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I. Motivation: Probing fundamental interactions at the shortest

distances with TeV colliders

II. QCD calculational methods for high-energy scattering

III. Applications to heavy boson and jet final states at the LHC



MOTIVATION

Physics at the TeV scale with the Large Hadron Collider:

• elucidate electroweak symmetry breaking

• uncover new aspects of the Standard Model

• search for physics beyond the SM

♠ Quantum Chromodynamics has key role in all of these areas
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♣ Higgs and BSM searches based on study of

events containing energetic leptons, photons and jets

♣ strong interactions measured in new high-energy regions:

parton matter at high density; high energy limit of hadron scattering



Example: hadronic-event and jet-shape variables

♠ event shape variables long been used to characterize

QCD final states and event’s energy flow

♠ shape variables describing jet’s internal structure proposed

for searches from highly boosted states at the LHC

+

p pH 

bbpp !!> ZH 
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! 
lZ !!> l  

⇒ data interpretation requires understanding of overall QCD dynamics

• e.g., variables sensitive to jet substructure are also sensitive to initial state

dynamical effects: pile-up, underlying events, multi-parton interactions, showering
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QCD uses an array of techniques to treat high-energy multi-particle production:

• factorization of long-distance dynamics
• perturbative calculat.’s of short-distance processes at fixed order in αs

• resummation of enhanced radiative corrections to all orders of PT



Outline

OVERVIEW OF FACTORIZATION PRINCIPLES

PARTON SHOWERING AND NONPERTURBATIVE EFFECTS

EXAMPLES IN DRELL-YAN PRODUCTION



II. PRINCIPLES OF FACTORIZATION

A) V→ hadrons

qµ
hadronsquarks

gluons
!,"

• (∆t)partonic ≈ Q−1 & (∆t)hadroniz. ≈ Λ−1
QCD ⇒

P (e+e−→h) = P (e+e−→qq̄)P (qq̄→h)

• Completeness
∑

h P (i→h) = 1 ⇒

σtot(e
+e−→h) ≡

∑

h

P (e+e−→h)

= P (e+e−→qq̄)
∑

h

P (qq̄→h) = P (e+e−→qq̄)

" almost right — but not quite: rhs is IR-divergent in PT... ↪→



↪→ particle number nonconservation ⇒ add in multi-particle states

(qq̄g to 1st order)

⇒ σ(e+e−→qq̄) + σ(e+e−→qq̄g) insensitive to long-time interactions,

b)a)
# << 1

E !> 0

i.e., insensitive to collinear and soft parton emission

• perturbative calculability ( = “IR-safety”)

♠ valid to any order in αs

♠ valid for large classes of infrared-safe observables

# jet physics from PETRA, PEP, LEP e+e− experiments
# accurate determinations of QCD running coupling αs(Q2)



B) Single-scale hadron scattering. E.g., DIS structure functions
e

p

pµ

µq

• necessarily sensitive to long timescales, BUT

σ(Q,m) = C(Q, parton momenta > µ)⊗ f(parton momenta < µ,m)

δtscatter " τparton in “infinite-momentum” frame
p e

Pdf ′s : f(x, µ) =

∫
dy−

2π
e−ixp+y−

f̃(y)

f̃(y) = 〈 P | ψ(y) V †
y (n) γ

+ V0(n) ψ(0) | P 〉 , y = (0, y−, 0)

Vy(n) = P exp
(
igs

∫∞

0 dτ n ·A(y + τ n)
)

↖ correlation of parton fields at lightcone

distances (analog of a†a operator)



♦ Renormalization group invariance ⇒
d

d lnµ
σ = 0 ⇒

d

d lnµ
ln f = γ = −

d

d lnµ
lnC

↪→ DGLAP evolution equations [Altarelli-Parisi

Dokshitzer

Gribov-Lipatov]

f = f0 × exp

∫
dµ

µ
γ(αs(µ))

↗ resummation of (αs lnQ/ΛQCD)
n to all orders in PT

Note: expansions γ . γ(LO) (1 + b1αs + b2α2
s + ...)

C . C(LO)
(
1 + c1αs + c2α

2
s + ...

