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Contact persons:  S. Banerjee (CMS), J. Butterworth (ATLAS)

 • Underlying event and minimum bias
 • Rapidity gaps and survival probabilities
 • Multi-jet topologies and multi-scale QCD
 • Parton shower/ME matching

http://www.desy.de/%7Eheralhc
http://www.desy.de/%7Eheralhc


higher orders, subtraction schemes, Higgs, combining QED&QCD 
⇒ see talk of Sven Moch
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Topics addressed here
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jets issues (infrared safety, speed, jet-areas...)

theory accuracy on determination of pdfs

logarithms and validation of Monte Carlos

prompt photons and kt-factorization

NLL BFKL, multi Regge kinematics
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Figure 1: Representation of Mueller–Navelet jets at a hadron collider.
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Azimuthal angles in multi-Regge kinematics
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Mueller Navelet jets at hadron colliders

Leading jets widely 
separated in rapidity.
Allow radiation in between.
⇒ BFKL regime large logs

No radiation: jets back-to-back 

Interested in azimuthal (de)-
correlation between jets. 

ln(s/|t|) ∼ Y



This representation is useful when it acts on the basis
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As Y increases the azimuthal angle dependence is driven by the kernel.
This is why we uses of the LO jet vertices which are much simpler than
the NLO. We can write the differential cross section in the azimuthal
angle φ = θ1 − θ2 − π, where θi are the angles of the two tagged jets, as
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π2ᾱ2
s

4
√

p2
1p

2
2

∞
∑

n=−∞

einφ Cn (Y) ,

with

Cn (Y) =
1

2π

∫ ∞

−∞

dν
(

1
4 + ν2

)

(

p2
1

p2
2

)iν

eχ(|n|, 1

2
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We are interested in distributions sensitive to higher conformal spins.
The average of the cosine of the azimuthal angle times an integer projects
out the contribution from each of these angular components:
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+iν,ᾱs(p1p2))Y,

and
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Fourier expansion

Fourier coefficients

NLO kernel

Integrated   - only     survives

Moments - extract various   

σ̂ C0

Cm

Augustin Sabio-Vera
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Figure 2: 〈cosφ〉 = C1/C0 at a pp̄ collider with
√

s = 1.8 TeV for BFKL
at LO (solid), NLO (dashed), and collinear resummation (dash–dotted).
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Figure 2: 〈cosφ〉 = C1/C0 at a pp̄ collider with
√

s = 1.8 TeV for BFKL
at LO (solid), NLO (dashed), and collinear resummation (dash–dotted).

⇒ looks ok, but large ambiguity     
     need collinear resummation

NLO
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Tevatron

stable result with resummation
but poor agreement with data
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Hope at LHC because of larger accessible rapidity distance
⇒ closer to  asymptotic region

Tevatron

stable result with resummation
but poor agreement with data
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Hope at LHC because of larger accessible rapidity distance
⇒ closer to  asymptotic region

Comments: Herwig agrees with data. Maybe BFKL does not catch the 
relevant physics and a threshold resummation would do the job? 
Conversely, if one wants to find BFKL effects maybe this is not the right 
observable?

Tevatron

stable result with resummation
but poor agreement with data
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Forward jets at Hera in BFKL domain:              with      not too large k2
t ∼ Q2 Q2



BFKL LO formalism

• BFKL LO forward jet cross section, saddle point
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How to go to BFKL-NLL formalism?

• Simple idea: Keep the saddle point approximation, and
use the BFKL NLO kernel

• Formula at NLL:
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• Only free parameter in the BFKL NLL fit: absolute
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NLL BFKL for forward and Mueller Navalet jetsComparison with H1 triple differential data
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Conclusion

• DGLAP NLO fails to describe forward jet data

• First BFKL NLL description of H1 and ZEUS forward jet
data: very good description

• The BFKL scale which is used in the exponential
αS(kTQ) can describe the H1 cross section
measurements

• Higher order corrections small when r = k2
T/Q2 ∼ 1 and

larger when r is further away from 1 as expected

• BFKL NLL formalism leads to a better description than
the BFKL LO one for the triple differential cross section:
Resummed BFKL NLO kernels include part of the
evolution in Q2

• Mueller Navelet jets: Interesting measurement to be
performed at the Tevatron/LHC to look for higher order
BFKL effects, and may be saturation effects
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• Mueller Navelet jets: Interesting measurement to be
performed at the Tevatron/LHC to look for higher order
BFKL effects, and may be saturation effects

