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General purpose MC generators necessarily involve both
perturbative & nonperturbative physics

Q2
0-cutoff - just a border between the respective treatments

(minimal parton virtuality for pQCD being applicable)

in principle, should be a technical parameter

but: choice of Q2
0 impacts strongly the predictions

(e.g. for σtot/inel
pp or for Nch

pp)

(mini)jet production explodes at small pt

but: soft physics knows nothing about this cutoff

⇒ there should be a perturbative mechanism damping jet
production in the small pt limit
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Energy-dependent Q2
0-cutoff: what physics is behind?

Many MC generators employ s-dependent Q2
0-cutoffs

for a fixed Q2
0, steep low-x rise of the gluon density leads to a

too rapid increase of σtot/inel
pp & Nch

pp

⇒ ad hoc parametrizations for Q2
0(s): fitting Nch

pp & σtot/inel
pp

usually interpreted as ’saturation effects’

Also: the recipee doesn’t look like parton saturation

standard PDFs employed in MC generators

rather, parton scattering rate is damped at higher and higher
q2, with increasing s

NB: s-dependence of σtot/inel
pp much less restrictive than Nch

pp(s)!



MPIs & generalized parton distributions (GPDs)

Usual PDFs fI (x,Q2) insufficient to describe MPIs

multiparton GPDs F(n)
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Total/inelastic cross sections & multiple scattering

Relation to σtot/inel
pp : from AGK cutting rules

2 dijets screening of single dijet quasielastic

(+2) (−4) (+1)

partial contributions of the 3 processes: (+2):(-4):(+1)

⇒ ∆(2)σtot/inel
pp = −1

2σ4jet(DPS)
pp (similarly for n > 2 dijets)

higher MPI rate ⇒ stronger inelastic screening

⇒ usual ’minijet’ ansatz (neglecting the ’soft’ contribution)

σinel
pp (s) =

R

d2b
[

1−exp(−2χjet
pp(s,b,pcut

t ))
]

χjet
pp(s,b,pcut

t ) = 1
2 ∑I ,J GI ⊗σ2→2

IJ ⊗GJ



Total/inelastic cross sections & multiple scattering

Relation to σtot/inel
pp : from AGK cutting rules

2 dijets screening of single dijet quasielastic

(+2) (−4) (+1)

partial contributions of the 3 processes: (+2):(-4):(+1)

⇒ ∆(2)σtot/inel
pp = −1

2σ4jet(DPS)
pp (similarly for n > 2 dijets)

higher MPI rate ⇒ stronger inelastic screening

NB: inclusive jet cross section – unmodified by such MPIs

e.g., summary contribution of the 3 processes:
2∗ (+2)+1∗ (−4)+0∗ (+1) = 0

⇒ collinear factorization preserved:
dσjet

pp

dp2
t

= ∑I ,J fI ⊗ dσ2→2
IJ

dp2
t

⊗ fJ
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moreover, b-dependence of the gluon GPD is constrained by
data on J/ψ photoproduction [Frankfurt & Strikman, 2002]
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larger parton density
⇒ larger MPI rate

in reality, not a solution:
proton size is constrained by data on Bel

pp(s) ∝ 〈b2(s)〉
moreover, b-dependence of the gluon GPD is constrained by
data on J/ψ photoproduction [Frankfurt & Strikman, 2002]
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double (multiple) hard scattering results
from independent cascades

⇒ mostly in central collisions
(too low parton density at large b)



Realistic option: introduce parton ’clumps’

What is wrong with the uncorrelated parton picture?

double (multiple) hard scattering results
from independent cascades

⇒ mostly in central collisions
(too low parton density at large b)

How multiparton correlations help?

one has to create parton ’clumps’ to
enhance peripheral multiple scattering
(without changing the transverse profile)

can be done via ’soft’ & ’hard’ parton
splitting mechanisms



Hard processes in the RFT framework [QGSJET(-II), EPOS]

’Semihard Pomeron’ scheme [Drescher, Hladik, SO, Pierog & Werner, 2001]
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’Semihard Pomeron’ scheme [Drescher, Hladik, SO, Pierog & Werner, 2001]

soft Pomeron description for nonperturbative physics

∣

∣p2
t

∣

∣ < Q2
0 ⇒ soft Pomeron

∣

∣p2
t

∣

∣ > Q2
0 ⇒ DGLAP

= +

soft Pomeron

QCD ladder

soft Pomeron

RFT scheme based on a ’general Pomeron’ (soft + semihard)

regarding jet production:
similar to the ’minijet’ approach

parton GPDs at the Q2
0 scale:

described by soft Pomeron

...