)

give LO, NLO, NNLO, ... logarithmic corrections



C ) Multi-scale processes. E.g., hard scattering at LHC energies

s $ q21 $ · · · q2n $ Λ
H

fa

f b

p
A

p
B

q2

s

phase space opening up for large
√
s

⇓

• large number of events with multiple hard scales: q21 , · · · , q2n
• potentially large corrections to all orders in αs, ∼ lnk(q2i /q

2
j )

• nonperturbative components probed near kinematic boundaries

(x → 0, 1− x → 0)



♣ Part of the effects are “universal”

µ
d

dµ
f = γ ⊗ f

γ . γ(LO) (1 + c1αs + ...+ cn+mαm
s (αs L)n + ...) , L = “large log”

↗ resummation inside the kernels of RG evolution equations

♣ Part of them are not universal

↪→ yet summable by QCD techniques that

" generalize RG factorization

" extend parton correlation functions off the lightcone

⇒ unintegrated (or TMD) parton distributions

↗ generalized evolution equations ↪→



Examples:

• Sudakov form factor S:
pA

pB

k k=0

pA
+

!pB
!

k
+

k
!

(a)                                                  (b)

S

B A

" entering Drell-Yan production, W-boson p⊥ distribution, . . .

⇒ ∂S/∂η = K ⊗ S CSS evolution equations [Collins-Soper-Sterman]
↖ resums αn

s lnm M/pT

• High-energy resummation: s 2 M 2 2 Λ2
QCDe

p

s
2M

g

!

♦ energy evolution: BFKL equation [Balitsky-Fadin-Kuraev-Lipatov]
↪→ corrections down by 1/ ln s rather than 1/M



UNINTEGRATED (OR TRANSVERSE MOMENTUM DEPENDENT) PARTON

DISTRIBUTIONS

[J. Collins, Foundations of perturbative QCD, CUP 2011]

p = (p , m / 2 p 0, )
+ 2 +

p p

0 y

f̃(y) = 〈 P | ψ(y) V †
y (n) γ

+ V0(n) ψ(0) | P 〉 , y = (0, y−, y⊥)

Vy(n) = P exp
(
igs

∫∞

0
dτ n · A(y + τ n)

)

correlation of parton fields (‘dressed’ with gauge links) at distances y, y⊥ (= 0

Examples: • Sudakov region ⇒ resummation αn
S lnk(M/qT )

• high energy region ⇒ resummation αn
S lnk(

√
s/ET )

' complete TMD factorization results are few and far between

' factorization-breaking effects are an active field of investigation

' TMD factorization at high energy (small x) is one of the solid results in this area



EXAMPLE: FLAVOR-SINGLET EVOLUTION AT SMALL X

d
d lnµ2

(
Σ

G

)

=

(
Pqq Pqg

Pgq Pgg

)

⊗

(
Σ

G

)

Pgg =

∞∑

k=1

akα
k
sx

−1 lnk−1 x

︸ ︷︷ ︸
L(x)

+(b0αs +

∞∑

k=1

bkαsα
k
sx

−1 lnk−1 x

︸ ︷︷ ︸
NL(x)

) + . . .

Pqg = c0αs +

∞∑

k=1

ckαsα
k
sx

−1 lnk−1 x

︸ ︷︷ ︸
NL(x)

+ . . .

• TMD factorization ⇒ well-defined resummation of αn
s lnn−m x corrections to splitting functions



WHAT IS THE ROLE OF GENERALIZED TMD FACTORIZATION

ON PARTON SHOWERS?



FROM QCD TO MONTE CARLO EVENT GENERATORS

• Factorizability of QCD x-sections −→ probabilistic branching picture

♦ QCD evolution by “parton showering” methods:

Sudakov
 form factors $

Splitting
vertices

dP =

∫
dq2

q2

∫
dz αS(q

2) P (z) ∆(q2, q20)

↪→ collinear, incoherent emission

♦ Soft emission −→ interferences −→ ordering in decay angles:
↪→ gluon coherence for x ∼ 1

+
p p p

xp

# # #

#1

♦ Gluon coherence for x & 1 ⇒ corrections to angular ordering:

↪→ k⊥-dependent parton showers





TMD kinematic effects
in parton shower evolution



S. Dooling, talk at DIS 2013, Marseille









S. Dooling, talk at DIS 2013, Marseille
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VECTOR BOSON AND JETS FINAL STATES



14 F. Hautmann: !"#$%&'()*&+,-.&

!!!!!!"#$%&'!(&)&*)!+!,#%)!-%!./0.!#*#'01!!



15 F. Hautmann: !"#$%&'()*&+,-.&

!!!!!!!2#1&*3!45#*$.#3!-66'&7/8-%/&*9!!!!!!!! !

!!!!!!!!!!!5*/*%#0'-%#3!45-':!#;&<5%/&*



16 F. Hautmann: !"#$%&'()*&+,-.&

!!!!!=66</$-%/&*!%&!>!+!,#%)!-%!%.#!?@A!

