O and photon off electron at 6
photon momentum denoted as k

energy imbalance at vertex: k] ~ k0, hence AE ~ k3 /kj ~ k6°.
formation time for photon emission: At ~ 1/AE ~ ky/ki ~ 1/(k;6%).
ee-separation: Ab ~ At

must be larger than transverse wavelength of photon:
Oce/ (k| 0%) > 1/kL = 1/(k)
@ thus: 0. > 0 must be satisfied for photon to form

@ angular ordering as manifestation of quantum coherence

F. Krauss
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Parton showers

@ pictorially:

§

gluons at large angle from combined colour charge!

=

F. Krauss
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Parton showers

@ experimental manifestation:
AR of 2°% & 3™ jet in multi-jet events in pp-collisions

®

o ®

FEry > 110 GeV, Frg > 10 GeV.

X
K

(o) (®) 0,00 — — — S S
O] )
nOR- « DATA |t - DATA — HERWG = Wit
_ HERWIG _ ISAET PTT S L )
oot | S r
A AL
b 3 ‘f‘;', !"“" DL
) L Wadl Fh
8 . | Y wossl of 1 . :
£ ol 3 F 2 ‘ L <] )
g, Lt o i RN ;
3, vl By, i o N N,
s © @ s p =
5 « oatA &
g _PYTHA g
b s b

F. Krauss
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Summary

Summary

o different resummation techniques for different situations

@ common denominator: going to soft/collinear limits of parton emission
phase space

o replacing perturbative parameter o with asL? or similar

@ important object: Sudakov form factor

(identified as no—emission probability)

o will put perturbative technology into Monte Carlo tomorrow

F. Krauss
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ME corrections

Matrix element corrections

@ parton shower ignores interferences
typically present in matrix elements

@ pictorially

ME ‘ém " <‘“‘“
s [

o form many processes Ry < By X Ky

2
2

L L L
T o1 02 03 04 05 05 07 08 09 A 0
v

@ typical processes: q§' — V, e"e" — qg, t — bW

@ practical implementation: shower with usual algorithm, but reject
first/hardest emissions with probability P = Ry /(Bn x Kn)

F. Krauss
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ME corrections

@ analyse first emission, given by
dO’B = d¢/\/ BN(‘DN)
/’N
AT (i, to) + / ao | RO X 1) A=/5)15 1(01))
. Bn(Pnw)

to

once more: integrates to unity — “unitarity” of parton shower

@ radiation given by Ry (correct at O(as)) r

(but modified by logs of higher order in as from {1/ 5)) o

. . Q)

@ emission phase space constrained by uy @0

@ also known as “soft ME correction” (OX@)

hard ME correction fills missing phase space @00

@ used for “power shower”: 00
un — Epp and apply ME correction O-OC o

F. Krauss
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NLO matching: Basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions

r
jet evolution (where the logs are large)
@ matrix elements exact at given order
fair description of hard/large-angle emissions
jet production (where the logs are small) -
@ adjust (“match”) terms: -+
o cross section at NLO accuracy & —+
correct hardest emission in PS to exactly
reproduce ME at order as T
(R-part of the NLO calculation)
(this is relatively trivial) n

o maintain (N)LL-accuracy of parton shower

(this is not so simple to see)

F. Krauss
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POWHEG

reminder: Kjj x reproduces process-independent behaviour of Ry /By in
soft/collinear regions of phase space

Ru(Pny1) R Qs
——— — dd; — Kjj«(P
Bu(®n) 15— Kiiu(®1)

dé,
@ define modified Sudakov form factor (as in ME correction)

Ky
ASVR/B)(/L?V, to) = exp —/d¢1

to

Rn(Pni1)
Bn(®n) ’

@ assumes factorisation of phase space: Pyi1 = Py ® O

typically will adjust scale of as to parton shower scale

F. Krauss
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o define local K-factors

@ start from Born configuration &y with NLO weight:

(“local K-factor")

Ao = dop B(dy)

