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Underlying ideas
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Factorisation: an electromagnetic analogy

An electromagnetic analogy

@ consider a charge Z moving at constant velocity v

v=0 V¢ \%
e at v = 0: radial E field only
e at v =c: B field emerges: E L B, B 1 Vv, E 1V,

energy flow ~ Poynting vector S~ExB, | v
o approximate classical fields by “equivalent quanta”: photons
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Factorisation: an electromagnetic analogy

@ spectrum of photons:
(in dependence on energy w and transverse distance b )
Z?0 dw dbi electron(Z=1) « dw dbi

dn = — .
2 o 2 2
T w b7 T w b7

@ Fourier transform to transverse momenta k| :

a dw dk3
dn, = & 4w 4Kl
iy T w kf_

note: divergences for k; — 0 (collinear) and w — 0 (soft)
o therefore: Fock state for lepton = superposition (coherent):

l€)phys = |€) + |ev) +levy) + leyyy) + ...

photon fluctuations will “recombine”

F. Krauss
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Factorisation: an electromagnetic analogy

o lifetime of electron—photon fluctuations: e(P) — e(p) + (k)

o first estimate: use uncertainty relation and Lorentz time dilation
o P? = (p+ k)?> = M2, the virtual mass of the incident electron
o life time = life time in rest frame - time dilation

1 E E E k w
T ~ . = ~ ~ ~N —

Myire Myiee  (p+ k)>  2Ek(1 —cosf) ~ k2sin?0/2 k3

@ second estimate: use uncertainty relation and assume only photon
off-shell

e energy balance of photon
p? :2pvk+k2, therefore k* ~ 7k§_ ~—-2p-k<0.
o assume photon momentum to be k* = (w, k., kH)
shift in energy for photon going on-shell: dw ~ k3 /w, therefore

1 w w 1
Ty~ R R e R
~ -

dw k3 w?sin?f  wh?

o lifetime larger with smaller transverse momentum

(i-e. with larger transverse distance)
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DGLAP equations for QED

DGLAP equations for QED

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

@ define probability to find electron or photon in electron:

at LO in a(noemission) : £(x, k3) = (1 — x)
and ~(x, k3) =0

(introduced x = energy fraction w.r.t. physical state)
@ including emissions:
o probabilities change
o 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. k3 :
adk? dw dn, adx

dny =292 % 7 diogkt T wox
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DGLAP equations for QED

@ evolution equations (trivialised)

1
di(x, kK1) _ a(k}) [ d¢ x 2 2
dlog ka_ = Tor ?’PM (5’ a(kL)) 5(57 kL)

1
d , k2 k2 d
5500 [ 4o G

° kf_ plays the role of “resolution parameter”

@ the P,u(z) are the splitting functions, encoding quantum mechanics
of the “splitting cross section”, for example (at LO)

Pule) = (T22) +300-2

o if v — £ splittings included, have to add entries/splitting functions
into evolution equations above
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QED |Initial and Final State radiation

QED Initial and Final State Radiation

@ physical interpretation:
equivalent quanta = quantum manifestation of accompanying fields
@ in absence of interaction: recombination enforced by coherence

@ but: hard interaction possibly “kicks out” quantum
— coherence broken
— equivalent (virtual) quanta become real
— emission pattern unravels
@ alternative idea:
initial state radiation of photons off incident electron

F. Krauss
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QED |Initial and Final State radiation

o consider final state radiation in v* — ¢/
(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)

- —
o % _ %
1-v-a 1-V -1

with € the polarisation vector and 7(£2) the direction of the radiation

d2/ €2 2

dwdQ ~— 4n2

@ recast with four-momenta, equivalent photon spectrum:

« [ P! p'
u <p~k_p’-k>

2

d3k 2

(27‘(’)32/(0
d*k

T @n)%2k T ‘W”"”k

dN =

© Ale

with the eikonal W

F. Krauss
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QED |Initial and Final State radiation

o repeat exercise in QFT, Feynman diagrams:

» [}
i

k
4 P

My _sete—y = eli(p) {r (¢__k e M r U(P/)GZ(/()

p'—k)? (p+ k)?
soft * p“ plu Y
— eﬁu(k) ﬂ — p’ - k U(p )ru(p) = eMX_)e+ef,y . WPP’;/(

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

(radiation decoposes into soft, classical part with logs — i.e. dominant — and hard collinear part)

F. Krauss
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Running of ag and bound states

@ quantum effect due to loops:
couplings change with scale

@ “running” for QCD
“crawling” for QED

@ running driven by S—function

das(uk)

_ 2 9as{pg
/B(Oés) - /’LR 8M2R

_ BO 2 51 3

= I ag + (471_)2045 +...
with

11 4

— T Ca-T

Bo 3 Ca 3 TRIF

34 20
ﬂl = ? Ci — ? CATRnf — 4C,:TRnf
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(]

Monte Carlo Event Generators

0.5

Q) ||

04

03

02

0.1

April 2012

v Tdecays (N>LO)

& DIS jets (NLO)

o Heavy Quarkonia (NLO)

o ¢'e jets & shapes (res. NNLO)
® Z pole fit (N3LO)

N pp —> jets (NLO

=QCD o0(Mz)=0.1184 +0.0007

10 QI[GeV] 100




Underlying ideas
O@0000

Running of ag and bound states

o Casimir operators in the fundamental and adjoint representation:

2

N2 -1
CF = 2NC and CA = NC

with N. = 3 colours and Tg = 1/2.
@ n¢ = the number of (quark) flavours
@ the Casimirs correspond to quark and gluon colour charges
@ explicit expression for strong coupling
&2(1z) 1

O‘s(:u%?) = An =

107
Aqcp?

B
ﬁ log

with Aqcep the Landau pole of QCD, Agcep ~ 250MeV.
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Running of ag and bound states

@ result of running strong coupling:
infrared slavery & asymptotic freedom
(two sides of the same coin)

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

@ at high scales: free QCD quanta
perturbative expansion in as
@ trivial particle spectrum:
2 2
dn9€ = C Mdﬁﬁ
& 7€ T w k2

but now the gluons carry charge!
= massive proliferation of soft particles

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

F. Krauss
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Running of ag and bound states

@ picture of hard interaction: coherence broken by interaction

@ hadron does not recombine but desintegrates

Krauss
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Running of ag and bound states

@ probing the deep structure of hadrons with photon:
deep—inelastic scattering (DIS)

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

o using Breit frame: ¢ =25P.(0,0.0.2) p"=25P.(1,0,0,1)
AVAVAVAVA Is—
P =xpP.(1,0,0,—-1)

P = (Py,0,P,) with P, = \/m% Py
g" =(0,0,—q,) with @ = —¢* = ¢2.

e introducing Bjorken variable (“Bjorken—x")

@
P772P.q  2Pq,

F. Krauss
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Running of ag and bound states

@ interaction time between photon and proton from longitudinal
wavelength of photon 73, ~ A\, ~ 1/q,

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

e lifetime of parton Tyt ~ p,/p> > Tint
must be larger than interaction time!

let the parton live before it interacts!
o therefore: p, > p, for interactionto 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 f,,,

0pIS ~~ Zesfq/p(xa Q2)7
q

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

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

8( fq/h(X7 Q2) )
dlog Q2 \ fy/n(x, Q3)

B () (D)

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

@ QCD splitting functions:
POKx) = Cr +(5(1—x)} = [Péé)(x)} + 4151 - x)

PR(x) = Tr 'x2+(1—x)2} = Pgd(x)

:1+ 1—x
PG = o [P0 e
X 1—x
Pé?(x) = 2Cy {(1—x)+ . +x(1—x)}
11Ca — 4nf T,
%5(1_)() = {Péé)(x)}+ + 7él)(g(l_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
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Parton distribution functions

Parton distribution functions

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

2.0

~ no interactions
@ naively: no interactions . 30D Intaractions
1 ,
> fudsp ~ 0 (x = 3)

@ elastic interactions
— Gaussian smearing
@ strong interactions:
develop “sea” = soft partons

will depend on resolution scale ogl a
remember: dn  logw log kf_

2

@ in fact, due to g — gg, sea increaes much faster,
faaspls @)~ x> A1,

)

F. Krauss
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Parton distribution functions

@ however, sum rules put constraints,
example: momentum sum rule

1
/ dx x Z fi/n(x, ,u2) =1 V2 and for all hadrons h,
4 i

@ also flavour sum rules, for protons:

/dx [fuyp(x, 1%) = fayp(x, p1?)] =2

/d fd/p X, W ) f(—l/p(X7 /1,2)} =1
0

/ dX fq/P(X’ 'uz) - fa/P(X’ ILL2)] =0 for qc {S? c, b}a
0

F. Krauss
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Parton distribution functions

o
s

)
(o))
]
w
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Hadrons in the final state

Hadrons in the final state

@ consider QCD final state radiation

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

2 2
q—ag — O‘S(k ) dky dﬁ Y
dw 2 F e +(1- E)

wmE0-n) as(k3) AR 1422 ag(KR) AR o
it 4, - Cr 5k dz PY(z).
o Fae T T T e 2P

@ divergent structures for:

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

o cut regularise with cut-off k| min ~ 1GeV > Aqcp

F. Krauss

QCD & Monte Carlo Event Generators



Underlying ideas
O®00000

Hadrons in the final state

o find two perturbative regimes:
@ a regime of jet production, where k1 ~ k| ~ w > ki min and
emission probabilities scale like w ~ as(ky) < 1; and
o a regime of jet evolution, where ki min < ki < kj < w and
therefore emission probabilities scale like w ~ o (k1 )log? k3 < 1.

@ in jet production:
standard fixed—order perturbation theory

@ in jet evolution regime,
perturbative parameter not s any more
but rather towers of exp [ozs log k3 log k\l}

e induces counting of leading logarithms (LL), asL?",

next-to leading logarithms (NLL), asl?"71,

etc.

F. Krauss
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Hadrons in the final state

@ consider spatio-temporal structure in classical QED case

e assume a charge comes into existence at t =0 ith 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 = mq for heavy quarks
(assume here typical hadron radius R)
o identify ri with typical hadronic size R
o then: hadronization time

ER? for light quarks

ER for heavy quarks.
mq

t(had)

F. Krauss
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Hadrons in the final state

@ repeat exercise in quantum mechanics

confining forces assoicated with gluons with
k ~ ki = k=~ 1/R =~ m in hadronic rest frame

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

ﬂ ER

(had) ~ Yo 2

@ demand hadronization time > formation time:

t(form) ~

~

k
7'2‘ < k”R2 ~ t(had)
kL

therefore k; > 1/R = O (few Aqcp)

F. Krauss
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Hadrons in the final state

o therefore: breakdown of perturbative picture at scales/transverse
momenta O (few Aqcp)

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

@ no first—principle understanding: = models

F. Krauss
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Hadrons in the final state

Summary

Krauss
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Hadrons in the final state

Detector Event

Parton-parton collision

Initial- & final-state radiation

Underlying event

Krauss
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QCD BASICS

QCD @ FIXED ORDER
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QCD at Fixed Order

Contents

Master formula for cross sections at hadron colliders

Example: W production at LO

Example: W production at NLO
Subtleties: scaling, giant K-factors and all that

2.a)
2.b)
2.c) Example: W + j production at LO
2.d)
2.e)
2.f) Summary

F. Krauss

QCD & Monte Carlo Event Generators



QCD at Fixed Order
[ o]

Master formula for cross sections at hadron colliders

Master Formula for Cross Sections at Hadron Colliders

02—n

1
Z /dxadxb fayhy (Xas 1) Fony (Xbs f1F) Gabsn(1F 5 UR)
a,b 0

IS phase space parton distribution functions

1 =
= E / dxadxy  fayny (Xay 1F ) oy (Xb, 11F)
a,b 0
1 . 2
X 2—§ X do, ‘Mabﬁn| (d)n;/‘lF:,”R) .
~— —
incoming flux F'S phase space amplitude squared

Krauss
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Master formula for cross sections at hadron colliders

@ inspect N—particle final state phase space integral

Lorentz—invariant volume particle on—shell with positive energy

—~ =

don= ([ GF  ose-m) o)

N
X (27‘()454 XaPh1 + XbPh2 — Zp,'
i=1

total 4—momentum conservation

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

F. Krauss
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Example: W production at leading order

Example: W Production at Leading Order

F. Krauss

@ test case for the development of ideas: W production
@ matrix element/amplitude for real W production:

IVudgw9; 11—
Mg = == S di (P21 = ()

)

e CKM matrix element V4, weak coupling gy (from Fermi constant),
subscripts 7, j indicate quark colours

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

— 3 VU 2 L 1%
S = g e g 2] g, 4 Q]