Comparison with H1 triple differential data

• DGLAP NLO predictions cannot describe H1 data in the
full range, and large difference between DGLAP NLO and
DGLAP LO results (DGLAP NLO includes part of the
small x resummation effects)

• BFKL LO describes the H1 data when r = k2
T /Q2 is

close to 1

• BFKL LO fails outside the region r ∼ 1 specially at high
Q2

• BFKL higher order corrections found to be small (as
expected) when r ∼ 1

• Higher order BFKL corrections larger when r further
away from 1, where the BFKL NLL prediction is closer to
the DGLAP one (Q2 resummation effects are starting to
be large)

• BFKL NLL gives a good description of data over the full
range: first success of BFKL higher order corrections,
shows the need of these corrections

• Systematic additional studies: Check the effect of varying
scale in αS (2QkT , QkT /2, Q2, k2

T ), different
assumptions for the unknown impact factors

Mueller Navelet jets

Same kind of processes at the Tevatron and the LHC

S
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• Same kind of processes at the Tevatron and the LHC:
Mueller Navelet jets

• Study the ∆Φ between jets dependence of the cross
section: Following A. Sabio Vera, F. Schwennsen
hep-ph/0702158

Christophe Royon 
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Controversial point: audience claimed that the saddle point 

approximation is not warranted 



Jet production at LO BFKL Jet production at NLO BFKL Summary

Jet production at LO BFKL

ka ↓

kb ↑

qb ↑

qa ↓

kJ

dσ

d2kJetdyJet
=

∫
d2ka

2πk2
a

∫
d2kb

2πk2
b

ΦA(ka)ΦB(kb)

×

∫
d2qa

∫
d2qb

∫
dω

2πi

(
sAJ

s0

)ω

fω(ka,qa)

× V(qa,qb; kJet , yJet)

×

∫
dω′

2πi

(
sBJ

s ′0

)ω′

fω′(−qb,−kb)

with the LO emission vertex

V = K(LO)
real (qa,−qb) δ(2) (qa + qb − kJet) .

Florian Schwennsen with J. Bartels and A. Sabio Vera Central jet vertex in kT -factorisation at NLO
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Florian Schwensen

Impact 
factors

BFKL eq. for Green functions 

Emission
vertex

Inclusive single-jet production @ NLO with BKFL

Jet production at LO BFKL Jet production at NLO BFKL Summary

Total cross section at LO BFKL

ka ↓

kb ↑

qb ↑

qa ↓

σ(s) =

∫
d2ka

2πk2
a

∫
d2kb

2πk2
b

ΦA(ka)ΦB(kb)

×

∫ δ+i∞

δ−i∞

dω

2πi

(
s

s0

)ω

fω(ka, kb).

with impact factors Φ

Green’s function fω obeys BFKL
equation

ωfω(ka, kb) = δ(2)(ka − kb)

+

∫
d2k K(ka, k)fω(k, kb)

Florian Schwennsen with J. Bartels and A. Sabio Vera Central jet vertex in kT -factorisation at NLO
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Changes at NLO:

Jet production at LO BFKL Jet production at NLO BFKL Summary

Changes at NLO BFKL

Q: Can we just replace the LO expressions for impact factors,
kernel and Green’s function by their NLO counterparts?
A: No!

real Kernel Kreal contains at NLO two particle production
jet algorithm
separation MRK ↔ QMRK ! scale sΛ

energy scale s0 is now a relevant parameter

Florian Schwennsen with J. Bartels and A. Sabio Vera Central jet vertex in kT -factorisation at NLO

Florian Schwensen

A: NO!
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Changes at NLO:

Jet production at LO BFKL Jet production at NLO BFKL Summary

Jet definition

remember: at LO Kreal ∼ ∼ V

at NLO Kreal ∼ +
∫

for two possibilities:

both together form a jet
one forms the jet, other one unresolved

define distance in rapidity-azimuthal angle space
R12 =

√
(y1 − y2)2 + (φ1 − φ2)2

θ(R0 − R12) :

θ(R12 − R0) :

open integration to extract jet

V ∼ +

∫
+

∫
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Jet production at LO BFKL Jet production at NLO BFKL Summary

Subtraction term

real and virtual parts with different x1,2 configurations !

different g(x1, qa)g(x2, qb) ! cancellation of divergences?