= doy {BN(<I>N) + Vn(Pn) + Bu(Pn) ® S

Vn(®w)

+/d¢1 [Rn(Pn @ ®1) — Bu(Pn) ® dS(P1)] }

@ by construction: exactly reproduce cross section at NLO accuracy

@ note: second term vanishes if Ry = By ® dS

(relevant for MC@NLO)

F. Krauss
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@ analyse accuracy of radiation pattern

@ generate emissions with A;,R/B)(,uﬁ,, to):

do("M9) = doy B(dy)

2
Ky
« Ru(On ® 01) (=
x § AFD (i, o) + / a0, RO E D) AR/D) (13 1 (01))
. Bn(Pn)
to

integrating to yield 1 - “unitarity of parton shower”
@ radiation pattern like in ME correction

e pitfall, again: choice of upper scale ;3 (this is vanilla PowHec!)

@ apart from logs: which configurations enhanced by local K-factor

( K-factor for inclusive production of X adequate for X+ jet at large p | ?)

F. Krauss
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T T T ' ' ‘
J o LTS ——0
" N 10f NNLO LHC
— POWHEG+HERWIG my=120 GeV
————— POWHEG (ug=pp=my) "
_ ] =
- 101 MC@NLO &t} g — POWHEG
% g ---POWHEG (B - B)
E ::-
) .
1072 | E g
% LHC §urp
N
3 my=120 GeV
103 my e
-3 L
MR=pp=my 1 N e
i ) ) . ) . 1ty
100 ua[\:o W 300 400 0 100 400
Pr [Ge

200
pY [GeV]

@ large enhancement at high pr s
@ can be traced back to large NLO correction

o fortunately, NNLO correction is also large — ~ agreement

F. Krauss
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@ improving POWHEG

@ split real-emission ME as ol — POWHEG how

:\:1‘ ---POWHEG h=m=400 GeV
h Pl
R=R
(pi+h2 TR
N—— S~

R(S) R(F)

---- POWHEG h=120 GeV

do/dpf [pb/GeV]

@ can “tune” h to mimick NNLO - or other
(resummation) result

o differential event rate up to first emission

, R ©)
ARTB (5 1) 4 / dq>1—RB AR /B)(g ki)}

to

do = dogBRY

+dor R (0r)

F. Krauss
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MCGONLO

@ MC@NLO paradigm: divide Ry in soft (“S") and hard (“H") part:
R =R§ +RY) = By @ dS: + Hu

o identify subtraction terms and shower kernels dS1 = > Kj«
{ij,k}

(modify /C in 15t emission to account for colour)

2
My
dO’N = d‘bN BN((DN) AE\I}C)(M%/, t()) + / d¢1 /C,-j,k(dh)Ag\,}C)(u%,, ki)
N—— .
B+V fo
+d®ni1 H

o effect: only resummed parts modified with local K-factor

F. Krauss
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@ phase space effects: shower vs. fixed order

: §

o 050 N

3 g
 030F =
2 2
_@ 020 EN
Z siscone <
=

° _r pit>10 L

% 010 80 GeV =
c

0.07 g -

0.05

Yiet Yiet—YH

@ problem: impact of subtraction terms on local K-factor
(filling of phase space by parton shower)

@ studied in case of gg — H above

@ proper filling of available phase space by parton shower paramount

F. Krauss
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Multijet merging: basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions exact ME
jet evolution (where the logs are large) T Lot

3

@ matrix elements exact at given order
fair description of hard/large-angle emissions -
_jet prod uction (where the logs are small)

act ME
LO Sjet, but alsc
NLO 4jet

@ combine (“merge”) both:
result: “towers” of MEs with increasing number
of jets evolved with PS

o multijet cross sections at Born accuracy o
e maintain (N)LL accuracy of parton shower

F. Krauss
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‘
o

@ separate regions of jet production and jet
evolution with jet measure Q,

(“truncated showering” if not identical with evolution parameter)