Hard processes in the RFT framework [QGSJET(-II), EPOS]

’Semihard Pomeron’ scheme [Drescher, Hladik, SO, Pierog & Werner, 2001]

soft Pomeron description for nonperturbative physics

∣

∣p2
t

∣

∣ < Q2
0 ⇒ soft Pomeron

∣

∣p2
t

∣

∣ > Q2
0 ⇒ DGLAP

= +

soft Pomeron

QCD ladder

soft Pomeron

Real change due to Pomeron-Pomeron interactions (scattering of
intermediate partons off the proj./target hadrons & off each other)

(a) (b) (c) (d) (e) (f) (g)

thick lines = Pomerons = ’elementary’ parton cascades



Hard processes in the RFT framework [QGSJET(-II), EPOS]

’Semihard Pomeron’ scheme [Drescher, Hladik, SO, Pierog & Werner, 2001]

soft Pomeron description for nonperturbative physics

∣

∣p2
t

∣

∣ < Q2
0 ⇒ soft Pomeron

∣

∣p2
t

∣

∣ > Q2
0 ⇒ DGLAP

= +

soft Pomeron

QCD ladder

soft Pomeron

Pomeron-Pomeron interaction: a closer look

basic assumption: multi-P
vertices – dominated by soft
(|q2| < Q2

0) parton processes

generates parton ’clumping’
[SO & Bleicher, 2016]

+ ...= +
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E.g., double dijet production from soft Pomeron splitting
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⇒ two hard processes are closeby in b-space
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Parton ’clumping’ due to ’soft parton splitting’

E.g., double dijet production from soft Pomeron splitting

(+1)(−4)(+2)

small slope for soft Pomeron:
⇒ two hard processes are closeby in b-space

≡ having a parton ’clump’ in the target proton

⇒ enhanced MPI rate in peripheral collisions

adding two other contributions ⇒ negative correction to σtot
pp

NB: no impact on inclusive jet cross section
[2∗ (+2)+1∗ (−4)+0∗ (+1) = 0]

Generic property: thanks to AGK cancellations, collinear
factorization preserved for inclusive jet cross section

dσjet
pp

dp2
t

= ∑
I ,J

fI ⊗
dσ2→2

IJ

dp2
t

⊗ fJ



How to tame the low pt jet production?

Collinear factorization: dσjet
pp/dp2

t = ∑I ,J fI ⊗ dσ2→2
IJ

dp2
t

⊗ fJ

low-pt rise of jet production projects itself on the multiplicity:
Nch

pp(s,Q0) ∝ 〈njets
pp (s,pt > Q0)〉 = σjet

pp(s,pt > Q0)/σinel
pp (s)

⇒ Nch
pp explodes for decreasing Q0
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Collinear factorization: dσjet
pp/dp2

t = ∑I ,J fI ⊗ dσ2→2
IJ

dp2
t

⊗ fJ

low-pt rise of jet production projects itself on the multiplicity:
Nch

pp(s,Q0) ∝ 〈njets
pp (s,pt > Q0)〉 = σjet

pp(s,pt > Q0)/σinel
pp (s)

⇒ Nch
pp explodes for decreasing Q0

Can only be cured by parton saturation?

parton emission at low x & low q2:
compensated by fusion of partons
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How to tame the low pt jet production?