/01234*&5678&9&:&;*7<&

1*3<(4*1*)7<&

'*7&1(=762=6>676*<&34*&4*240?(>*?@&

-&;*7&!&A401&B"

+CD&;*7<&A401&<805*4

E07*@&F$GHIJ&5678&!"&C04?*4*?&

<805*4&>3))07&24*?6>7&86K8*4&;*7&

1(=762=6>676*<

#! $ %!!!#!!! #! !
!"!

"! %

(<*&L3=*)>*&M(34N<&3)?&//OB&K=(0)&PA401&!I#&24*>6<60)&?373Q%&&

>0)L0=(7*?&5678&0AAC<8*==&86K8C*)*4KR&13746S&*=*1*)7<&&

6)6763=&23470)&<805*4&TR&//OB&*L0=(760)&6)&3)K(=34&04?*4*?&283<*&<23>*@&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&5678

! )0&!"&>0)<7436)7&37&<13==&S&

! ;*7<&>3)&83L*&=34K*&!"&



17 F. Hautmann: !"#$%&'()*&+,-.&

>!+!B!,#%)9!&"'''C).&D#'!;)E!F?GC8-%$.#3

-<7&;*7&6)&9&:&P&U&+Q&;*7&*L*)7<@

0AA&<8*==&B"&:&//OB&&"'&C&<805*4&P/J#/J!"Q&&>012343T=*&5678&EVW

9&:&+&;*7&PFW9H"XQ

()>*4736)76*<&<7(?6*?&6)&/J#/J!"@&2?A&3)?&<>3=*&()>*4736)76*<

F$GHIJ&&FY&<805*4&<7347<&70&A36=&37&=34K*&27

!"#$%&

'()*+,--./%--01./2(134./5(46,70890./(7:0;/<=>=?@AAB



18 F. Hautmann: !"#$%&'()*&+,-.&

>!+!*!,#%)9!&"C).&D#'!;)E!F?GC8-%$.#3

0AAC<8*==&B"&:&//OB&&"'&C&<805*4&P/J#/J!"Q&>012343T=*&5678&EVW&9:D;*7

Z4<7&;*7&>01*<&A401&834?&240>*<<%&078*4&;*7<&234763==R&A401&<805*4&

//OB&&"'&C&<805*4&504N<&Z)*&*L*)&A04&86K8&27&

FY&<805*4&>3))07&?*<>46T*&<832*

!"#$%&

'()*+,--./%--01./2(134./5(46,70890./(7:0;/<=>=?@AAB



19 F. Hautmann: !"#$%&'()*&+,-.&

!!!!!!!>!+!*!,#%)9!6%!)6#$%'58!&H!%./'3!,#%! ''

0AAC<8*==&B"&:&//OB&&"'&C&<805*4&24*?6>7<&>044*>7&SC<*>760)&3)?&<832*&A04&.4?&

;*7&P<616=34&70&EVWC137>8*?&FW9H"XQ&[

.4?&;*7&>01*<&A401&//OB&&"'&C&<805*4

>0==6)*34&P27&04?*4*?Q&<805*4&F$GHIJ&A36=<&70&?*<>46T*&<832*

!"#$%&

'()*+,--./%--01./2(134./5(46,70890./(7:0;/<=>=?@AAB



20 F. Hautmann: !"#$%&'()*&+,-.&

!=66</$-%/&*!%&!-*05<-'!$&''#<-%/&*)!/*!

!!!!!!!!!!!!!!!!>!+!*!,#%)!6'&35$%/&*!

0AAC<8*==&B"&:&//OB&&"'&C&<805*4&A04&SC<*>760)&3)?&<832*&A04&#$(&T*75**)&Z4<7&

+&;*7<&3K4**<&5678&1*3<(4*1*)7<&56786)&()>*4736)76*<@

<*)<676L*&240T*&0A&<805*4@&

T3>N&70&T3>N&4*K60)&3)?&?*>044*=3760)&4*K60)&5*==&4*240?(>*?&[

)07&?*<>46T*?&TR&>0==6)*34&27&04?*4*?&<805*4&F$GHIJ



21 F. Hautmann: !"#$%&'()*&+,-.&

>.-%!/)!%.#!0-/*!I

//OB&K=(0)&GB!&3)?&&"&?*2*)?*)7&<805*4&5678&0AA&<8*==&B"&K6L*&<616=34&

4*<(=7<&3<&EVW&137>8*?&5678&>0==6)*34&<805*4

>3=>(=3760)&3443)K*?&6)&3&L*4R&*AZ>6*)>R&53R&!&A3<7&>3=>(=3760)