49 2 2
— |Vud| gW Q2 o |Vud|2g5v m2
12 12
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Example: W production at leading order

@ add in one—particle final state phase space

~(LO 1 [d*pw
Saw = 55 @) s 2m)*5* (pu + g — pw)(2m)3(py — )| M
_ W) e 06— my) gl Vil
5 5 12 '

@ therefore, hadronic cross section:

LO
L0 — /dxudxd Z u/hl(Xm HF) fd/hz(xd7 1F) 6 L(Jd~>)WJr
u,d

F. Krauss
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Example: W production at leading order

@ with the integral over the energy fractions rewritten as
5
dx,dx; = — dyw .
s
from c.m.-energy squared 5 and rapidity y

1 Xy
—log —.

5 = xyxz35 and yw = Yem. 5 log
d

e limits on rapidity from x, = m?,/(sxg) > m?3, /s since x3 < 1:

yw| < 1I s
Yw| = Ymax = 75108 —5—.
2 " my,
@ therefore cross section given by
2 2 }/max
78w |Vudl
o) = % dyw D furm (Xus 1F) F3m, (Xas 10F) -
— Yinax u,d

F. Krauss
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Example: W production at leading order

Tevatron LHC, 8 TeV
300000077 [ [ [ [ - 8000000 — [ [ [ /\ [
r 1 3 B N\ W
L 4 L ~ N \“ ]
N r .. 6000000 — —
B L _] B F ]
% 2000000 E r ]
g [ g r ]
g g
g F 1 g E 1
- L ] = 4000000 — —
3 3 b 1
o~ r 1 ~ F 4
S S
© 1000000 — — k- r ]
[ i 2000000 — —
P AN b .
P N 720 PRI AR B O Py AN PRI IRUPIT AR N
— —2 o 2 4 —4 -2 o 2 4
W rapidity W rapidity
LHC, 14 TeV LHC, 100 TeV
12500000 [— ‘ ‘ ‘ ‘ I B 60000000 — | T T T [
3 IR\ W]
10000000 [— N \ 4 ]
=z r N q 250000000 —
5 [ \ 1 3 1
B 7500000 [~ \ — 2 1
g 3 N 1 g ]
E F \ : 5 40000000
S 5000000 — 1 3
3 E 2 \
3 | v
1 v
[/, \\: 30000000 I* / \ ‘t
Y 72 N I S B B PV ARV IV ERPIIE ISP Y
- —2 o 2 4 % 4 -2 0 B 4 6
W repidity W rapidity

Krauss
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Example: W production at leading order

@ including decays W — {Tu,:

Q.LQu Q, Q-
3 |Vulely (gw_ 7, ) (gw‘ rizw)

Z|Mua—>€+l/g‘2 = 974 4 (QZ _ m2 )2+m2 r2
w w' w
v el— 1—v
< |6, 2 e L T et
|Vud|2gﬁv 2

12 (Q*—myy)* + miy
@ used Mandelstam variables
§=Q = (putp)’, t=(pu—pe), and 0 = (py—p)°
e for phase space integration, rewrite  with angle * in c.m.-system:

t = —2p, p 2 f%(lfcose*),

F. Krauss
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Example: W production at leading order

@ evaluate final state phase space integral

Javu = [ TP (2m(ed) gf):(zw)é(pi)(zw)‘*é“(pu+pdpepu)

1 20y)*
_32772/(19‘“

o therefore

1
5t0) = — /d¢|M|2
25

1
gl Vil / 27d cos 0* 52(1 — cos 6*)?

o .02 . 2 R 2
12-25 J) 4.327 [(s—mf/v) +m|2/vr%/v]

_ &y Vil 3
5767 (g_m|2/v)2+m%/vr%/v’

F. Krauss
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Example: W production at leading order

@ include initial state (PDFs):

2
S TWRE A\ Z iy WS 1
hyhp vl 57671 [5— m‘2,v]2 + my, Ty

X qufu/hl(xua WE)XaTq/m, (Xas 1F) |
u,d

F. Krauss
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Example: W production at leading order

@ defining lepton rapidity w.r.t. parton c.m.-system, y, and relate to
lab frame through

Ve =ye —yw
o* 1 1+ cosf*
logcot — == lo

2 2 g17cost9*

@ this allows to write differentially w.r.t. the lepton kinematics:

ud—)el/g

d cos 6*

doy, » .7, sin0*d6,5 .7
% = /quanfu/hl(Xu, HF)fE//hZ(XEa ,UF)—
L

@ 0* is angle of lepton w.r.t. u quark

o remember: d5(t9) ~ (1 — cos#*)?
vanishes if // points into direction of u/d
and is maximal for £// in direction of d/u

F. Krauss
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Example: W production at leading order

o W asymmetry not directly measurable
= must construct lepton observable

@ construct lepton asymmetry:
<d0’g+> . <d0@—>
d dy,-
AZ _ Y+ Yo ,
<d0’g+> T <d0’z>
dye+ dy,-

@ ¢~ and ¢t denote negatively and positively charged lepton

F. Krauss
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Example: W production at leading order

@ lepton asymmetry at Tevatron and LHC
@ A > 0: more positively than negatively charged leptons

Tevatron LHC, 7 TeV

e e e T B A B B

— ] E /"\\\\,//\ ]

L 1 02— —

05— — F / b

L ] o ]

[ ] oo/ -
P 1os b/ ]
T oo _ - T E/ ]
3 [ N 1 3 -oef !
© © \]
I ] i &

L ] -04[— -

-0.5{— — E q

[ —J 06— E

SR I BRI B SN IR IR A

-4 - 0 2 4 -4 - 0 2 4

n n

F. Krauss
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Example: W + j production at leading order

Example: W + j Production at Leading Order

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

u v u v
w* w
g s d o~
d
u v v,
u
w
u wh
g d o 9 d o
@
g 2 u v
wt !
d
w*
d ¢ d o

F. Krauss
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Example: W + j production at leading order

e amplitudes (ignoring W-decays):

igs&w Vud _ Pa—p
Mugogws = =5 Vi | T oA
g
B~ Pg
+’Y;LL(pu_7p)2’yV T;] Uy je W6
u g
igsgwVud _ | Be— Pa
Muyg—aw+ = % Ud,i |7 le"(pg_ipd)Q’}/l”—
L g
p,+p .
7L (p u+ 5 852 o T;] Uu,jelleGg”’a
u g
igngVud _ [ ¢g_¢ﬂ
Mg awr = ——F=— Vd,i | Yul7———3 15
e L A S i

. PetPa o,
T o ]

a

F. Krauss
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Example: W + j production at leading order

@ squaring them and using Mandelstam variables:

2 242 | 72 2 o
M- _ ArasCr g/ | Vua|® t2 4+ 07 +2my, 8
ud—rgW* 12 to

and

M2 _ M2 _ 47rasTRg|3V|Vud|2 §2+02+2m%4/,t\'
‘ |ug—>dWJr - ‘ |ag_>ljw+ - 12 Y .

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

P 2 2 2 2
S+t+u=m;+myp+mi+m;,

F. Krauss
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Example: W + j production at leading order

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

A (LO) 20 A2 5 A

o t*+ 0° +2ms5, s

2 _ Judowrt | w
Mg aws = - (4rasCr) —
~(LO) A2 Ny 2 2

2 - . S+ Ut +2my,t
Mo+ = 7Ud;W - (4mas TR) e W

o identifying, with c.m.angles *, and for ud — gW™*

t = —2p,pg = —2E,E,(1 —cosb;,)

A

b = —2pgpg = —2E5E(1 —cost; ).

shows two possible divergences:
soft (Eg — 0) and collinear (63 — 0)
@ must regularise with cuts (jet algorithm)

F. Krauss

QCD & Monte Carlo Event Generators



QCD at Fixed Order
0000e0

Example: W + j production at leading order

Aside: Jet finders

@ QCD final state radiation and hadronisation:
hard partons turn into collimated spray of hadrons: jets

@ need a quantitative definition: a jet algorithm
@ most simple: cones — (transverse) energy in cone with fixed radius R

o typically direction defined by “seed hadron”, fie; = Pseed/|Pseed|s
yields pseudorapidity 7je; and azimuthal angle gjet

@ distance AR of hadrons w.r.t. direction:

ARh jet = \/ njet 24+ (¢h - ¢jet)2

@ jets defined by demanding

Etot = Z E, = Z Ep > Enin

hE€cone h ARy jet <R

F. Krauss
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Example: W + j production at leading order

@ ‘“seeded” cone algorithms not infrared-safe
(soft and/or collinear radiation can change number of jets)
@ modern jet algorithms are iterative:

e in each step, go over all pairs of particles i & j
o calculate distances:

2
AR?, -
: 2 2 iJ P = 1 k-algorithm
djj = min{p?’,, pfj} > p = 0 Cambridge-Aachen
5 ’ b R p = -1 anti-k7-algorithm
di,beam = Pl

o cluster partons with smallest dj: (ij) =i+
or if smallest d;, parton is absorbed into beam

@ can be applied to partons and particles
@ standard @ LHC: anti-kr with R = 0.4 (ATLAS)/0.5 (CMS)

F. Krauss
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Example: W production at next-to leading order

Example: W Production at Next-To-Leading Order

@ diagrams for W + j above can act as u v

e LO contributions to W + J, or as w
e real corrections at NLO
to inclusive W production

@ must add virtual corrections (loops)

(1 _ EW o - 4D de gl/p(;ab
MUE—)W+ - ﬁgs Vf(d) {/J' / (2’/T)D k2

2 Pat K P K _
X ['71/ ik (pdd—l- k)Q’V L(pu—k)2 Ve TZ]} uJ(U)E#(W+)

e UV and IR divergent

F. Krauss
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Example: W production at next-to leading order

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

SNLO) M(°)+M(1)‘; - MO 2 MmIMO| 0 (02)

@ technology:

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

4D de k2m
)P (7 + )

o evaluate integrals over Feynman parameters

F. Krauss
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Example: W production at next-to leading order

@ therefore, result for relevant contribution

2 o w2\ ° 2 3 5
See [ B s 2
27‘( F<Q2> Cr( €2 - 8+7T

with Q? = (p, + pa)?> = m}, and cr = 47 /T (1 —¢)
@ note: finite term “8" is scheme-dependent

ud— W+ ud— W+

‘M(l* M(O

s

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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Example: W production at next-to leading order

F. Krauss

IR divergences in virtual part = poles in 1/¢

but also: IR divergences in real part, if p; — 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

Q Monte Carlo Event Generators
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Example: W production at next-to leading order

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

dPk 2 2 ¢ 2\
4—D (0) s o
i [ Gy M e (@)@

cancelled with virtual

2 3 7?
2.0 1 —
X (€2+E+3>(5( z)

_ (0)
- ’MUHH w+

+ (1ixlog (! _22)2)+—2(1+z)log(1_22)2

2 PR(z)
3 CF
—_———
absorbed into PDF

F. Krauss
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Example: W production at next-to leading order

o total result for gluon emission:

~(NLO)

ud— W+

_ (L0 as(pr) 47°
= Oué’*)W* {1+ o CF |:<3—8 (5(1—2)
v )2
+< 4 Iog(1 ?) ) —2(1+z)|ogu
1—z z n z
(1) 2
_2qu (2) log HE
Cr Q?

@ add in gluon initial states:

~(NLO)
ug—dW+

F. Krauss
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Example: W production at next-to 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 ®z and (N + 1)—particle real emission phase space

(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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Example: W production at next-to leading order

@ therefore structure of NLO calculation for N-body production

do = dd)BBN(CDB) + dd)BVN(d)B) + d¢RRN(¢R)
— ddg (BN Uyt Igf)) +ddr (Ry — Sn)

@ assumed here that ®p = O ® P,
/ A0, Sn(Ps @ 0y) = T (0p)

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

SN((DB & q)l) = BN(CDB) X Sl(d)zg X q)l)
I (0 @ 1) = By(ds) ® I (0p)

with universal S;(®5 @ ®;1) and I§S)(¢B)

F. Krauss
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Subtleties: scaling, giant K-factors and all that

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”

o 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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Subtleties: scaling, giant K-factors and all that

@ example: giant K—factor in W + j

. W*+1 jet, LHC, Vs = 7 TeV . W*+1 jet, LHC, Vs = 7 TeV
1o T T 3 1o T T T
10l

gmﬂf :f_

E §

3 3

{10’17 _‘{

10727

o8 Lo vl o8 L v e

200 400 600 800 200 400 600 800
pr(W") [GeV] pr(is) [GeV]

° pS_W) relatively stable, 15 jet not

@ hints at large impact of 2—parton configurations

Krauss
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Summary

Summary

@ calculated W production
in different channels (inclusive, W+jet)
and at different accuracies (LO, NLO)

@ a word on perturbative orders:

o simply: leading order (LO) is the first order with non-trivial results
o examples:
— inclusive W production cross section & rapidity spectrum
— leptonic forward—backward charge asymmetry at LO, NLO
all already at O (ug)
calculation at O (ni) yields 1°" quantum correction
— p. spectrum of W from W+ parton at LO
no distribution at O (QS) o

F. Krauss
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QCD BASICS

QCD TO ALL ORDERS

F. Krauss

QCD & Monte Carlo Event Generators



QCD to All Orders

Contents

3.a) A QED example

3.b) pL spectrum in single-emission approximation
3.c) Impact parameter space

3.d) Q7 resummation in QCD

3.e) Threshold resummation in QCD

3.f) Jet rates in e~ e™ annihilations

3.g)

Summary
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A QED example

A QED example

@ consider e"et — pu~u™ and py spectrum of p~u™ pair

@ Feynman diagrams:

@ ignore emission of FS leptons — can concentrate on e~ e™ — v*vy
with virtual mass @

F. Krauss
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A QED example

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

~

t
IM|? = 327%a? [AJr
i

e~ et—yy*

0 2QQ -t a)}
/t\_ - A~ | >

o LO cross section for e~et — v*: 69 = 4mwa?/(33), therefore

d}dQ? ~ 27 @2

~

d6r o b {% P 2Q2(Q2—%—a)]
o %

@ note symmetry under T «— @

o remember Mandelstam identity, here $ + % + 0 = Q?