Collinear factorization: dσjet
pp/dp2

t = ∑I ,J fI ⊗ dσ2→2
IJ

dp2
t

⊗ fJ

low-pt rise of jet production projects itself on the multiplicity:
Nch

pp(s,Q0) ∝ 〈njets
pp (s,pt > Q0)〉 = σjet

pp(s,pt > Q0)/σinel
pp (s)

⇒ Nch
pp explodes for decreasing Q0

Can only be cured by parton saturation?

parton emission at low x & low q2:
compensated by fusion of partons

nobody doubts the mechanism
but does it play the main role here?
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How to tame the low pt jet production?

Saturation: a picture of a crowded bus in mind

one often speaks about ’unitarity’:
impossible to squeeze too many
partons in a small volume
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How to tame the low pt jet production?

Saturation: a picture of a crowded bus in mind

one often speaks about ’unitarity’:
impossible to squeeze too many
partons in a small volume

but: partons are not observable

Observable are (hard) interactions of partons

but: one may have arbitrary many
virtual boxers at the ring, if they don’t
fight (no problem with unitarity)

is there a mechanism which can prevent
partons from ’fighting each other’?
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come into play at relatively small pt (suppressed as 1/(p2
t )
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How to proceed in practice?

basic theoretical approach dates 40 years back [Shuryak &

Vainstein, 1981; Jaffe & Soldate, 1981; Ellis, Furmański & Petronzio, 1982]

contributions involve many unknown mutiparton correlators

generally can’t be treated probabilistically

Promising: coherent multiple scattering in pA [Qiu & Vitev, 2004, 2006]

A-enhanced jet suppression
at low pt & low x in pA

is it applicable/relevant for pp?

is a probabilistic treatment
(MC implementation) possible?
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Coherent multiple scattering on soft gluons [Qiu & Vitev, 2004, 2006]
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⇒ multiple coherent scattering on correlated virtual gluon
pairs from different nucleons (A-enhanced)



Coherent multiple scattering on soft gluons [Qiu & Vitev, 2004, 2006]

’Breit’ frame: ’head-on’ collision with the virtual gluon

qµ = nµ (pb·q)
p+

b
−xB pµ

b

(xB = − q2

2(pb·q)
, p+

b = (pb ·n), n2 = 0)

low-x parton scattered back

z

(b)

b
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aa

1

x P

 Pc

 Pc

1

A Pa

l

q

b

µ

x P

Alternative: contact term between scattered parton & 1st gluon

⇒ 1st gluon belongs to the
same nucleon

⇒ subdominant contribution
(no A-enhancement)
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Coherent multiple scattering on soft gluons [Qiu & Vitev, 2004, 2006]

Power corrections to dσjet
pp/dp2

t = ∑I ,J fI ⊗ dσ2→2
IJ

dp2
t

⊗ fJ

fI (x,Q2) → fI (x,Q2)+∑∞
n=1

(−xCI π2 αs/Q2)n

n!
dnT(n+1)

I (x)
dnx

Cq = 4/3, Cg = 3

T(2)
q (x) =

Z

dy−

4π
dy−g1

dy−g2

2π
eip+xy− Θ(y−g2

),Θ(y−g1
−y−)

× d⊥αβ〈p|ψ̄(0)γ+ Fα
+(y−g2

)Fβ
+(y−g1

)ψ(y−)|p〉

T(2)
g (x) =

Z

dy−

4π
dy−g1

dy−g2

2π
eip+xy− Θ(y−g2

),Θ(y−g1
−y−)

× d⊥αβd⊥µν〈p|F
µ
+(0)γ+ Fα

+(y−g2
)Fβ

+(y−g1
)Fν

+(y−)|p〉

higher powers - inserting more gluon pairs
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low-x gluons & sea quarks:
spread over large distances ∝ 1/(xp)
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Is the approach of Qiu & Vitev applicable/relevant for pp?

Lorentz contraction acts differently on partons of
different momenta

valence quarks: contained in a narrow ’pancake’

low-x gluons & sea quarks:
spread over large distances ∝ 1/(xp)

⇒ space-time picture - similar to pA (AA)

Dominant power corrections: expected from same kinds of graphs

pole contribution for k1:
the struck low-x parton fully
probes the gluon ’cloud’

⇒ scatters coherently on
correlated gluon pairs
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application to pp & MC implementation [SO & Bleicher, 2019]

Is the approach of Qiu & Vitev applicable/relevant for pp?