@ matrix elements populate hard regime

@ parton showers populate soft domain

F. Krauss
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Why it works: jet rates with the parton shower

@ consider jet production in e"e” — hadrons
Durham jet definition: relative transverse momentum k; > Q,

o fixed order: one factor as and up to Iog2 E° I per jet

@ use Sudakov form factor for resummation &
replace approximate fixed order by exact expression:

Ra(Q) = [Ba(Es @]

2

c.m.dk2 i k2 ‘
(QJ) = 2A ( c.m.> QJ) / TQJ_ |:(l éﬁL)(izK/q(ki-Z)
T i’

Q

F. Krauss
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Multijet merging at LO
@ expression for first emission

do = d®n By ASV)C)(N%W to)

2
Ky
4 / A0y KA (4, tni1)O(Q) — Quia)
ty

+ dPns1 Brr AL (11, then)O(Quer — Q)

@ note: N + 1-contribution includes also N +2, N + 3, ...

(no Sudakov suppression below ¢, | 1, see further slides for iterated expression)
@ potential occurence of different shower start scales: pn n+1,...

@ ‘“unitarity violation” in square bracket: By\Kny — By+1
(cured with UMEPS formalism, L. Lonnblad & S. Prestel, JHEP 1302 (2013) 094 &

S. Platzer, arXiv:1211.5467 [hep-ph] & arXiv:1307.0774 [hep-ph])

F. Krauss

QCD at Colliders



(n — N) extra jets no emissions off internal lines
Nmax—1 n—1 n—1

do = Z {d¢n B, H O(Qj+1 — QJ):| |:H AJ(-K)(tjy tj+1):|
n=N =N J=N

tn
X [A&’O(tn, to) + / A1 Kn AL (tn, tar1)O(Qs — onﬂ)}

to

no emission next emission no jet & below last ME emission

Nmax—1 Nmax—1
+dP oy, B [ [ @~ QJ)} { 1 2%, tj+1)]
Jj=N j=N

Nmax

trmax
X |:A(}C) (t"max7 to) + / do, ’C"maxAE/nfgx(t"maxa tﬂmax+1):|

to

F. Krauss
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Di-photons @ ATLAS: m.,

dodm,, [P0/GeV]

data/SHERPA

data/PYTHIA

F. Krauss

anas
-
USSP
N PYTHIAMC11c x 1.2 (MRST2007)
5 sverPAWGIc 12 CTEO6L)
.
T

£

==
P

"

s it
300406580~ B05 708500

m, [GeV]

P1 v, and Ag., in showers

data/SHERPA

data/PYTHIA

Merging

(arXiv:1211.1913 [hep-ex])

aras B
- 7Te < ATLAS
— buazon -0 R A
NN PYTHAMG e x 1.3 (MRST2007) 3 ——Daazon,fua=as E
e, B SHERPANGIIG « 13 CTEQEL) > PYTHIAMCH10 x 1.2 (MRST2007) S
=Y 4 SHERPANCH1c ¢ 12 CTEGELY)
T 10 = 3
- ==
- =
[R— —
<
= Y ¢ E
E & 25F E
: 2 e :
by § It e e
= E 0sE E
0
<
€ o | ——
£ L
Mopit, a2 4
W4y g 15 +
Fa {3 SN n k| ——
05
35700180200 20300 30400 40300 [T B TR B 1R
b, [Gev] 20, lrad]
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Merging

Aside: Comparison with higher order calculations

B Aanaaasas s Baiaaniasiases i ast B
8 ATLAS 8 ATLAS s B
) = 7Tov & =7Tev - ATLAS
& 2 oaazon fuaesa! : 2 baazn e ss PR
3 R DIPHOX,GAMAZV (6T10) £ A DIPHOX,GAMMAZUG (CT10) 3 ——paazon, [La- 491
% 2o wsTizoos) 2 ) 2n0 (isTwz00e) SN DIPHOX-GAMMAZUC (CT10)
7% o msTwR008)
.. 1 7
AN
1 N5
el . . . . . .
x x x
Q g E 5 3 =1 =
£ I E 28 e
s 5 2 4+ E s 2 th,,
K] 8 15 = 3 15 e,
8 g 1 N £ 7NN R
05 - 05 -
0 0
9 ) 9
] 9 s 9 s
H Z 25 2 25
¢ P P .
s 5 s 5 s e
K g alnia RS + g 5 T m
05 05
300400 500 600 700 800 0700 150 200 250 300 350 400 40 500 05 i 15 2 25 3
m, [Gev] o, [Gev] 20, lraa]
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Multijet-merging at NLO: MEPS@NLO