F. Krauss
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P spectrum in single— and all-emission approximation

p. spectrum in single— and all-emission approximation

@ introduce @, the transverse momentum of the virtual photon and
assume low-Q, limit, @> > Q3 — 0

@ symmetry under ¥ <— @, consider £ — 0 only:

@ integrate over all masses Q?, with 4m§ < Q% < 5—2v5Q, results
in (approximatively)

dogr a 1 5
— = 09— — || 1
in UO’]TQ |:ogQL+O( ):|

a d@? s

— dog = —L Jog =

R 0— Qi gQi

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

F. Krauss
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P spectrum in single— and all-emission approximation

@ calculate cross section for Q| > Q| min:

o dQ? 5 « s
dér(> QL min) =~ 80— —L log =5 ~ 60— log?
7R Qi) = 00 R T
Q% min
@ but total cross section for v* production finite:
Te—etsyr =00 <1 + O(a) -non — logarithmic>
Qi,min s
dor +doy dor
= dQ? ——— + / dQt =5
/ dQ? S d@?
0 2
1 ,min
@ this implies that
QL min
dor +doy « s 5
dQ? ~ o (1= - log? oy — | = 6o (14+3W)
/ Q dQJ_ 00 o og Qi)min 00 +

F. Krauss
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P spectrum in single— and all-emission approximation

@ consider many emissions

p+k

@ expression for single emission in soft limit

_ p+K _
k e I

e 6#( ) u(p)7 (p+ k)2 p- k
becomes for n emissions

e"prap-e P €n
np-kip-ka p-ky

F. Krauss
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P spectrum in single— and all-emission approximation

e therefore, n—photon contribution X (")

5 n
P
1 |« s 1 @ 57"
2y — — | & 2 2 _ - % 2 2
(pL) = nl w/dl()ngngi = [ o log Pi} )
0

@ summing all orders:

o0 1 A n ~

F. Krauss
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P spectrum in single— and all-emission approximation

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

1do d (@) = lo ex [ Iozg}
5o dQ2 ~ Ta@z T\t T QL ng Pl 2r 2 @2

@ X is the Sudakov form factor

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

F. Krauss
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Impact parameter space

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:

n

n
_ . 1 - = .
QL+ E kiil|= E/d%u exp [iby - | QL + E ky.i
i=0 i=0

F. Krauss
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Impact parameter space

oe

@ rewrite single emission terms in impact parameter space:

a 1 s
V(kJ_7,') = ;kT |Og kT
L, L,

1 L
— T/dzkj_’,' exp |:_ibj_,,' . kJ_’,'i| V(kJ_’,') = V(bJ_ ,')
i

)

@ summing over all emissions

da,(all)

Go [ .., 1dk2 o(K?), &
dgor = _ %0 A R G N A P
10 - /dbL Jo(b1 Q1) exp pTr og i,i

after —function has been taken care of

F. Krauss
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Q7 resummation in QCD

Q7 resummation in QCD

@ apply the same reasoning on p(lW):

~(LO)
do U," db2 - = ~
e = 2 T { [ [ 0 W @ 0]}

yaly i
with
~(LO) 4m?a| Vy|?
Oijsw+ =

125sin? Owm?,

@ function W,-j(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 in QCD

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

Wii(b; Q, xa, xg) =

Q2

1 1 dk2 ) Q?

n (o g) s (s ) o0 |- [ 5 (a0dyes )
15

(remember x4 g = My / /5 eEY)

e must regularise large-b, /low-k, regime:
add non—perturbative dampening function (such as exp(—b2 ))

(will ignore this added term)

F. Krauss
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Q7 resummation in QCD

o full beauty result:

~(LO)

doag—w+ Tjjw+ /dbﬁ_ - .
“dydQ? T — b Wi; (b;
ddei ; 2 s JO( L QL) ( ' Qa XA, XB)

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

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

F. Krauss
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Q7 resummation in QCD

@ anatomy of resummation part

Wji(b; @, xa, XB)

d d 1
zb: X/ 5A/ L |:a/A (fA, )fb/s (53, lu>

corrections to factorisation genuine loop corrections

><C,-a<;<j:.b\;u>Cjb<é b\,/4> (EA Z‘j )

Q2
dk2 2
xexp |— / 2<A(kL)IogQ + B(ki))
. kL kL
/b3

Sudakov form factor

F. Krauss
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Q7 resummation in QCD

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

) = 5 () o

N

e process-independent are the A() and

AL =2Ce
67 w2 10
2) _
Ag,)g —2CFAK = 2Cq,g |: A (18 6> 9TRnf]
B} = —3Ck, —25%

N

™

2
_ p) bg ¢
=P’ log bi,u% — Pi(2) +di0(1 — 2)C, 6

F. Krauss
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Q7 resummation in QCD

@ logarithmic accuracy:

accuracy || terms included |
LL A

NLL A@ g1 @)
NNLL AB) 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 in QCD

@ example result: interplay of fixed order and resummation

. + .
Resummed cross section for W' production
d6/dQ7dQ,dy (y = 0) for pp collisions at 8 TeV
1000 T T T T T T T T T

n —— Resummed, W + Y (fixed order corrected)
t k — resummed, W only (no fixed order)
r -+ fixed order

S
8

do/dQ’dQ,dy (y=0) [pb/GeV"]

0 10 20 30 40 50

Q [Gev]

@ note: parton shower will act similar to Q7 resummation

Krauss
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Threshold resummation in QCD

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

n logk(l —Z)
Qg 71 — . .

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

F. Krauss
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Threshold resummation in QCD

o log—enhancement of cross section encoded in W,-J(-thres):
1 11 0
% = /dT/ dxidx; fiya(xi, wF)fi/e(x5, 1) o (T 5x,-xj)
o 0
W7, Q, i, i),

e relevant limit 7 = Q2/5 — 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!!!!

o ac |1 P 4

(thres) _ 4Cr zZ - q 2

M [wi " = F [at [T e a0,
0 Q2

o subleading terms start at O (a3)
o same choice of scale, k2 = (1 — z)q¢?

F. Krauss
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Jet rates in e e —annihilations

Resummed jet rates in eTe —annihilations

@ use Durham jet measure (k -type):
K3 ; = 2min(E2, E?)(1 — cosfy) > Q2

@ jets given by ki > Qjet
@ remember probabilistic interpretation of Sudakov form factor

79no emission — Aq,g(Qa QO)

2

7 dq? Craas(q?) Q?
— exp —/ C9y Sraastdy) (Alog +B)
qi 2w

Q8

@ jet rates from no—emission probabilities

F. Krauss
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Jet rates in e e —annihilations

@ evaluate 2— and 3—jet rate

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

§R2(Qjet) = [ ( cm’ ]

)
§R3(Qjet) =2A ( c.m.’ _]Ct)

dg?
/ q2L [rq(qQ\ )AQ(E< m.» 91 )Aq(qi ?ﬁt)Ag(qi ]29‘5)]
1

@ used “integrated splitting function”

CFr aas q2 Q?
Fasled) = AT (10 T 1

F. Krauss
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Summary

o different resummation techniques for different situations

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

o replacing perturbative parameter as 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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GOING MONTE CARLO

GENERAL MONTE CARLO

F. Krauss
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General Monte Carlo

Contents

4.a) Prelude: selecting from a distribution
4.b) Monte Carlo integration: basic idea
4.c) Traditional MC simulation
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Selecting from a distribution

Prelude: Selecting from a distribution

@ a typical Monte Carlo/simulation problem:

o wanted: random numbers x € [Xmin, Xmax), distributed according to
(probability) density f(x), i.e.

P(x € [x',x" + dx']) = f(x")dx’
e but: only “usual” random numbers # available: “flat” in [0, 1]

@ exact solution:

o must know integral F of density f and its inverse F~*
e x given by

/dx/f(xl):# / dx'f(x")

and therefore

x = F7" [F(xmin) + # (F (max) = F (min))]

F. Krauss
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Selecting from a distribution

@ case above is very untypical — integral sometimes known, inverse
practically never

@ need a work-around solution: “Hit-or-miss”
(solution, if exact case does not work.)

e construct good “over-estimator” g(x) (G and G~ known):

g(X) > f(X) Vx € [Xminw Xmax]

@ exact algorithm to select a trial-x
according to overestimator g

?=£mnx

@ accept x with probability f(x)/g(x)
@ obvious fall-back choice for g(x): 4
g(X) = 1\/'[a/x[xrnin7Xn]ax]{f(X)}' ! Xmin Kmox -

F. Krauss

QCD & Monte Carlo Event Generators



General Monte Carlo
@00

Monte Carlo integration: basic idea

Monte Carlo integration

@ underlying idea: determination of m with random number generator

Hits T
N — —»
Misses +Hits 4

Throw random points (x,y),
with x, y in [0,1]
For hits: (x 2+ y?) <1?=1

F. Krauss
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Monte Carlo integration: basic idea

@ MC integration: estimate integral by N probes

19 = [ dxf(x)

m\v

oy

a, —a
— (M) = ==Y () = (Fas
i=1

where x; homogeneously distributed in [a, b]

@ error estimate from statistical sample = standard deviation

1/2
<E;a,b)(/\/)> -0 = [<f2>a,bN <f>§,b]

@ independent of the number of integration dimensions!
= method of choice for high-dimensional integrals.

F. Krauss
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Monte Carlo integration: basic idea

Evaluating = Errors in evaluating =
3 10°
3 1
10
3150
107

Estimate
Relative error

Mo

3135

| W P

0 g g 7

10
Number of steps

F. Krauss
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Monte Carlo integration: refinements

Monte Carlo integration: refinements

@ want to minimise number of potentially expensive function calls
= need to improve convergence of MC integration.

o first basic idea: sample in regions, where f largest

( == corresponds to a Jacobian transformation of integral)

@ alternative algorithm: minimise error by “smoothing” integrand
("importance sampling”)
e assume a function g(x) similar to f(x).
o f(x)/g(x) smooth = (E(f/g)) small
e must sample according to dx g(x) rather than dx:
g(x) plays role of probability distribution; we know already how to
deal with this!

e works, if f(x) is well-known, but hard to generalise.

F. Krauss
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Monte Carlo integration: refinements

@ importance sampling

o consider f(x) = cos 5 and g(x) =1 — x*:

0 s

o 02 04 06 08 00y 0.2 0.4 0.6 08
e cos Zx

1 I = dz(1l — 2?) e
0 1—x2
I = [ dxr cos g:!? o oS T
J0 2
= d T
= 0.637+0.308/V N / i 1 —.1‘2[ (el

= 0.637 +0.032/VN

F. Krauss
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Monte Carlo integration: refinements

@ yet another idea: decompose integral in M sub-integrals

M
() = D ()

(E(F)? =Y (E(F)°

1

<.
Il

@ overall variance smallest, if “equally distributed"”.
(== sample, where the fluctuations are.)
(" stratified sampling”)
@ algorithm:

o divide interval in bins (variable bin-size or weight);
e adjust such that variance identical in all bins.