Lorentz contraction acts differently on partons of
different momenta

valence quarks: contained in a narrow ’pancake’

low-x gluons & sea quarks:
spread over large distances ∝ 1/(xp)

⇒ space-time picture - similar to pA (AA)

Contact term between the struck parton & 1st gluon: subdominant

the struck low-x parton probes a
tiny fraction of the gluon ’cloud’

q

x p
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p
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|
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Coherent multiple scattering on soft gluons:
application to pp & MC implementation [SO & Bleicher, 2019]

One needs a model for multi-parton correlators T(n)
q , T(n)

g

T(2)
q (x) =

Z

dy−

4π
dy−g1

dy−g2

2π
eip+xy− Θ(y−g2

),Θ(y−g1
−y−)

× 〈p|ψ̄(0)γ+ Fα
+(y−g2

)F+
α (y−g1

)ψ(y−)|p〉

formally T(2)
q (x) ∝ limxg→0 xg F(2)

qg (x,xg,∆b = 0)

interpreting T(2)
q (x) as (2)GPD (DPD) F(2)

qg ?

what to use for xg and Q2
g?

xg ∼ 〈k2
⊥〉/(x− s), with k2

⊥ ∼ Λ2
QCD?

’brute force’: Q2
g → Q2

0, xg → Q2
0/(x

− s)

⇒ T(2)
q (x) → KHT xgF(2)

qg (x,xg,µ2
F,Q

2
0,∆b = 0)

T(2)
g (x) → KHT xg F(2)

gg (x,xg,µ2
F,Q

2
0,∆b = 0)

factor KHT ’bears the cost’ of the assumptions



Coherent multiple scattering on soft gluons:
application to pp & MC implementation [SO & Bleicher, 2019]

Lowest power correction to σjet
pp

∆(2) dσjet
pp

dp2
t

= ∑
I ,J

Z

dx+ dx−
KHT π2αs

t̂
dσ2→2

IJ

dp2
t

×
[

CI x
+
g FIg(x

+,x+
g ,µ2

F,Q
2
0,~0) fJ(x

−,µ2
F)

+ CJx−g FJg(x
−,x−g ,µ2

F,Q2
0,~0) fI (x

+,µ2
F)

]

x±g = Q2
0/(x

∓ s)

higher powers - similarly

corrections vanish for high pt



Numerical results

HT effects: impact on (mini)jet rate
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Numerical results

HT effects: impact on (mini)jet rate

(mini)jet production
suppressed at low pt

the effect fades away
at high pt

stronger impact at
higher energies

⇒ qualitatively similar
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Numerical results

HT effects: sizable impact on
√

s-dependence of σtot/el
pp

taming the
√

s-rise of

χjet
pp(s,b,pcut

t ) ⇒ of the
proton ’blackness’ 0

50

100

150

10
2

10
3

10
4

10
5

 c.m. energy, GeV

 c
ro

ss
 s

ec
ti

o
n

, 
m

b

 p+p  QGSJET-III-03

 σel (no HT)  

 σel   

 σtot   

 σtot (no HT)  



Numerical results

Stronger impact on
√

s-dependence of dNch
pp/dη (Nch(pt > 0.5) ≥ 1)
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t ) controls MPI rate ⇒ Nch
pp (notably, at small b)
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reduction of low pt production due to the minijet suppression

the effect is somewhat masked by soft production



Outlook

1 (Mini)jet production at (moderately) low pt may be
suppressed by power corrections

2 Phenomenological implementation in QGSJET-III of the
approach of Qiu & Vitev:

tames the energy-rise of both σtot/inel
pp and Nch

pp

qualitatively resembles the effect of an s-dependent pt-cutoff
for minijet production

however, a dynamical treatment: e.g. a stronger suppression at
small b

the strength of the effects is governed by the low-x behavior of
the gluon GPD
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