@ basic idea like at LO: towers of MEs with increasing jet multi
(but this time at NLO)

@ combine them into one sample, remove overlap/double-counting
maintain NLO and (N)LL accuracy of ME and PS
o this effectively translates into a merging of MC@ONLO simulations and can

be further supplemented with LO simulations for even higher final state
multiplicities

F. Krauss
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First emission(s), once more

2

KN
do = doyBy [A%C)(ui,,to)—i- / Aoy KA (1), tnen)O(Q) — QNH)}

to

+dPns1 HNA%C)(M?V, tn+1)O(Qs — Q1)

N

. B
+d®yyg By | 1+ 24 / do Ky |O(Quir — Q))
Bni1 .
N+1

tn41
/ Ay K1 AGD; (twsa, tN+2):|
to

+dDno Hne 1 A (13, tnen) AN, (vt tn2)O(Qua — Q) + - .

: [A(ﬁl(tw, to) +

F. Krauss
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pt in MEPS@NLO

Transverse momentum of the Higgs boson

- T T T T T T T T T T T
3 i I I I I I ]
s pp — h+jets 4 @ first emission by MC@NLO
a SHERPA S-MC@NLO
—~ 10 ' —
N E E
o i |
~ |- -
5 L ]
< L ]
107 E
107 E
1074 I -} ‘ I I | I ‘ I I | I ‘ I -}
o 50 100 150 200 250 300

pi(h) [GeV]
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pt in MEPS@NLO

Transverse momentum of the Higgs boson

; N L ‘ T T T ‘ L ‘ T T T ‘ L ‘ L ]
] L i . . .
o} pp — h+iets ] @ first emission by McONLO
”‘é« pp — h+0j @ NLO , restrict to Qp+1 < Qeut
<10 = —
N E E
o i |
~ |- -
S L ]
T |- -

107 E

107 E

1074 I -} ‘ I I | I ‘ | | I ‘ |

o 50 100 150 200 250 300

pi(h) [GeV]
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pt in MEPS@NLO

Transverse momentum of the Higgs boson

; N L ‘ T T T ‘ L ‘ T T T ‘ L ‘ L ]
] L i . . .
o} pp — h+iets ] @ first emission by McONLO
”‘é« ] pp — h+0j@NLO , restrict to Qni1 < Qeut
ST E ~--ppoh+1@NLO @ MCONLO pp — h + jet for
g r! e ] Qny1 > Qeut
1 [! ) ]

077 T E

1073 = il

1074 | ‘ | ] I ‘ | | I ‘ |

o 50 100 150 200 250 300

pi(h) [GeV]
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pt in MEPS@NLO

Transverse momentum of the Higgs boson

; N L ‘ T T T ‘ L ‘ T T T ‘ L ‘ L ]
@ r pp — h+iets ] @ first emission by McONLO
”‘é« pp — h+0j@NLO , restrict to Qni1 < Qeut
SO E ~--ppoh+1@NLO @ MCONLO pp — h + jet for
g . : ] Qni1 > Qeut
= ke - 9 @ restrict emission off
M - 7 pp — h+ jet to
1072 U . _ Qni2 < Qeut
107 E
1074 I -} ‘ | ] I ‘ | | I ‘ L \‘ L ‘ |
o 50 100 150 200 250 300

pi(h) [GeV]
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pt in MEPS@NLO

Transverse momentum of the Higgs boson

T T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T
pp — h +jets ] @ first emission by MC@NLO
pp—>h+0j@NLO | , restrict to Qni1 < Qeut