F. Krauss
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Monte Carlo integration: refinements

@ stratified sampling
2.

e consider f(x) = cos %5* and g(x) =1 — x

0.4 — \ 1

0.2 AN

(IY = 0.637 + 0.147/v/N

Krauss
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Monte Carlo integration: refinements

@ a hybrid of stratified and importance sampling:
replace independent bins of stratified sampling with independent
functions of importance sampling
@ "bins” — with weight «; — of “eigenfunctions” — g;(x):
- N -
= 8(X) = X cigi(X).
@ in particle physics, this is the method of choice for parton level event
generation:

o translate each Feynman diagram into one or more channels
e optimise interplay of channels, cuts, etc. through weights «;
o optional: add VEGAs to “best” channels

F. Krauss
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Traditional MC simulation

Traditional MC simulation

@ a classical example: two-dimensional Ising model:

(spins s; fixed on 2-D lattice with nearest neighbour interactions.)
H=—J E Sisj
(i)

e evaluation of observable O by summing over all micro states ¢y,
given as spin ensembles (similar to path integral in QFT.)

>:/D¢{;}TY {0(¢{f}) exp[ /E {T)H

@ typical problem in such calculations (integrations!):
phase space too large = need to sample.

F. Krauss
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Traditional MC simulation

@ Metropolis algorithm simulates the canonical ensemble,
summing/integrating over micro-states with MC method.

@ necessary ingredient: interactions among spins in probabilistic
Ianguage (this will come back to us!)

@ algorithm:

e go over the spins,
o check whether they flip:
@ compare Pgj, with random number
@ Ppip from energies of the two micro-states (before and after flip) and
Boltzmann factors

o repeat to equilibrate.
o evaluate observables directly during run &take thermal average
(average over many steps).

F. Krauss
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General Monte Carlo
0080

Traditional MC simulation

@ why does this work? detailled balance!
o consider one spin flip, connecting micro-states 1 and 2.
o rate of transitions given by the transition probabilities YW
o if £ > E; then Wino = 1 and Waoyy = exp (— 582
o in thermal equilibrium, both transitions equally often:
PaWas1 = PiWis2
takes into account that the respective states are occupied according
to their Boltzmann factors.

(Pj ~ exp(—E;/kgT))
@ in principle, all systems in thermal equilibrium can be studied with
Metropolis - just need to write transition probabilities in accordance
with detailed balance, as above = general simulation strategy in
thermodynamics.

F. Krauss
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General Monte Carlo
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Traditional MC simulation

@ example results on a 10 x 10 lattice

2.0 frrmry e

1.0

0.0
-0.5
—T=1.5(x2
—T=1.0(x2) ¢2)
CToa0 —T=2.0(x2)
-1.0F —T=4.0 3 —T=225
0 200 400 600 800 1000 0 200 400 600 800 1000

MC time MC time

Krauss
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Parton-level Monte Carlo

Contents

Calculating matrix elements efficiently

Phase spacing for professionals

Cancellation of IR divergences

5.a)
5.b)
5.c) Including higher order corrections
5.d)
5.e) Tools for LHC physics
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Parton-level Monte Carlo
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Calculating matrix elements efficiently

Calculating matrix elements efficiently

o stating the problem(s):

e multi-particle final states for signals & backgrounds.
e need to evaluate dop:

N 3
dq; N
/ [H (277)325] st <P1 + p2 — Z qi> |Mp1pz—>N|2-

cuts i=1

o problem 1: factorial growth of number of amplitudes.
o problem 2: complicated phase-space structure.
e solutions: numerical methods.

F. Krauss
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Parton-level Monte Carlo
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Calculating matrix elements efficiently

@ example for factorial growth: eTe™ — qg + ng

n | #diags £ 100 o —
011 g‘) ece —> qq+ng
12 -5 100 .
218 = -
3| 48 510k 1
3 _
4 | 384 =
:3 1 L L
z 1 2 3 4

Number of gluons

F. Krauss
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Parton-level Monte Carlo
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Calculating matrix elements efficiently

@ obvious: traditional textbook methods (squaring, completeness
relations, traces) fail
= result in proliferation of terms (M;M7)

@ better ideas of efficient ME calculation:
= realise: amplitudes just are complex numbers,
= add them before squaring!

@ remember: spinors, gamma matrices have explicit form
could be evaluated numerically (brute force)
but: Rough method, lack of elegance, CPU-expensive

@ can do better with smart basis for spinors (see next slide)

@ this is still on the base of traditional Feynman diagrams!

F. Krauss

QCD & Monte Carlo Event Generators



Parton-level Monte Carlo
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Calculating matrix elements efficiently

@ helicity method:
e introduce basic helicity spinors (needs to “gauge”-vectors)
o write everything as spinor products, e.g.
t(p1, h1)u(p2, h2) = complex numbers.
o have completeness relations such as

(p+m) = %zh: {(1 + ':—22) a(p, h)u(p, h)

+ (1 - ’l’;—j) v(p, h)v(p, h)]

o there are other genuine expressions ...

e translate Feynman diagrams into “helicity amplitudes”:
complex-valued functions of momenta & helicities.

e spin-correlations etc. nearly come for free.

F. Krauss
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Parton-level Monte Carlo
[e]e]e]e] elele]

Calculating matrix elements efficiently

@ taming the factorial growth in the helicity method

o by reusing pieces: calculate only oncel
o factoring out: reduce number of multiplications!

can be implemented as a-posteriori manipulations of amplitudes.

@ better method: recursion relations (recycling built in).
best candidate so far: off-shell recursions

(Dyson-Schwinger, Berends-Giele etc.)

F. Krauss
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Parton-level Monte Carlo
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Calculating matrix elements efficiently

@ improvement: off-shell recursion relations

@ general idea: recursively construct generalised currents J,, () for a
set 7 of external particles on their mass shell plus one internal one

Ja(m) = Pa(m) 3 D D [S(m, m2) Va2 Toy (m1) Ty (2)]

Po(m) vt

+ Y>> (St m, 7T3)V31a2“3ja1(Wl)Jaz(Wz)Jaa(W3)]}

P3(7T a1(12a3

P, () denotes the propagator denominator
S(m1, m2) and S(m1, m2, w3) for symmetry factors
Vo for three— and four—particle vertices

go over all permutations of external particles m

F. Krauss
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Parton-level Monte Carlo
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Calculating matrix elements efficiently

@ recursion relations particularly powerful due to massive recycling as
integral part of structure — bookkeeping problem only

@ there are sub—classes of particularly simple amplitudes:
maximally helicity violating (MHV) amplitudes

@ all-gluon amplitudes with helicities given

(Parke-Taylor/Berends-Giele amplitudes)

3 _7 o {if)*
AT 2t i T nt) = ig! ? (12)(23) ... {(n — 1)n){nl)

- . . s [i]*
AL 27, it g n) =g [12][23]...[(n — 1)n][n1] |

e terms [ij] etc. are products of two—component left— and
right—handed Weyl spinors (particularly simple)

@ note: all-sign identical amplitudes vanish due to the conservation of
angular momentum

F. Krauss
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Parton-level Monte Carlo
0000000

Calculating matrix elements efficiently

@ in principle also factorial growth with number of colours

@ sampling over colours improves situation.

(but still, e.g. naively ~ (n — 1)! permutations/colour-ordering for n external gluons)

@ improved scheme: colour dressing

1 P 10 l
a a
TATE = 070 o 050 o )C
C q Cc q
J k J k
@ works very well with Berends-Giele recursions

Final BG BCF CSW
State [80] cD co cD [86] (61B]
2q 0.24 0.28 0.28 0.33 0.31 D.26
3g 0.45 .48 0.42 0.51 0.57 0.55
L) 1.20 104 0.84 1.32 1.63 H
5g 3.78 2.69 2.59 7.26 5.95 5.08
By 14.2 7.19 118 58.1 27.8 30.6
Tg 58.5 3.7 3.6 A48 146 195
Sg 276 821 507 8690 418 1800
g 1450 270 5000 127000 A310 20700
10g TO60 864 64000 - 484900 -

Time [s] for the evaluation of 104 phase space points, sampled over helicities & colour.

Krauss
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Parton-level Monte Carlo
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Phase spacing for professionals

Phase spacing for professionals

F. Krauss

(“Amateurs study strategy, professionals study logistics”)

democratic, process-blind integration methods:
e Rambo/Mambo: Flat & isotropic
R.Kleiss, W.J.Stirling & S.D.Ellis, Comput. Phys. Commun. 40 (1986) 359;
o HAAG/Sarge: Follows QCD antenna pattern
A.van Hameren & C.G.Papadopoulos, Eur. Phys. J. C 25 (2002) 563
multi-channeling: each Feynman diagram related to a phase space
mapping (= "channel”), optimise their relative weights
R.Kleiss & R.Pittau, Comput. Phys. Commun. 83 (1994) 141

main problem: practical only up to O(10k) channels.

some improvement by building phase space mappings recursively:
more channels feasible, efficiency drops a bit.

Q Monte Carlo Event Generators




Parton-level Monte Carlo
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Phase spacing for professionals

@ quality measure for integration performance: unweighting efficiency
@ want to generate events “as in nature”.
@ basic idea: use hit-or-miss method;

o generate X with integration method,
e compare actual f(X) with maximal value during sampling
—> “Unweighted events”.

@ comments:

o unweighting efficiency, weg = (f(X;)/fmax) = number of trials for
each event.

o expect log;, wer = 3 — 5 for good integration of multi-particle final
states at tree-level.

e maybe acceptable to use fiax,eff = Kfmax with K < 1.
problem: what to do with events where f(X;)/fmax,et > 17
answer: Add int[f(X;)/fmax,ert] = k events and perform hit-or-miss
on f(X;)/fmax,et — k.

F. Krauss
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Parton-level Monte Carlo
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Including higher order corrections

Including higher order corrections

o traditional bottleneck of higher—order calculations: virtual parts
@ algorithm before about 2005:

o Passarino—Veltman reduction of tensors in numerator
(replace 2p - k = (p + k)*> — p*> — k%)
o reduce to scalar master integrals of the form

/ dPk
[(pr + k)2(p2 + k)?...]

o further reduce to integrals with up to four propagators only
(but careful: introduces instabilities through “Gram determinants”)

F. Krauss
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Parton-level Monte Carlo
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Including higher order corrections

@ about 2005: begin of “NLO revolution”

@ basic idea: reduce to master integrals numerically by cutting

Tm

1 p3

o coefficients of master integrals emerge as solutions of linear
equations

F. Krauss
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Parton-level Monte Carlo
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Cancellation of infrared divergences

Cancellation of infrared divergences

@ need a mechanism to cancel IR divergences for higher multiplicities
in final states
@ toy model in one dimension:
o MR 1> = LR(x), where x=gluon energy or similar.
o |[My|* =1V, regularised in d = 4 — 2¢ dimensions.
o cross section in d dimensions with jet measure F7:
1
o= [ L R(X)F(x)+ LVFI
0
o infrared safety of jet measure: F{(0) = Fj
= "a soft/collinear parton has no effect.”

(tricky issue - without it, no reliable NLO calculation!)
e KLN theorem: R(0) = V.

F. Krauss

QCD & Monte Carlo Event Generators



Parton-level Monte Carlo
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Cancellation of infrared divergences

@ rewrite

Q
Il

1

d d 1

" R()F(x) ~ / S VRS + / VRS + - VY
0

= (R(x)F{(x) — VF{) + O(1) VF{ .

@ two separately finite integrals, with no large numbers to be
added/subtracted.

@ subtraction terms are universal (analytical bit can be calculated once
and for all).

F. Krauss
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Parton-level Monte Carlo
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Tools for LHC physics

Availability of exact calculations (hadron colliders)

o fixed order matrix elements ( “parton level”) are exact to a given
perturbative order.

(and often quite a pain!)

@ important to understand limitations:
only tree-level and one-loop level fully automated, beyond: prototyping

. done

for some processes
& first solutions

1 2 3 4 5 6 7 8 9 nlegs

F. Krauss
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Parton-level Monte Carlo
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Tools for LHC physics

Survey of existing parton-level tools @ tree—level

Models 2—n Ampl. Integ. public? lang.