V =
(

+

∫ )
+

∫ (
−

)
+

∫ (
−

)

add singular part of 2 particle production (in x configuration
of virtual part) times 0 = 1 − θ(R0 − R12) − θ(R12 − R0)

first bracket: analytical cancellation of divergences

second and third bracket: numerical cancellation of
divergences

Florian Schwennsen with J. Bartels and A. Sabio Vera Central jet vertex in kT -factorisation at NLO

YES
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This analysis: a contribution to the more general 
question of how to formulate kt factorization at NLO

‣extended NLO BFKL to obtain the NLO jet vertex in kt-factorization

‣procedure allows one to use a jet algorithm in the BFKL kernel

‣method can be used for NLO jet-vertex in        and hh inclusive 
single jet production

γ∗γ∗

Jet production at LO BFKL Jet production at NLO BFKL Summary

Subtraction term

real and virtual parts with different x1,2 configurations !

different g(x1, qa)g(x2, qb) ! cancellation of divergences?
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−
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+

∫ (
−

)

add singular part of 2 particle production (in x configuration
of virtual part) times 0 = 1 − θ(R0 − R12) − θ(R12 − R0)

first bracket: analytical cancellation of divergences

second and third bracket: numerical cancellation of
divergences
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Hope to include in the 
pdf fits prompt photons 
at the LHC because of 
higher statistics



Motivation

oton structure at small x:

• investigated extensively at HERA

• valuable input in LHC physics program

! estimate theory accuracy on pdf’s MRST

CTEQ

Alekhin

uon distribution G below x <∼ 10−2 is determined from

S data at high energies and moderate to low Q2

! power corrections from multi-parton correlations potentially significant?
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Motivation:

Proton structure at small x: 

Gluon distribution at                determined from DIS data at high 
energies and moderate 

x ! 10−2

Q2

Scaling violation at x→0:

• F2 ∼ Σ (flavor-singlet quark)

• Ḟ2 driven by gluon

Q
2

d
d ln Q2

0

@
Σ

G

1

A =

0

@
Pqq Pqg

Pgq Pgg

1

A ⊗

0

@
Σ

G

1

A + O(1/Q2)

⇒ Ḟ2 ∼ Σ̇ ∼ Pqg ⊗ G
ˆ

1 + O(1/Q2)
˜

+ quark term

determination of G maximally sensitive to corrections to Pqg Thorne; MRST; Catani & H

corrections through gluon evolution:

Ġ = Pgg ⊗ G + quark term Ciafaloni et al.; Altarelli et al.

↑ ↑

BFKL, NL-BFKL Pgq (not yet NL)

power corrections from multi-gluon exchange possibly enhanced ∼ (αs/xν)(Λ2/Q2)
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Francesco Hautmann

Quark distribution in the s-channel picture

fq(x, µ) =

Z
dy−eixP+y−

〈P |q̄(0)V (0)γ+V †(y−)q(0, y−,0)|P 〉

where q = quark field, V = gauge link

+

. . .

P

x P

z

b

⇒ fq(x, µ) =

Z
dz db (lightcone wavefunction ψ) ⊗ (Wilson-line correlator Ξ| {z }

↓

)

• For large z, interaction is “simple”: Ξ ≈ 1 〈Tr[1 − V †(b + z)V (b)]〉/Nc

• |z|→0: UV divergences → renormalization

↪→ MS one-loop: Soper & H, hep-ph/0702077



Two physical pictures that seem very different from each other

are commonly used to analyze hadronic structure functions:

parton picture — systematic factorization of pdf’s and hard scattering at large Q2

— calculability of higher order perturbative corrections

s-channel picture — no systematic factorization; contributions to all orders in 1/Q2

— basic degrees of freedom are described by matrix elements

of Wilson lines (“color dipoles” at simplest level)

— possibility to incorporate nonperturbative small-x dynamics (“saturation”)

Aim: connect the two pictures with enough precision

so as to identify the power correction to dF2/d lnQ2

Now do the same for the structure function: FT =
R

d4y e−iq·y〈P |J i(0)J i(y)|P 〉

! UV region naturally regulated by physical scale Q2

FT =

Z

(wavefunction Φ) ⊗ (correlator Ξ)

↖ quite dissimilar from parton-picture result!