E o “opp = h+1@NLO - 4 @ MC@NLO pp — h + jet for
AR s-pp o h+2J@NLO Qni1 > Qeut

10

do/dp, [pb/GeV]

‘ _ @ restrict emission off
pp — h+ jet to
Qny2 < Qeut

@ MCONLO pp — h + 2jets
for Qni2 > Qeut

1074 | ‘ | ] I ‘ | | I ‘ L1 ! L ‘ ’
o 50 100 150 200 250 300
pi(h) [GeV]
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pt in MEPS@NLO

10

do/dp, [pb/GeV]

1074

F. Krauss

QCD at Colliders

Transverse momentum of the Higgs boson
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

pp — h+jets
pp — h+0j @ NLO
vl == pp—h+1j@NLO —
3 . ---= pp = h+2j@NLO 7

o 50 100 150 200 250 300

pi(h) [GeV]

first emission by MC@NLO
, restrict to Qpi1 < Qeut
MC@NLO pp — h + jet for
Qni1 > Qeut

restrict emission off

pp — h+ jet to

Qny2 < Qeut

MC@NLO pp — h + 2jets
for Qni2 > Qeut

iterate



pt in MEPS@NLO

Transverse momentum of the Higgs boson

= T BRI I B e e O IR

¢ I pp > bt jets ] @ first emission by MC@NLO

—‘é_ pp — h+0j @ NLO , restrict to Qpi1 < Qeut
» : ) | .

SO E s so-pp = h+@NLO o @ MC@NLO pp — h + jet for

3 £ ' ---= pp = h+2j@NLO 3 Qi1 > Qeut

5 E L pp = h+3@LO ] e e

- @ restrict emission off
pp — h+ jet to
Qni2 < Qeut

@ MCONLO pp — h + 2jets
for Q2 > Qeut

iterate

1074 | ‘ | ‘ ] I ‘ | ‘ | I ‘ L1 ! L i :
o 50 100 150 200 250 300
pL(h) [GeV]
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pt in MEPS@NLO

Transverse momentum of the Higgs boson

10

do/dp, [pb/GeV]
T

'
10*4\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\l:

pp — h+jets

pp — h+0j @ NLO

----= pp = h+1j@NLO

- pp — h+2j@NLO
pp — h+3j@LO

0 50

F. Krauss

100

150

200

250 300
pL(h) [GeV]

first emission by MC@NLO
, restrict to Qpi1 < Qeut

MC@NLO pp — h + jet for
Qnt1 > Qeut

restrict emission off

pp — h+ jet to

Qni2 < Qeut

MCGONLO pp — h + 2jets
for Q2 > Qeut

@ iterate

sum all contributions

QCD at Colliders



pt in MEPS@NLO

Transverse momentum of the Higgs boson

10

do/dp, [pb/GeV]
T

'
10*4\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\l:

pp — h+jets

pp — h+0j @ NLO

----= pp = h+1j@NLO

- pp — h+2j@NLO
pp — h+3j@LO

0 50

F. Krauss

100

150

200

250 300
pL(h) [GeV]

first emission by MC@NLO
, restrict to Qpi1 < Qeut

MC@NLO pp — h + jet for
Qnt1 > Qeut

restrict emission off

pp — h+ jet to

Qni2 < Qeut

MCGONLO pp — h + 2jets
for Q2 > Qeut

@ iterate

sum all contributions

@ eg. py(h)>200 GeV has

contributions fr. multiple
topologies

QCD at Colliders



Example: MEPSONLO for W+jets

(up to two jets @ NLO, from BLACKHAT, see arXiv: 1207.5031 [hep-ex])