ALPGEN SM n=38 rec. Multi yes Fortran
AMEGIC++ SM,MSSM,ADD n==56 hel. Multi yes C++
Comix SM n=28 rec. Multi yes C++
COMPHEP SM,MSSM n=4 trace 1Channel yes C
HELAC SM n=328 rec. Multi yes Fortran
MADEVENT SM,MSSM,UED n==6 hel. Multi yes Python/Fortran
WHIZARD SM,MSSM,LH n=38 rec. Multi yes O'Caml

Krauss
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Tools for LHC physics

Parton-level Monte Carlo

oe] )

Survey of existing parton-level tools @ NLO

(]

Krauss

& Monte Carlo Evel

type technology
’ H ‘ dependencies on other codes ‘
LOOPTOOLS integrals
ONELooP integrals
QCDLoopP integrals
COLLIER reduction
CuTTooLS reduction OPP
FORMCALC reduction PV
NINJA reduction Laurent expansion
SAMURAI reduction
BLACKHAT library (amplitudes) OPP (unitarity)
McFm library (full calculation) PV & OPP
MUIET library (amplitudes) OPP
GOSAM generator (amplitudes) OPP
SAMURAI +NINJA +
MabLooP generator (full calculation) OL+OPP
CuTToOLS +
OPENLOOPS generator (amplitudes) OL+OPP
COLLIER +CUTTOOLS +
HELAC-NLO generator (full calculation) OPP
CuTToOLS +

Generators
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Parton showers — the basics

Contents

6.a) An analogy: radioactive decays

6.b) The pattern of QCD radiation
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Parton showers — the basics
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An analogy: radioactive decays

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) = Pnodec(t) = exp[—t/7]
(note “unitarity relation”: Pyqc(t) =1 — Pphodec(t))

@ probability for an isotope to decay at time t:

dpdec(t) _ dpnodec(t) _ 1
a - ar e

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

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

F. Krauss
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Parton showers — the basics
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An analogy: radioactive decays

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

@ rewrite

r — /dt’r

@ decay-probability at a given time t is given by

dpdec( )

el _ (1) exp /dtr )| = () Paoaee ()

(unitarity strikes again: dPqqc(t)/dt dPhodec(t)/dt)
@ interpretation of l.h.s.:

o first term is for the actual decay to happen.

o 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 basics
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The pattern of QCD radiation

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)

%752) _ / ‘;l [as(Q%)Pa(x/y)] qly, @)

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.)

e driving term: Splitting function Pg(x)
important property: universal, process independent

F. Krauss
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Parton showers — the basics
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The pattern of QCD radiation

o differential cross section for gluon emission in ete™ — jets

2 2
daee—>3j Cras X{ + X5

XmdX2 = Teem s (1 — Xl)(]. — X2)

singular for x; o — 1.

@ rewrite with opening angle 6,4, and gluon energy fraction x3 = 2E,/Ec .

daee—>3j — .CFas 2 1+ (1 - X3)2
d cos 0 ggdxs e sin? Ogg X3

— X3

singular for x3 — 0 (“soft"), sinfge — 0 (“collinear™).

F. Krauss
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Parton showers — the basics
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The pattern of QCD radiation

@ re-express collinear singularities

2dcostlye  dcosly dcosfgg
sin® fgg 1—cosflye 14 cosbq
_ dcoslgg dcosfy  dO5,  dOZ,
"~ 1-—cosflg 1—cosflgy 62, ' 02,

@ independent evolution of two jets (¢ and @)

Cpas d02
do—ee~>3j N Oee—2j Z %P(Z) )
2w 0,

j€{a.q}

F. Krauss
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Parton showers — the basics
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The pattern of QCD radiation

@ note: same form for any t o 62
e transverse momentum k3 ~ z2(1 — z)2E26?

e invariant mass g2 ~ z(1 — z)E26?

@ parametrisation-independent observation:
(logarithmically) divergent expression for t — 0.

practical solution: cut-off Qg.
= divergence will manifest itself as log Q3.

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

F. Krauss
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Parton showers — the basics
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The pattern of QCD radiation
i ? L o
@ what is a parton? s
collinear pair/soft parton recombine! ,
mecom

@ introduce resolution criterion k; > Qq.

@ 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 — the basics
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The pattern of QCD radiation

@ the Sudakov form factor, once more

o differential probability for emission between g° and ¢* + dg?:

as dg? a oo
dP = Pry / dzP(z) =:dqg°T'(g°)

Zmin
@ from radioactive example: evolution equation for A

dA(Q% @)

dP
dq2 - A(Q27 q2) =

IR A(Q, @) (q?)

QQ
= A(Q? ¢°) = exp —/dk2r(k2)
?

F. Krauss
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Parton showers — the basics
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The pattern of QCD radiation

@ maximal logs if emissions ordered

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

2
i > a3 > 65, a7 > 4

F. Krauss
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Parton showers — the basics
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Quantum improvements

Quantum improvements

@ improvement: inclusion of various quantum effects

e trivial: effect of summing up higher orders (loops) ac — a.(k?)

e much faster parton proliferation, especially for small k3 .

e avoid Landau pole: kT > QF > A3 cp = Q5 = physical parameter.

F. Krauss
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Parton showers — the basics
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Quantum improvements

@ 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 — the basics
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Quantum improvements

@ assume photon into eTe™ at f.. and photon off electron at
photon momentum denoted as k

e energy imbalance at vertex: k] ~ k0, hence AE ~ kf_/kH ~ k”92.
e formation time for photon emission: At ~ 1/AE ~ ky/k3 ~ 1/(k6?).
@ ee-separation: Ab ~ O.At

@ must be larger than transverse wavelength of photon:
Oce/(K0%) > 1)k =1/(k0)

@ thus: .. > 6 must be satified for photon to form

@ angular ordering as manifestation of quantum coherence

F. Krauss
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Parton showers — the basics
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Quantum improvements

@ pictorially:

s

gluons at large angle from combined colour charge!

Krauss
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Parton showers — the basics
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Quantum improvements

@ experimental manifestation:
AR of 2nd & 3rd jet in multi-jet events in pp-collisions

U\\;// _— ®,
7\ /\ e °

21 i
- HERG 1T
- DATA L

= 2003
£ ©

2 5

3 ]

s =

c £

L o

g o 0.0
w [
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SIMULATING SOFT QCD

HADRONISATION

F. Krauss
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7.b) Hadronisation: General thoughts
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Practicalities
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7.c) The string model
d)
7.e)
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Hadronisation
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QCD radiation, once more

QCD radiation, once more

o remember QCD emission pattern

@ 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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Hadronisation
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QCD radiation, once more

@ gluers formed at times R, with momenta k“ ~ k ~w ke 1/R
@ assuming that hadrons follow partons,

? dk? Cras(k?) w\1 dw

dN(hadrons) ~ / B e [1 + (1 - *)] —

kf_ 27 E
ki >1/R

Cras(1/R?) dw
s

log(Q*R?

og(Q°R?) —

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

a plateau in log of energy (or in rapidity)

F. Krauss
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Hadronisation
ooe
QCD radiation, once more

@ impact of additional radiation

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

Ky

K2

t5P  ~ RO ~ tlorm (Rk))

tform ~

thad ~ k” R2 ~ tform (RkL)2 .
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 S" w(hadron) ’5 1/(R9)
and therefore no independent radiation

F. Krauss
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Hadronisation: General thoughts

Hadronisation: General thoughts

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

o the Meissner effect in QCD

QED:

o = —D

F. Krauss
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Hadronisation: General thoughts

@ linear QCD potential in Quarkonia — like a string
data (solid lines 1(65) _ 1
L theory (dashed linesy CC - " — b o
45 — — it \;
e - })
o e [ sy 14) Mji )?M
,u; ) - e b Jv‘g-
¥35) L 3 J
_ [ s 2 x(2P) ot
5 o7 |
Z ) ” 1010)
= ¥@) e s o
= n(25) 10— mzs) 12 . s J"‘
R(1P) x(1P) na(1p) XLIPT o
a5
0.5 —f
{
1/4(18) 95 - 0.4
3L ndis) [ mlls) ; 9 V(R) =V + KR - /R + R
1 3 L 1 1 L
o3 + 1z 18 ER) 24
=0 1 17 (012) =0 1 17 (012) - . R
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Hadronisation: General thoughts

@ combine some experimental facts into a naive parameterisation

@ in ete™ — hadrons: exponentially decreasing p, , flat plateau in y for
hadrons

Nhad . N[

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

Krauss
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Hadronisation
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Hadronisation: General thoughts

@ use parameterisation to “guesstimate” hadronisation effects:
4
E = / dydp? p(p3 )pL coshy = Asinh Y
0
4
P = / dydp? p(p3 )pLsinhy = A(cosh Y —1) ~ E — X
0
A= /dPiP(Pi)PL = (p1).

@ estimate A ~ 1/Ryhad & Mpad, With mpaq 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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Hadronisation
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Hadronisation: General thoughts

@ similar parametrization underlying Feynman-Field model for independent
fragmentation

@ recursively fragment g — g'+ had, where

e transverse momentum from (fitted) Gaussian;
o 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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Hadronisation
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The string model

The string model

@ a simple model of mesons: yoyo strings

o light quarks (mq = 0) connected by string, form a meson
o area law: m?,4 o area of string motion

o L=0 mesons only have 'yo-yo' modes:

85

F. Krauss
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Hadronisation
(o] o}
The string model

@ turn this into hadronisation model eTe™ — qg 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 qg pairs created by tunnelling and string break-up

@ analogy with QED (Schwinger mechanism):
dP ~ dxdtexp (—ﬂmg/,‘i), Kk = "string tension".

F. Krauss
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Hadronisation
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The string model

@ 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.

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

F. Krauss
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Hadronisation
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The cluster model

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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Hadronisation
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The cluster model

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

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

@ mass of singlets: peaked at low scales ~ Q2

@ 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)

o 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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Hadronisation

The cluster model

@ self—similarity of parton shower g‘: ' T ascey
. . .8 - 0 =015C
will end with roughly the same local orl ——
distribution of partons, with roughly the 0.6 O — 100G
same invairant mass for colour singlets 0.5
. . 04
@ adjacent pairs colour connected, 0k
form colourless (white) clusters. 02
o clusters ("~ excited hadrons)
decay into hadrons L oL
M/GeV

F. Krauss
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Observables

Observables

@ in the following a selection of data from the LEP collaboration relevant
for the tuning of hadronisation models

@ all compared with an actual tune of SHERPA
o typically, PYTHIA does as good (or somwetimes slightly better)

@ so, this is the level we talk about these days, agreement of 5% or better
over large ranges of observables and scales

F. Krauss
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Observables

Thrust major, Ty, at 91 GeV

Thrust, 1 — T, at 91 GeV/
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Observables

F. Krauss
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Integrated 4-jet rate with Durham algorithm (91.2 GeV)
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000@000
Observables

Durham jet resolution 2 — 1 (Ecys = 91.2 GeV) Durham jet resolution 3 — 2 (Ecys = 91.2 GeV)
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Observables

Charged multiplicity at a function of energy Charged multiplicity distribution
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Observables

p* scaled momentum

7" scaled momentum
Z —— Data g ! —+— Data
B —— AnalysisLEPg125 Z —— AnalysisLEPo1.25
b
s ol
w0 1073
1 E
8 e [ s
g g
Z o8k = o8
Rl - U U TR B T o S [l I P PRYOR IYVRT FURRY IVRTY PO YUV FUVRT VO
01 0z 03 o4 o5 06 o7 1 0z 03 04 05 06 o7
% ¥
p spectrum £#(1385) scaled momentum
T L —— Da 3 —— Daa
5w T AvalysisLEPgr 25 B Analysis LEPg1.25
107"
= =
g T g
Z o8E = o8
[l e PTN FP FVET PRTR N FYUVE IVOTA Y VR PO [ P RN N BN AR
04 05 09 10 005 01 o015 05 03
5 )

F. Krauss
QCD & Monte Carlo Event Generators




Hadronisation

000000

Observables
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1/NzpaadN(D*) /dXe

MC/Data

1/NdN/dxg

MC/Data

F. Krauss

Scaled energy of D" in ¢*e~ — Z — hadronic at /5 = 912 GeV

—— Data
£ —— AnalysisLEPg1.2.5

4,_'_'7

b quark fragmentation function f(x§®**)

1

|

| ST T PR PR NN SENTE RN FRRTE SR
06 08

QCD & Monte Carlo Event Generators

10

1/NdN/dxg

MC/Data

]/ scaled momentum

14
. =—

”;:—1

f o T U PN Y NUTEY EUVUR CUTTN P
01 0z o

Analysis.LEPg1.25

X

b quark fragmentation function £(x§™¥)

Data
AnalysisLEPg1.2.5

14

: e

b L]

F o U PN Y BUTEY EUVEN PR P

o1 o8 1
s



Hadronisation

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

o 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 data not quite clear

(beam remnant fragmentation not in LEP.)

@ there are some issues with inclusive strangeness/baryon production

F. Krauss

Q Monte Carlo Event Generators



SIMULATING SOFT QCD

UNDERLYING EVENT
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Contents

8.a) Multiple parton scattering

8.b) Modelling the underlying event
8.c) Some results
8.d)

Practicalities

F. Krauss
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Multiple parton scattering

Multiple parton scattering

@ hadrons = extended objects! Q-
: >
@ no guarantee for one scattering !) p
Y&
@ running of as <::""<_..g D
S

—> preference for soft scattering.