;*7&240?(>760)&A401&GB!&3)?&&"&?*2*)?*)7&<805*4&*S7*)?3T=*&70&3)R&)(1T*4&

0A&;*7<&56780(7&A(478*4&3?;(<71*)7&3)?&7()6)K

//OB&:&&"&?*2*)?*)7&<805*4&?*<>46T*<&5*==&86K8&27&;*7&240?(>760)

J?L3)73K*&0A&//OB:&"&?*2*)?*)7&<805*4@

137>86)K&5678&+&! )&0AAC<8*==&23470)&>3=>(=3760)&P3(70137*?&1*780?%&

!""#$%#&'(#)'*"+"(,#-%#./01/#'(2#.%#.30'1,#4)5-67869:867;8<=%Q

02*)<&20<<6T6=67R&A04&A(==&VH/&28*)01*)0=0KR&0A&\/!%&"9]&3)?&^#B&

240>*<<*<



22 F. Hautmann: !"#$%&'()*&+,-.&

>!+!B!,#%9!)/0*-<!H&'!3&5(<#C6-'%&*!)$-%%#'/*0!I

!F#&<6K)3=@&?*C>044*=37*?&;*7<&>01234*?&70&9

5837&6<&78*&>0)746T(760)&A401&<6)K=*&>836)<&_

34*&;*7<&>016)K&A401&205*4C=6N*&7*41<&6)&<805*4&*L0=(760)&04&34*&78*R&

>016)K&A401&6)?*2*)?*)7&<>377*46)K<&_



23 F. Hautmann: !"#$%&'()*&+,-.&

>+B!,#%9!)/0*-<!H&'!3&5(<#C6-'%&*!)$-%%#'/*0!I

0AAC<8*==&B"&`&//OB&:&&"&<805*4&24*?6>7&3&<616=34&<832*&3<&<**)&6)&=37*<7&/B#&

1*3<(4*1*)7&

C73)/!?/D(7E(-040F/G!H/(46/I!J/1EK60,1/(E/'GJ
#&LF/M3N/O/(46/I0PP7(QE034



24 F. Hautmann: !"#$%&'()*&+,-.&

>+B!,#%9!)/0*-<!H&'!3&5(<#C6-'%&*!)$-%%#'/*0!I

0AAC<8*==&B"&`&//OB&:&&"&<805*4&24*?6>7&3&<616=34&<832*&3<&<**)&6)&=37*<7&/B#&

1*3<(4*1*)7a

805&1(>8&4001&A04&!F#&6<&=*A7&6)&78*&A431*504N&0A&86K8C*)*4KR&

A3>7046b3760)_

C73)/!?/D(7E(-040F/G!H/(46/I!J/1EK60,1/(E/'GJ
#&LF/M3N/O/(46/I0PP7(QE034



WHAT HAPPENS AT LOW PT?



IV. Jets, MPI and the inelastic pp cross section

• Extend central jet measurements to lower p⊥
⇒ visible jet cross section sensitive to bound from inelastic σpp

[ATLAS Coll., Nature Commun. 2 (2011) 46

CMS Coll., CMS PAS QCD-11-002]
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(Left) cross section from purely partonic 2→2 process, including intrinsic kt-effects, initial

and final state parton showers (IFSR), hadronization;

(Right) result of applying pT0 #= 0 and MPI with different UE tunes of Pythia.

[Grebenyuk et al., arXiv:1209.6265]



• low-pT model in collinear framework (Pythia):

σ → σ ×
α2
s(p

2
T0 + p2T )

α2
s(p2T )

p4T
(p2T0

+ p2T )
2

• kT factorized: low-pT behavior results from

— ME dependence (standard low-pT rise for kT % pT , slower rise for kT & pT )

— unintegrated pdf (suppression of the low-kT region)
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Left: without MPI. Right: including MPI

[Grebenyuk et al., arXiv:1209.6265]



Comments

♠ even though at weak coupling, dynamical effects slowing down the rise of

the cross section can involve strong fields and nonperturbative physics

• measure event cross sections (rather than jet cross sections including multiplicities)

• ATLAS Phys. Rev. D84 (2011) 054001 illustrates feasibility of measuring jets at

low pT but

! does not consider event cross sections ⇒ no study of unitarity effects

! normalizes MC to integrated rate ⇒ all models effectively norm.’d to lowest pT bin

• CMS, PAS FSQ-12-026: leading track and leading jet studies



CONCLUSIONS

• Generalized QCD factorization ideas relevant at the LHC

both for low x and high x processes

• New definition of nonperturbative and showering correction factors

affects comparisons of theory with measurements of final states containing jets

• W+ jets production can be described using TMD parton shower approach

• Keep track of non-collinear momentum components from the outset?
⇒ new approaches to include nonperturbative effects (MPI, finite-kT , hadronization) in

shower generators