Inclusive Jet Multiplicity

T \ \ \ \ . : ,
T r —e— ATLAS data 1 2 efF E
X L —— MEPs@NLo 4L F 1
2 MEPs@NLo ji/2...21 Z ok =
P 4 L L Nl
N OE =S —— MENLOPS 3 = f ]
+ = MENLOPS /2.2 4  Z o.[
= o + Mc@NLo E
§ NS
. Yo .
107 — H
E jet E ]
E == ' >20GeV E !
== (x10) 1 : |
[ ) 1 2z ¢ ]
Foop >30Gev 4 1 TF E
10% |- = e - F ot 9
E = o2 4
C | = T £ ]
F T S F 1
= + 1 = | |
r + | E .
10" = /;‘ o1 :, ,:
n ] E L3
L o 5
| | | Nt
o 1 2 3 5
Niet
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Merging

First Jet p Second Jet p.
= L e e s LT BEaanass 3
é & w0 —e— ATLAS data
Q —e— ATLAS data 3 = —— MePsaNio
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2 ]
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g il
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O of LI T — 3 McaNto
g B E Wi 230
04 E- - - =
02 | | | | | [~ 4
+
18 E | I I I NN RE [
16 E ol ]
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5 1 E M =ai i i i i ==
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Merging

L BT T T T T
16 E
5 14 E
= ET T e R ] L | E
S —— ATLASdata g o8 1 E
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Non-Perturbative Aspects
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Contents

6.a) Hadronisation: General thoughts
6.c) Models: strings & clusters
6.d) Underlying event
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Local Parton-Hadron Duality (LPHD)

o remember QCD emission pattern

v = S G [ (1-9)]

@ spectrum cut-off at small transverse momenta and energies by onset of
hadronization, at scales R ~ 1fm/Aqcp

@ two (extreme) classes of emissions: gluons and gluers
determined by relation of formation and hadronization times

F. Krauss
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@ gluers formed at times R, with momenta kH ~ ki ~w ke 1/R

@ assuming that hadrons follow partons,

Q
dk? Cras(k? d
dN(hadrons) ~ / —= L(L) |:1 + (1 - E):| Uw

K 2n E
ki >1/R
2
~ Cras(1/R7) log(Q°R?) dw
T w

or - relating their energy with that of the gluers -
dN(hadrons)/d |0g € = const.,

a plateau in log of energy (or in rapidity)

F. Krauss
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F. Krauss

@ add extra gluon radiation and encode angular ordering

E

</

(eG—l/R)

\H
— %‘oﬂ

Omax

dbo de [ do
(T wGo—l/R)/ ; 5 0(c0 —1/R)

de
a
E

w
vo [
1+ = [Iog (ER) — Iogz(eR)} for incoherent sum,Omax =1

1+ s Iog — Iog €R for coherent sum, 0,.x = 6o

o overall effect: peak of energies not & mpadrons, but

(€) = (Enaa) ~ VE.
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Hadronisation

Hump-backed plateau

ple)

Krauss
QCD at Colliders

log—=

1
R

1/0-do/d&p

= ® Tasso 14 GeV| . v
ol|® ® Tasso22Gev K X
A 4 Tasso 35 GeV| «* .,
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5f[» « Opal 91 Gev
aa .
. At .
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.
- *
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- " ad
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-
3 4 5
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@ impact of additional radiation

@ new partons must separate before they can hadronize independently
@ therefore, one more time

ki

ki

tsep ~ RO ~ tform (Rki)

t_form

thad ~ k” R2 ~ tform (Rkl)z .

o for gluers Rk, ~ 1: all times the same
@ naively; new & more hadrons following new partons

@ but: colour coherence
primary and secondary partons not separated enough in

1/R X Wihadron) ~ 1/(RO)

and therefore no independent radiation

F. Krauss
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Hadronisation: General thoughts

@ confinement the striking feature of low—scale sotrng interactions
@ transition from partons to their bound states, the hadrons
@ the Meissner effect in QCD

QED:

F. Krauss
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Hadronisation

@ linear QCD potential in Quarkonia — like a string

data (solid lines) 1(65) = pa—
- theory (dashed lines) € - ur T bb— ™
15 £ =
LERS o
L mas) 149 i M
¥(2b/45) s 20,
105 08 [ ﬁdﬁ‘
y(35) o
s < (35 y"j
— ) xs(2P)
3 ) o 1(10)
= b (@) o =
= n425) 10 mizs) 12 )
n(1P) x(1P) 3 (1) X(1P)
95
3 9 V{R) =V, + KR — /R + /R
! I L !
1z 15 o0 24
= 0 1 17 (012) =0 1 17 (012) - . . 24
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@ combine some experimental facts into a naive parameterisation

@ in e"e™ — hadrons: exponentially decreasing p_, flat plateau in y for

hadrons

Nnsa ~ Nhiag [~

o try “smearing”: p(pl) ~ exp(—p3 /o?)