F. Krauss
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Multiple parton scattering

o first experimental evidence

- H . ]
for double—parton scattering: Ll I
. . 5
events Wlth Y + 3 Jets: g 1-Veriex Events
o |
o
e cone jets, R =0.7, Swf P
. DP L i back: d
Er > 5 GeV; |nj| <1.3; b
e ‘“clean sample”: two 2°F — Monte Carlo acmixture:
softest jets with Er < 7 B SLEADE - &7 PV
GeV; € o
=
@ cross section for DPS 20
O~iOii 160 e
_ 049 -
O-DPS - I: 1 1 1 Il 1 1
Teff ° 4 05 1 E ] 25 3

AS, g—angle between pairs (radians)

Oeft = 14 =4 mb.

Krauss
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Underlying Event
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Multiple parton scattering

@ more measurements, also at
LHC

@ ATLAS results from W + 2
jets

Krauss
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Events / 0.03

o
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N RN R

T T T
ATLAS & Wi
[ Fit distribution

A+H+] particle-level template A
—— PYTHIA particle-level template B

T T
unfolded data,\'s=7 TeV

J' Ldt=36 pb™

% 01 02 03 04 05 06 07 08 09 1
n
Ajets
®  AFS (4 ets - no errors given)
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v COF(y+3jets)
% DO(y+3jets)
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Multiple parton scattering

Underlying Event
[e]e]e] o}

Multiple Parton Interactions /outgoing Parton

Proton

Underlying Event Ugderlying Event

Outgoing Parto

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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Multiple parton scattering

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

s/4
do(p
o'hard(pJ_,mm = / d i_ d( 2J_) > Opp,total

pJ_,mzn
for low P min

@ remember

1
do(p?) / 2 2y 622
—— = [ dxydxf f —
dpi X1dX2 (Xla q ) (X27 q ) dpi

° <0hard(pJ_7min)/0'pp,total> >1

@ depends strongly on cut-off p) nin (energy-dependent)!

F. Krauss
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Modelling the underlying event

Modelling the underlying event

o take the old PYTHIA model as example:

o start with hard interaction, at scale Q2,,4.

o select a new scale p2 from

2

Qhard do ) )

r 240\P 1
exp / dpl " —5"
Onorm dpL
Lt
. . 2 2
with constraint p7 > p% in
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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Modelling the underlying event

Modelling the underlying event

@ possible refinements:

e may add impact-parameter dependence — more fluctuations
e add parton showers to UE

o ‘“regularisation” to dampen sharp dependence on p min: replace 1/% in
MEs by 1/(t + to), also in as.

o treat intrinsic ki of partons (— parameter)

e model proton remnants (— parameter)

F. Krauss
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Some results in Z production

Some results for MPS in Z production

@ observables sensitive to MPS

o classical analysis: transverse regions in
QCD/jet events
@ idea: find the hardest system, orient
event into regions:
o toward region along system
e away region back-to-back
e transverse regions

o typically each in 120°

F. Krauss
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Some results in Z production

10 -
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ZE~§ e 20 GeV < % < 50 GeV gg 20 GeV <% < 50 GeV
1t Elp
Z Data i
5 == Da
] = Pythias AU2 B
~-- Sherpa
=" Pythias Perugia2011C
g g
% 5
Q Q
5] I3
= =
[ R RN T TR B TR S (I R RN ST B B TR S
N, /080 N,/ 8n 8o

ATLAS ~ \s=7TeV,46f'  Trans-min region

F ATLAS  \s=7TeV,46f'  Trans-max region
20 GeV <pf <50 GeV/

20 GeV < p? <50 GeV'

1

dN,,
N dN,, /7 3n 86

== Data
0k — vaasAuz

1

N,
NoaN, 76156

--- Sher

T Ryiee Penugiazoiic - Py«mas Perugia2011C

< Powhegs Pyfiag A -~ Powheg+Pythiag AUZ
Homwigas UE EE.3 -~ Herwig++ UE-EE-3
AlpgensHerwig+Jimmy AUET2

MC/Data

- R R BT B R TR R} 05 s e TTEs TR as hus

Ny, /8030 Nen/ 3130

F. Krauss

QCD & Monte Carlo Event Generators



derlying Event
(ele] ]

Some results in Z production
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Some results in Z production
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Practicalities

@ see some data comparison in Minimum Bias
@ practicalities of underlying event models: parameters

o profile in impact parameter space 2-3 parameters

o IR cut-off at reference energy, its energy evolution, dampening paramter

and normalisation cross section
4 parameters

o treating colour connections to rest of event 2-5 parameters
o tuned to LHC data, overall agreement satisfying

@ energy extrapolation not exactly perfect, plus other process categories
such as diffraction etc..

F. Krauss
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MINIMUM BIAS
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Contents
Eikonal models
Eikonals in partonic language

9.a)

9.b)

9.c) Rescattering and other effects

9.d) The Khoze-Martin-Ryskin model (naive version)
9.e)

Some results
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QCD & Monte Carlo Event Generators



Minimum Bias
®000000

Eikonal models

Eikonal models

@ optical theorem relates total cross section oot with elastic scattering
amplitude A(s, t) through

Tinls) = - Im[A(s, £ = 0)]
e rewriting A(s, t) as a(s, b) in impact parameter space
A(s, t =—-3) = 2s/d2bLe"‘7i‘EL..=J(s7 b.)
yields (real part of a(s, b, ) vanishing)
Cuon(s) =2 / d2b, Tmfa(s, B, )|
oa(s) :2/d2bl|a(s, BL)P

Uinel(s) = Otot(s) - Uel(s)

F. Krauss
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Eikonal models

@ good old strong interaction physics (Regge poles): cross section given by
sum over Regge exchanges

o leading Regge pole (Pomeron) yields

-1
s\
Otot = 00 ;
0

0p=21.7mb, so=1GeV?, ap=1.0808

@ Donnachie-Landshoff:

o CDF: op = 24.36 mb, rest like DL.

@ two-pomeron fit:

s 0.452 s 0.0667
ot = 0.0139mb () + 24.22mb ()
S0 So

F. Krauss
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Eikonal models

e predictions for oo (14TeV):
101.5mb (DL)
Oror(14TeV) = { 114.0mb (CDF)
164.4mb  (two-pom)

@ common problem: all violate unitarity (because ap > 1)

@ possible solution: use parametrisation for (see next slide)
eikonal rather than for cross section

Q(s) ~ (;)Wl

@ N.B.: pomeron intercept t-dependent

ap(t)=ap+apt (a/ =0.25 GeV~?)

F. Krauss
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Eikonal models

@ common: parametrisation of amplitude through eikonal Q2

e—sbi) _ 1

3(5, EL) = ¥
Then:  oii(s) = 2 [ d°b.[1— efﬂ(s,EL)]
0'91(5) = dsz[l — efQ(S»BL)]z
Uiﬂfﬂ(s) = /d2bj_[1 — e_ZQ(SJSJ_)]

F. Krauss
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Eikonal models

@ impossible to describe “diffractive excitation” (like e.g. p — N(1440))
with one eikonal only:
such processes are a consequence of the
internal structure of the colliding hadrons

@ for description employ high-energy limit:
in this limit the Fock states of the hadrons are “frozen”,

(lifetime of fluctuations T = E/m? large)
and each component can interact separately, destroying coherence of the
colliding hadrons

@ way out: multi—channel eikonals
assumption: proton is linear combination of diffractive eigenstates

F. Krauss
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Eikonal models

e introduce Good-Walker states (diffractive eigenstates):
|p) = 3 ail i), where (¢;]¢k) = di and 3_|a;* =1
@ these states diagonalise the T-matrix:

(4|l T |dx) = TP

o therefore only “elastic scattering” of these states

o N.B.: use two states

P, N = 25 [ln) + [62)],
related to two different form factors,

2
exp [_ (1iig££u ]

Fio(ql) = B3(1+ K)————————"
{14_ (1i“)(u:|

F. Krauss
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Eikonal models

allows to write cross sections as

dotot . n

ddzb 2Im{j|T 1) = 2(T)

o2 = ITWP =(T)

doe .

T = [l TP = 3 |2 TR = (T?)
k

dGSD o 2 5

single diffraction given by statistical dispersion of absorption probabilities
of diffractive eigenstates

F. Krauss
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Eikonal models

Comments:

o if all eigenstates ¢ experienced same absorption:
— dispersion vanishes
— diffractive production xsec vanishes

o this happens in the black disc limit (T, = 1), at small by

@ consequence: already at Tevatron energies
diffractive production processes due to large b

@ this region is responsible for small t components

@ also: there eikonal (equivalent to optical density, opacity) is small
— large rapidity gap survival probability

(due to small density, only few scatters)

F. Krauss
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Eikonals in partonic language

Eikonals in partonic language

or: Regge physics rules

@ now: need to construct meaningful eikonals
o preferable: make (loose) contact to QCD

@ want to use Regge physics, in particular pomeron exchange, for
amplitudes

o naively write A(s, b, ) o (s/s0)7(®)
@ want to connect Regge picture to QCD

@ unitarisation (naive): identify amplitude with eikonal, related to
sum over all possible pomeron-exchanges between hadronic states

F. Krauss
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Eikonals in partonic language

@ trivial interpretation of pomeron in QCD

@ pomeron as the sum of ladder-type diagrams,
i.e. a sum over all (inelastic) 2 — N processes

@ treat diagram (right) as amplitude :.:

squared for the production of N |
particles, homogeneously {
distributed in rapidity y [
with y € [-Y/2,Y/2] and P
Y =lIns/m3: [

02an = Arn(Y) A5 (V) —gi»—

F. Krauss
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Eikonals in partonic language
@ amplitude then reads
Y /2
aY)"”
§ H / dy,Ol — ( ) — an — s@
nl n!

i=1 —v/2

@ with the kj -integral over each cell of the ladder:

a2k
o) = 16772 / [k — m?][(kL — qu)? — m?]

@ alternative way to obtain result:
dA
) — caty)
@ similar to DGLAP equation, but for evolution in y -
« plays role of splitting kernel

(describing with uniform emission probability)

F. Krauss
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Eikonals in partonic language

@ typically written as recursion from the amplitude for the n — 1 to the n
particles final state:

N.as 2k
fox, k) = e / [ R K1)

@ rewrite recursively

df  Nea.
= K®f
dInl/x ™ ©
therefore f oc x~2°, where ap = 1+ A and
N, N,
Ao = %Ky = %412~ 05
i i

@ including higher order effects,
N
A~ Agexp(—6——) ~ 0.3

F. Krauss
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Eikonals in partonic language

@ interesting reinterpretation of eikonal

@ start with the evolution equation for the
bare pomeron contribution to the elastic amplitude:

df(y) _
T = Af(y)

@ this can also be regarded as the
evolution equation for the parton density of hadron i
(entering at y = —Y/2) in the presence of hadron k:

dQiu(y)

iy AQ(y) = Qi (y) = g2tV /2

@ g; is fixed by the initial condition, i.e. the interaction probability or the
parton density at y = —Y//2

(given by the Fourier transform related to the eigenstate ¢;)

F. Krauss
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Rescattering and other effects

Rescattering and other effects

@ high-density, strong coupling
regime:
fusion of initial state partons -
rescattering effects important

@ in other words: large
triple pomeron vertex gsp

o physical effect: high-mass
dissociation through diagrams like
the one ot the right

@ note: other cuts apart from naive
vertical possible

F. Krauss
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Rescattering and other effects

@ resumming all rescattering contributions

@ multi-pomeron contributions (rescattering) arise from absorption of
intermediate s-channel partons (the rungs in the ladder during evolution

@ allowing for all possible rescatterings/absorptions, must sum over all
possible ladder configurations:

df(y)
dy

= exp[—Af(y)]Af(y)

where \ < g3p = 0.25g, the pomeron-nucleon coupling

F. Krauss
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The Khoze-Martin-Ryskin model (naive version)

The Khoze-Martin-Ryskin model (naive version)

@ construct eikonal from individual parton densities:

- 1 - - -
Qb.) = 535 [ EHDELDR(E, - B - B2)

(the value of the integral will not depend on y)

@ where the parton densities fulfil the evolution equations

dIn Qi (y)
dy

dlnf(?i()i/)k()/) _ —exp{—; [Qi(k)(Y)+Q(i)k(y)]}A

= +exp {;\ Qi (v) + Qipe(¥)] } A

F. Krauss
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The Khoze-Martin-Ryskin model (naive version)

@ boundary conditions
QB B, ~v/2) = Fi(bo(1)%)
Qii(B, 67, +Y/2) = Fi(bL(2)%)

@ Form factor parameters:
32 ~ 30 mb, k& 0.5, A2 ~ 1.5 GeV?, £ ~ 0.2

o Evolution parameters: A ~ 0.3, A = 0.25

F. Krauss
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Some results

Some results for Minimum Bias

Charged particle 1 at 9ooGeV, track p. > 100MeV, for Nen > 2 Charged particle j at 7TeV, track p. > 100MeV, for Ny > 2
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Some results
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Minimum Bias

Some results

Charged multiplicity > 2 at 900GeV, track p1 > 100MeV Charged multiplicity > 2 at 7 TeV, track p 1 > 100MeV
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Some results

Rapidity gap size in 1 starting from = £4.9, pr > 200 MeV Rapidity gap size in y starting from y = 49, pr > 400 MeV.
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Parton Showering Off Born

PRECISION MONTE CARLO

PARTON SHOWERS, ONCE MORE
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Parton Showering Off Born

Contents

10.a) Improving event generators

10.b) Parton showers and all that
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Parton Showering Off Born
@00

Improving event generators

Improving event generators

The inner working of event generators
. simulation: divide et impera

@ hard process:
fixed order perturbation theory

traditionally: Born-approximation

@ bremsstrahlung:
resummed perturbation theory

o hadronisation:
phenomenological models

@ hadron decays:
effective theories, data

@ "underlying event”:
phenomenological models

F. Krauss
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Parton Showering Off Born
oeo

Improving event generators

and possible improvements
possible strategies:

@ improving the phenomenological models:

e “tuning” (fitting parameters to data)
e replacing by better models, based on more physics

(my hot candidate: “minimum bias” and “underlying event” simulation)

@ improving the perturbative description:
o inclusion of higher order exact matrix elements and correct
connection to resummation in the parton shower:
“NLO-Matching” & “Multijet-Merging”
e systematic improvement of the parton shower:
next-to leading (or higher) logs & colours

F. Krauss
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ooe

Improving event generators

e remember structure of NLO calculation for N-body production
do = d¢BBN(¢B) + dd)BVN((DB) + d(bRRN(CDR)
= dop (BN + Yy + I,(VS)) +ddr (RN — SN)

@ phase space factorisation assumed here (¢ = 5 ® dy)
/d‘DlSN(‘DB ® &1) = I/(VS)(q)B)

@ process independent subtraction kernels
Sn(Pp @ 1) = By(Pp) ® Si(Pp @ dq)
I (05 © 01) = By(®s) © I (05)
with universal Sy(®5 ® ®;) and Z\%) (dp)
@ in Catani-Seymour invertible phase space mapping
Pr — PPy

F. Krauss
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Parton Showering Off Born
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Parton showers, again

Parton showers, again
@ Sudakov form factor (no-decay probability)
t
It as d
A(K:k)(t* tO) =exp | — (7 0[7 dzﬁ ]C/Jk(t, Z, Cf))
v, t 27 2w —_———
to
splitting kernel for
(ij) — ij (spectator k)

@ evolution parameter t defined by kinematics

generalised angle (HERWIG ++) or transverse momentum (PYTHIA, SHERPA)

do

dt
o will replace —dz— — d®;
t  2r

e scale choice for strong coupling: as(k?)
resums classes of higher logarithms

@ regularisation through cut-off t;

F. Krauss
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Parton Showering Off Born
0@00

Parton showers, again

@ “compound” splitting kernels /C,, and Sudakov form factors AE,K)

for emission off n-particle final state:

t

Qg
Kn(®1) = 5~ > Kik(®ik), A(HIC)(EfO):eXp[_/dq)llcn(q’l)

all {ij,k} to

@ consider first emission only off Born configuration

dO’B = dq)/\/ BN(q)N)

2

. {AS\,}C)(N?W to) + / 4, {ICN(%)A%V’“)(u%a f(q’l))} }

to

integrates to unity — “unitarity” of parton shower

o further emissions by recursion with Q> = t of previous emission

F. Krauss
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Parton showers, again

@ analyse connection to Q@ resummation formalism

@ consider standard Collins-Soper-Sterman formalism (CSS):

doas—x  _ ddx Bj(dx) /d2biex (iby - Q) Wy(b; dx)
ddeJz_ - X RPij\¥X (27’(’)2 p 1 1 j\M: WX
guarantee 4-mom conservation higher orders
with
collinear bits loops
Wj(b; x) = Ci(b; dx, as)Ci(b; x, ae)Hy(ow:)
Q?( dk2 QZ
exp | — / k—; (A(as(ki))logk§<+B(aS(ki))>
. 1 1
1/b%

Sudakov form factor, A, B expanded in powers of as
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Parton Showering Off Born
oooe

Parton showers, again

@ analyse structure of emissions above

-
o logarithmic accuracy in Iog/Z—N (a la CSS) @
possibly up to next-to Ieadingﬂog, 08
o if evolution parameter ~ transverse @O
momentum, @0 O
o if argument in a5 is oc k. of splitting, @00

o if Kjjx — terms A; > and B; upon integration O-O0-0—

o
(okay, if soft gluon correction is included, and if Kij,k — AP splitting kernels)

@ in CSS k, typically is the transverse momentum of produced system, in
parton shower of course related to the cumulative effect of explicit
multiple emissions

@ resummation scale py & ug given by (Born) kinematics —
simple for cases like qg' — V, gg — H, ...
tricky for more complicated cases
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Parton Showering Off Born
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Matrix element corrections

Matrix element corrections

@ parton shower ignores interferences
typically present in matrix elements

@ pictorially

e H«w 2+ <%
os . Hm + H%

e form many processes Ry < By x Ky

2
2

TP A R P N B R
0 01 02 03 04 05 06 07 08 09 1
)

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

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

F. Krauss
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Parton Showering Off Born
oe

Matrix element corrections

@ analyse first emission, given by

dO’B = d‘DN BN(¢N)

Ky
: Ry(dy x & 3
NI / 4o, { R(®n x ®1) A<Nn/r>(,,§,,t(¢1))}
,t Bn(®n)
0

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

e radiation given by Ry (correct at O(as)) -
(but modified by logs of higher order in g from AS\;R /B)y @)
@ emission phase space constrained by uy 08
@ also known as “soft ME correction” ® O
hard ME correction fills missing phase space @00
@ used for “power shower”: 000
in — Epp and apply ME correction a
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PRECISION MONTE CARLO

NLO MATCHING
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11.a) Basic idea
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o

Basic idea

NLO matching: Basic idea

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

jet evolution (where the logs are large) r
@ matrix elements exact at given order -+ @)
fair description of hard/large-angle emissions 4 (@)
jet prOd UCtion (where the logs are small) 1 O O
@ adjust (“match”) terms: 1 ®O0
o cross section at NLO accuracy & 1+ @0 @)
correct hardest emission in PS to exactly
reproduce ME at order as /@ OO0
(R-part of the NLO calculation) Q—Q—Q—Q—>

(this is relatively trivial)
e maintain (N)LL-accuracy of parton shower

(this is not so simple to see)

F. Krauss
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PowHEG

POWHEG

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

Rn(Pn1)

do
LB (®n)

IR Qs
— d¢1 % ]C,'j’k((bl)

o define modified Sudakov form factor (as in ME correction)
2

N
) = |- a0

to

Rn(Pni1)
Bn(®y) ’

@ assumes factorisation of phase space: ®py; = Py @ P

o typically will adjust scale of as to parton shower scale

F. Krauss
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PowHEG

o define local K-factors

@ start from Born configuration ®p with NLO weight:

(“local K-factor”)

AN = doy B(dp)

= doy {BN(¢N) + Vn(®n) + Bu(Pn) © S

Vu(dn)

+/d¢1 [Ru(®n @ &1) — Bu(Py) @ dS(1)] }

@ by construction: exactly reproduce cross section at NLO accuracy

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

(relevant for MC@NLO)
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[e]e] le]e}

PowHEG

@ analyse accuracy of radiation pattern

@ generate emissions with A(,\ZQ/B)(M%,, to):

Ao = doy B(oy)

1y
x { AR (12, 1) + / Ao,

to

Ru(Py @ ®1)

AR/B) 2 2 (g
BN(CDN) N (NN, L( l))

integrating to yield 1 - “unitarity of parton shower”

@ radiation pattern like in ME correction
e pitfall, again: choice of upper scale 13, (this is vanilla PowHG!)
@ apart from logs: which configurations enhanced by local K-factor

( K-factor for inclusive production of X adequate for X+ jet at large p | ?)
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[e]ele] lo}
PowHEG
T T T
100 -
— POWHEG+HERWIG
""" POWHEG (up=pp=my)
101 ---MC@NLO

%

o

N

2

2,

ol

g LHC

N

3 my=120 GeV

1073 | mg->oo
H
MR=Hp=mr
° 00 z -

200
pr [GeV]

@ large enhancement at high p7

do/dp} [pb/GeV]

@ can be traced back to large NLO correction

Hr=Hp=My

LHC

my=120 GeV

— POWHEG

---POWHEG (B » B)

200
p7 [CeV]

o fortunately, NNLO correction is also large — ~ agreement

Krauss
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PowHEG

@ improving POWHEG

@ split real-emission ME as

"\.\ — POWHEG hoo il
Sy ---POWHEG h=my=400 GeV

-~ POWHEG h=120 GeV

h? p2

R=R L
LA,
e — N——

R(S) R(F)

do/dp¥ [pb/GeV]

@ can “tune” h to mimick NNLO - or
maybe resummation result

o differential event rate up to first emission
3RO | ARE)/B) [ a0, RS A=) 12
do = dogB A (s, to) + dth A (s, k1)

to

+dogr R (0p)
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MC@NLO

MCGONLO

@ MCONLO paradigm: divide Ry in soft (“S") and hard (“H") part:
Ry = RE) + RYD = By @ dS, + Ha

o identify subtraction terms and shower kernels dS; = > Kjj«
{ij, Kk}

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

13,
_ 3 (), 2 ‘ ) (K)g, 2 .2
doy = doyBuy(Pn) Ay (s t0)+/d¢1ICU_k(¢1)AN (uw, k1)
—— .
B+V fo
+d®n 1 Hy

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

F. Krauss
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MC@NLO

@ phase space effects: shower vs. fixed order

frmraTaTE

do/dy;. [pb

AN=Z]
[ad] (24-*4)p/op

1 1
Y -2 ) 2 4

Vet Yiet—Yn avtmastit

@ 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

Krauss
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MC@NLO

MCGONLO for light jets: jet-p|

Inclusive jet transverse momenta in different rapidity ranges
5

= 100 T T — T — T T T T —T
B ATLAS data 'g T I . . o4 4 4 4
2 Phys. Rev. D86 (2012) 014022 S E T =
3 7SHERPAMC§@NLO ) > o5k _ bl<o3 ‘ L
T prR=nr=43Hr, po=1ip. s - t —t—+
3 —— Swgrea MC@NLO :oE
104 m=pr =Y, po=tpi] 3 bt
o3 JiR, i variation = 05;0.3‘<\‘y\<‘0.‘8‘ L ) L
1 variation e -+ — iu H
02 MPI variation £ 7k H El
E 1 + + 4 JU—— |
S F bt ettt £
= o5 08<[y <12 e
E P A L !
J e s
T e Ju——| H =
g F = e A L‘ E
= o5 12<y<21 | |
8 15? T T
g L
T LB | |
g F == = |
2 osE21<y<28
i | N P

MC/data

28 < |y < 3.6,

MC/data

p1[Gev] pu (GeV]
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MC@NLO

MCGONLO for light jets: dijet mass

Dijet invariant mass spectra in different rapidity ranges

;1"“];\\‘ T T T T T < T T L T L
<] E s 155 Z
S 1o —s— ATLAS data T qE =
5 Phys. Rev. D86 (2012) 014022 J osE [10<y <d4 E
g —— SuErra MC@NLO = = —t——
T 10 Hr=pr=%Hr, ng=>4p. § 1? =
5 J— ERD =
% g SHr.ExANLCl@‘:I[Iﬁ) g o5 [35<y <40
MR =pr=g3H", = —H —————
e g s
E 1E
1013 Y os5E 30<y <35
o = =
g 5E
101t ~ 1E
§ o5E  25<y* <30
0 ] 7 Ly
10 PPN —————
3
109 ~ 1
9 *
10 = o5 ‘}Z-OW 525
S 1sEF ——
107 3 + or M
T
o
10 = o5 15<y <20
s a5 ——
o S 4 +AAA‘1A““M‘LU_
o
1o 3 ospy L0<y <15
o s s —————
R, fF variation o
10% g variation U !
M} S osE 1 05<yT 0
101 variation s e ST t —+——+
g
, g N
101 B L P = o055, Yo,
07 1 107" 1
gy [TeV] iz [GeV]
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0O000@00
MC@NLO