F. Krauss
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@ use parameterisation to “guesstimate” hadronisation effects:
Y
E = / dydp? p(p1)p. coshy = Asinh Y
0
Y
P = / dydpip(pi)pl sinhy = AcoshY — 1)~ E — \
0

A = /dpip(pi)m = (p1).
@ estimate A ~ 1/Ruad & Mhad, With myaq 0.1-1 GeV.

o effect: jet acquire non-perturbative mass ~ 2\E
(O(10GeV) for jets with energy O(100GeV)).

F. Krauss
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@ similar parametrization underlying Feynman-Field model for independent
fragmentation
o recursively fragment g — g’-+ had, where

o transverse momentum from (fitted) Gaussian;
e longitudinal momentum arbitrary (hence from measurements);
o flavour from symmetry arguments + measurements.

@ problems: frame dependent, “last quark”, infrared safety, no direct link to
perturbation theory, ....

F. Krauss
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Models: clusters & strings

The string model

@ a simple model of mesons: yoyo strings

o light quarks (mg = 0) connected by string, form a meson
o area law: my_, oc area of string motion
o L=0 mesons only have 'yo-yo’ modes:

85

F. Krauss
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Models: clusters & strings

@ turn this into hadronisation model e*e™ — g as test case

@ ignore gluon radiation: gg move away from each other, act as point-like
source of string

@ intense chromomagnetic field within string:
more qqg pairs created by tunnelling and string break-up

@ analogy with QED (Schwinger mechanism):
dP ~ dxdtexp (—ﬂm?,/fc), Kk = "string tension”.

F. Krauss

QCD at Colliders



Models: clusters & strings

@ string model = well motivated model, constraints on fragmentation
(Lorentz-invariance, left-right symmetry, ...)

@ how to deal with gluons?

@ interpret them as kinks on the string = the string effect

VS.

o infrared-safe, advantage: smooth matching with PS.

F. Krauss
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Models: clusters & strings

The cluster model

@ underlying idea: preconfinement/LPHD

o typically, neighbouring colours will end in same hadron

o hadron flows follow parton flows — don’t produce any hadrons at places
where you don’t have partons

o works well in large=N¢ limit with planar graphs

o follow evolution of colour in parton showers

F. Krauss
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Models: clusters & strings

@ paradigm of cluster model: clusters as continuum of hadron resonances
@ trace colour through shower in N. — oo limit

o force decay of gluons into qg or dd pairs, form colour singlets from
neighbouring colours, usually close in phase space

o mass of singlets: peaked at low scales ~ Q32

o decay heavy clusters into lighter ones or into hadrons
(here, many improvements to ensure leading hadron spectrum hard
enough, overall effect: cluster model becomes more string-like)

@ if light enough, clusters will decay into hadrons

@ naively: spin information washed out, decay determined through phase
space only — heavy hadrons suppressed (baryon/strangeness suppression)

F. Krauss
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Models: clusters & strings

o self-similarity of parton shower 0.9 T ety
will end with roughly the same local 08 —— Q-012GeV ]
N . 0Tt —— 0 -180GeV |
distribution of partons, with roughly s
the same invairant mass for colour s L St LR )
singlets 04l J
@ adjacent pairs colour connected, 03 7
. 0zl 4
form colourless (white) clusters. o
o clusters (“~ excited hadrons) ol . %
1 10

decay into hadrons
M/GeV
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Models: clusters & strings

Practicalities

practicalities of hadronisation models: parameters

o kinematics of string or cluster decay: 2-5 parameters
e must “pop” quark or diquark flavours in string or cluster decay — cannot

be completely democratic or driven by masses alone

— suppression factors for strangeness, diquarks 2-10 parameters
e transition to hadrons, cannot be democratic over multiplets

— adjustment factors for vectors/tensors etc. 2-6 parameters

tuned to LEP data, overall agreement satisfying

validity for hadron collisions not quite clear

(beam remnant fragmentation not in LEP.)

@ there are some issues with inclusive strangeness/baryon production

F. Krauss
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Underlying event

Multiple parton scattering

@ hadrons = extended objects!
@ no guarantee for one scattering only.

@ running of as
—> preference for soft scattering.

F. Krauss
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Underlying evel

. . . @
o first experimental evidence for Gow [ COF 16 Gev »/n° + 5 Jets
5
— ing: g 1—Vertex Events
double p_arton scat.termg. o b
events with ~ + 3 jets: 2 = Data
. e bR . from background
e cone jets, R=0.7, Er >5 L) DsuhECLTES??LhFSS"(sz‘aQT”"
< L
GeV; Injl <1'3; Exc — Mante Carla admixture; I_
o ‘“clean sample”: two softest o 52.6%0P + 47 4%PYTHIA
jets with ET < 7 GeV, 3
. T
@ cross section for DPS =
200
O~j0jj
79
OpPS = — 120
Oeff :
c{l]' 1 1 1 Il

Oest A 14 £ 4 mb. e

AS, g—angle between pairs (radians)
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Underlying event

@ more measurements, also at
LHC

@ ATLAS results from W + 2 jets

Krauss

QCD at Colliders

T T T T T T
* Wiy unfolded data,Ns=7 TeV
3 Fit distribution
A+H+]J particle-level template A
—— PYTHIA particle-level template B

T T
ATLAS

Events / 0.03

I Lat=36 pb™*

01 02 03 04

@  AFS (4jets- no errors given)
UA2 (4 jets - lower limit)
CDF (4 jets)

CDF (y + 3jets)

DO (y + 3 jets)

ATLAS (W + 2 jets)

O [mb]
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| | |
10° 10° 10*
\s [GeV]




Proton AntiProton

Underlying Event Upderlying Event

Outgoing Parton

but: how to define the underlying event?

© everything apart from the hard interaction, but including IS showers, FS
showers, remnant hadronisation.

@ remnant-remnant interactions, soft and/or hard.

@ lesson: hard to define

F. Krauss
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Underlying event

@ origin of MPS: parton—parton scattering cross section exceeds
hadron—hadron total cross section

s/4 )
do
Uhard(pL,min) - / dpi d(gl) > O pp,total
P
pi,min

for low P min
@ remember

1

2
dU(pL) — /XmdX2f(X17 q2)f‘(X27 q2)

dp?.

déo—2
dp?.

° <Uhard(pJ_,min)/O'pp,totaO >1

o depends strongly on cut-off p; min (energy-dependent)!

F. Krauss
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Underlying event

Modelling the underlying event

@ take the old PYTHIA model as example:
e start with hard interaction, at scale Qﬁard'
o select a new scale pi from

Qara 5
2 dO’(pJ_)
exp |— dp"*—==
Onorm d T
2
Pl

: : 2 2
with constraint .
Py > pL,mln
o rescale proton momentum (“proton-parton = proton with reduced energy").
o repeat until no more allowed 2 — 2 scatter

F. Krauss
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Underlying event

Modelling the underlying event

@ possible refinements:
e may add impact-parameter dependence — more fluctuations
o add parton showers to UE
o ‘“regularisation” to dampen sharp dependence on p) nin: replace 1/t in
MEs by 1/(t + tp), also in as.
o treat intrinsic k| of partons (— parameter)
e model proton remnants (— parameter)

F. Krauss

QCD at Colliders



SUMMARY
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UNTIL You SReD Yo
You'lt Have No Ioea How Fag You
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