MCGONLO for light jets: azimuthal decorrelations

Dijet azimuthal decorrelation in various p'* bins

T T T 3 g IR RN R 3
1 15 = =
§ sl T CMsdam 5 E L 3
5 E ghys, R(;CIg;:I.Lgb(zou)uzcm g 4 et~ E
F— su E E
E 05 GeV < plead =
N L ur =pe=4Hr, po=}p. E 300GET< Pl 3
"ot Lo fonr b foor e
104 £ E
E s 15 E
[ 2 LE o s AR =l E
) SR B e e e -
109 E f
E = E 200 GeV < plad <300 GV
£ N R RE RN EE RS EERE RR N EE
107 |- = E
E £ E
E 3 N E
g R -+~
140 GeV < p'ad <200 GevV
RN RN R RS R AR
s E
= E 3
T 1 e |
SRR S e e e e A s
= 05 = 110 GeV < pl¥*d <140 GV
B e e ey 1 4
e
s E
3 T P N I e P . DE
g bbbt -
g E
E E 80 GeV < plf*d <110 GeV
T RPN EPATRN IR A R S I RPN RPN AR IO R
16 18 2 22 24 26 28 3 16 18 B 22 24 26 28 3
AP Ag
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0O0000e0

MCGONLO for light jets: R3;, & forward energy flow

R3p

MC/data

Krauss

QCD & Monte Carlo Evel

3 jets over 2 jets ratio (anti-kt R=0.5)

—e— CMS data
Phys. Lett. B 702 (2011) 336
—— Swuerra MC@NLO

Generators

25
Hr [TeV]

dE/dy [GeV]

MC/data

500

400

300

Forward energy flow in dijet events, p* > 20 GeV/

R R B ERRE RS S
—e— CMSdata
JHEP 1111 (2011) 148
— SuErra MC@NLO
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MC@NLO

MCGONLO for light jets: jet vetoes

F. Kra

Gap Fraction

s

Matching
000000

Inclusive jet transverse momenta in different rapidity ranges

L o e e A H N A
—e— ATLAS data g
JHEP 09 (2011) 053

—— SuErrea MC@NLO
L ug=pr=%1Hr, po=

Forward-backward
- selection

- JF, g variation =
Jg variation
MPI variation
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+
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o 1 2 3 4 5 6
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Summary

Summary

@ reviewed higher order calculations and parton —
shower, with emphasis on accuracy

@ these things are not blackboxes and can be
understood

@ systematic improvement of event generators
by including higher orders has been at the
core of QCD theory and developments in the

AT

past decade: s .
et T . . D
o ME corrections A sk acrssosmwan <

fools”

e NLO matching (“MC@NLO", “POWHEG")
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Multijet merging

Contents

12.a) Basic idea
12.b) Multijet merging at LO
12.c) Multijet merging at NLO
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Multijet merging
000

Basic idea

Multijet merging: basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions
. . exact ME
Jet eVOlUt|0n (where the logs are large) — LOdjet

3]

@ matrix elements exact at given order 4
fair description of hard/large-angle emissions 1
jet production (where the logs are small)

act ME
LO Sjet, but alsc
NLO djet

@ 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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Multijet merging
(o] le]

Basic idea

bl A A R A A LA LA A A R
210 _
a gl ot
@ separate regions of jet production and jet & e
. . . 8 L — Wa2Zet |
evolution with jet measure Q, & —
(“truncated showering” if not identical with evolution parameter) WL T oo i
@ matrix elements populate hard regime
10" |
@ parton showers populate soft domain 1
1075 +
L G dirbne 1l

Nt
0 20 40 60 80 100 120 140 160 180 200

P/ GeV
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Basic idea

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 Iog - per jet

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

MA< RZ(QJ) = [A ( c.m. QJ)]
B, o
o (k
%3((%) = 2A ( s Q) ka;‘ |fl éFL)('iqu(ki,Z)
Qz L 7T

DB KA, Q)G @3)]

F. Krauss
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Multijet merging at LO o000
Multijet merging at LO
@ expression for first emission
Hy
do = doyBy [AY(43, to)+/d<1>1 KnA (13, tni1)0(Qs — Quia)
to

+d®n1 Byt AR (1311, tha1)O(Quis — 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: iy ny1,...

@ ‘unitarity violation” in square bracket: ByKny — Byais
(cured with UMEPS formalism, L. Lonnblad & S. Prestel, JHEP 1302 (2013) 094 &

S. Platzer, arXiv:1211.5467 [hep-ph] & arXiv:1307.0774 [hep-ph])
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Multijet merging at LO

(n — N) extra jets no emissions off internal lines
Amax—1 n—1 n—1
do = Z d®, B, H O(Qj+1 — Q) H AJ(‘K)(tjv tjt1)
n=N j=N j=N
ty
| At t0) + [ A0 A, £012)0(Q, — Qi)
to
no emission next emission no jet & below last ME emission
Nmax—1 Nmax — ]
+d®r,,. By, O(Q+1 - Q) H A, t10)
Jj=N J
trmax -
| (1) + [ 002K A (b1, )
t i

F. Krauss
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(e]e}
Multijet merging at LO

Di-photons @ ATLAS: m., pi 4, and A¢,., in showers

(arXiv:1211.1913 [hep-ex])

s T B T T T T T T T -
3 ATLAS 3 ATLAS £ 1
2 =770V & = 7TV 3 < ATLAS
g —— Datazont, fLat-as - & —— Data 2011, L= 491" EL I
3 %, N PYTHANGHG x 1.2 (MRST2007) € N PYTHANGIG 13 (MRST200) 3 —— Daaz011 fLat- a0’
%, % srerpancite <12 CTEQRLY) 8 s Y sHeRPANGHG x 13 (CTEGRLY) QN PYTHAMC e x 1.2 (MAST2007)
N - = Y SHERPAMC1c x 1.2 (CTEQBLY)
. 107 =, E
= ™
ES 4 100 4
e
= ]
P— 104k ] ]
——— L —
T 105 Do . . . . .
< < <
g £ £ 3
& E & 25F E G 2s5F
2 A E & i ’ & 20
2 e Y S g 15k E 2 1sE
E ] WL £ Mo I e —
k 05E E 05
0 0
< < <
z I 3 E
H S £ i
S £ 25 £ 25 —t—
5 S 130 M 5 .2 s
g sy IS TN ; g8 o
e Saians
05 05
256300400500 600708 800 S I L O ) [ B BT
m, (Gev] P, [GeV] 20, [rad)
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Multijet merging
[eJe]e] ]

Multijet merging at LO

Aside: Comparison with higher order calculations

s Aananaans Aananaanc s B e A Mianaases: 3 T T T T T
3 L3 ATLAS E 8 ATLAS 5
2 IS e 7Tev ] 7w - < ATLAS
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MENLOPS

A step towards multijet-merging at NLO: MENLOPS

@ combine matching for lowest multiplicity with multijet merging

@ interpolating local K-factor for reweighting hard emissions

k(1) = By <1 Hn >+ Hy _}{ l’;’N/BN for soft emission

By Byt Byt 1 for hard emission
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Transverse momentum of W & Z boson

ATLAS, arXiv:1108.6308, arXiv:1107.2381
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Z+jets: inclusive quantities

ATLAS, arXiv:1111.2690
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Z-+jets: jet transverse momenta

ATLAS, arXiv:1111.2690
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Z-+jets: jet transverse momenta

ATLAS, arXiv:1111.2690
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Z+jets: correlation of leading jets

ATLAS, arXiv:1111.2690
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Z+jets: Agzi in unboosted sample

CN

1S, arXiv:1301.1646
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Z+jets: Agz in boosted sample

CMS, arXiv:1301.1646
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Multijet merging at NLO

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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Multijet merging at NLO

First emission(s), once more
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Multijet merging at NL

MEPS@NLO: example results for e e™ — hadrons

Durham jet resolution 4 — 3 (Ecys = 91.2 GeV)

Durham jet resolution 3 — 2 (Ecus = 91.2 GeV)
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MEPS@NLO: example results for

Thrust (Ecys = 912 GeV)
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Multijet merging at NLO

Example: MEPS@NLO for W+jets

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

Inclusive Jet Multiplicity
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Multijet merging at NLO
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Multijet merging at NLO
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Multijet merging at NLO

Results for Higgs boson production through gluon fusion

@ parton-shower level, Higgs boson does not decay

@ setup & cuts:
jets: anti-kt, p; > 20 GeV, R=10.4, |n| < 45
dijet cuts:  at least 2 jets with p; > 25 GeV
WBF cuts:  mj; > 400 GeV, Ay; > 2.8

@ jet multiplicity plots:
O-jet excl.:  no jet with p; > {20, 25, 30} GeV

2-jet incl.:  at least two jets with p; > {20, 25, 30} GeV

® SHERPA with H + {0,1,2}(NLO) 4 [31(LO) jets, Qe = 20GeV
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Multijet merging at NLO

Inclusive observables for gg — H

F. Krauss
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Multijet merging at NLO

Exclusive observables for gg — H

Higgs boson transverse momentum (i sverse momentum of the H ji
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Multijet merging at NLO

gg — H after WBF cuts

Transverse momentum of the Higgs boson isverse momentum of the H j; j, system
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Multijet merging at NL

gg — H after WBF cuts

Azumuthal separation of the two leading jets Azumuthal separation of the Higgs and the two leading jets
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Multijet merging at NLO

Quark mass effects

@ include effects of quark masses

@ reweight NLO HEFT with LO ratio:

(NLO) (NLO) da%fiz
doyass ' = doggpr X (LO)
HEFT

F. Krauss
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Multijet merging at NLO

Quark mass effects — results

@ top mass effect in MEPS@NLO e comparison S-MCONLO- HRES
(on Higgs—p, ) (top—loop only)

Higgs boson transverse momentum
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Multijet merging at NLO

b—mass effects

@ b—mass effects more tricky

o relevant only for (negative) interference of top— and bottom—loops
(bottom? double Yukawa - supressed)

@ but: cannot start shower at my
radiation “sees” bottom at all scales above m,
= must use full theory there

@ pr spectrum naively “squeezed” — funny shapes

@ LO multijet merging improves situation

F. Krauss
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Higgs backgrounds: inclusive observables in W W™ +jets
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Transverse momentum of leading jet
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Multijet merging at NLO

Higgs backgrounds: jet vetoes in W W™ +jets

Integrated cross section in the exclusive o-jet bin Integrated cross section in the inclusive 1-jet bin
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Multijet merging at NLO

Higgs backgrounds: gluon-induced processes W™ W~ +jets

@ include (LO-) merged loop? contributions of gg — VV (+1 jet)
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Multijet merging
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Higgs backgrounds: jet vetoes in W W™ +jets

‘Transverse momentum of leading jet

Transverse momentum of leading jet

“s MEPS@LOOP? 40 +0,1j
- 40 +0j

e 4041
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=== MEPS@LOOP? pp — 40 +0,1j
=== MEPS@LOOP? gg — 4/ +0,1g

Krauss

QCD & Monte Carlo Evel

Generators

pr [Gev]

pr[GeV]



Multijet merging

000000000000 00O00000e00

Multijet merging at NLO

Relevant observables for VH — 30: Et

Missing transverse energy after Z and top veto

ol | ]

—Accumuiated background uncbrainty
— Accumulated signal uncertainty

F. Krauss
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Multijet merging at NLO

Relevant observables for VH — 30: my»3 & ARy

Trilepton invariant mass after Zand top veto Angular separation of lepton pair in
! Signal
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ZH(WW)
—H(rT)
wH(zz)
—H(27)
Background Background
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T T
—Accumi ground uncertainty
" Accumulated signal uncertainty
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m— Accumulated signal uncertinty
—Accymulaed background uncertainy
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Multijet merging
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Higgs backgrounds: light jets in tt + jets

107

F. Krauss

Inclusive light jet multiplicity
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Concluding remarks

Summary

@ Systematic improvement of event generators
by including higher orders has been at the core
of QCD theory and developments in the past
decade:

multijet merging ("CKKW", “MLM")
NLO matching (“MC@NLO", “POWHEG")
MENLOPS NLO matching & merging
MEPSONLO (“SHERPA”, “UNLOPS",
“MINLO", “FxFx")

@ multijet merging an important tool for many relevant signals and
backgrounds - pioneering phase at LO & NLO over

@ complete automation of NLO calculations done
— must benefit from it!

(it's the precision and trustworthy & systematic uncertainty estimates!)

F. Krauss
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Concluding remarks

Famous last screams

@ in Run-1l we'll be in for a ride:

more statistics
more energy
more channels
more precision
more fun

@ ... and all with QCD ...

oh, and btw.: the first NNLO+PS are out!

F. Krauss
Q Monte Carlo Event Generators
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