Basic idea: expand F in powers of 1/Q2

• identify factorized partonic result using previous answer for renormalized fq

• determine the power correction from the remainder

Furthermore:

• evolution equation for fq relates Ξ at small |z| to the gluon distribution G

1

z2

Z

db Ξ =
π2

2Nc
αs(µr) xG(x, µf )(1 + O(|z|)
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Summary and questions

• Methods to connect parton picture and s-channel picture

allow one to identify (certain classes of) power-suppressed contributions

• Moderate but nonnegligible negative corrections to dF2/d lnQ2 at x <∼ 10−3,

slowly decreasing for low to medium Q2

• Rather extensive approximations used (high-energy, dipole approximation);

modeling of nonperturbative matrix element; summation of power expansion:

can we do better?

• Smaller corrections for FT than for F2? (measure FL separately)

• Smaller corrections for NNLO partons?

• Can this be extended to observables coupled to gluons?

e.g. multi-parton effects in jet final states

Question: what happens for     ? are there cancellations in 
     from      and     ?

FL

FLFTF2

Using the values for the model parameters determined from data, compute the power

correction to dF2/d lnQ2:

H, hep-ph/0610078

• above Q2 = 1 GeV2, corrections below 20 % for x >
∼ 10−4

• corrections do not exceed leading power already at Q2 = 0.5 GeV2 for x above 10−5

⇒ power expansion does not look to be breaking down

• but: slow fall-off for medium Q2 (e.g., 1/Qλ, λ = 1.2, in [1, 10] GeV2 for x # 10−3)

⇒ correction ∼ 10 % up to Q2 # a few GeV2 for x ≤ 10−3

Using the values for the model parameters determined from data, compute the power

correction to dF2/d lnQ2:

H, hep-ph/0610078

• above Q2 = 1 GeV2, corrections below 20 % for x >
∼ 10−4
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⇒ power expansion does not look to be breaking down

• but: slow fall-off for medium Q2 (e.g., 1/Qλ, λ = 1.2, in [1, 10] GeV2 for x # 10−3)
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Using the values for the model parameters determined from data, compute the power

correction to dF2/d lnQ2:

H, hep-ph/0610078

• above Q2 = 1 GeV2, corrections below 20 % for x >
∼ 10−4

• corrections do not exceed leading power already at Q2 = 0.5 GeV2 for x above 10−5

⇒ power expansion does not look to be breaking down

• but: slow fall-off for medium Q2 (e.g., 1/Qλ, λ = 1.2, in [1, 10] GeV2 for x # 10−3)

⇒ correction ∼ 10 % up to Q2 # a few GeV2 for x ≤ 10−3

Structure of the answer:

dFT

d ln Q2
=

„
dFT

d ln Q2

«

LP

+
∞X

n=1

Rn
λ2

n

(Q2)n

with Rn = calculable coefficients, λ2
n = moments of Ξ (to be modeled and fit to data)

λ2
n =

1
Γ(−n)

Z
dz
πz2

(z2)−n−1

Z

db Ξ

# Ξ modeled in terms of µr, µf

# saturation realized by exponentiating lowest order |z|→0

Ex.: relative size of next-to-leading and

leading terms for µr, µf of order Q:

(CTEQ partons)

Expand in powers of         , at low     
and x. Identity the power correction 
by subtracting the leading-power.

1/Q2 Q2
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⇒ remarkable discrepancy 
between new PYTHIA model 
and resummation at large 
rapidity slices.
Further investigation needed.
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⇒ remarkable discrepancy 
between new PYTHIA model 
and resummation at large 
rapidity slices.
Further investigation needed.

Need care when fitting event generators to non-global observables! 
In MC tuning may incorporate in the underlying event or in NP 
parameters effects which are calculable in PT. 

Do we have the necessary tools/measurements for best tuned MCs? 

Need to clarify the above discrepancies!



Midpoint cone algorithm

Usual seeded method to search stable cones: midpoint cone algorithm

For an initial seed

1. sum the momenta of all particles within the cone centred on the seed

2. use the direction of that momentum as new seed

3. repeat 1 & 2 until stable state cone reached

Sets of seeds:

1. All particles (above a pt threshold s)

2. Midpoints between stable cones found in 1.

Problems:

the pt threshold s is collinear unsafe

seeded approach⇒ stable cones missed⇒ infrared unsafety

Grégory Soyez HERA/LHC, Hamburg, Germany, 12-16 March 2007 SISCone – p. 4/15
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Gregory SoyezMidpoint IR Unsafety

Hard event Hard+soft event
pt/GeV pt/GeV

(a) (b)
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Stable cones:

Midpoint: {1,2} & {3} {1,2} & {3} & {2,3}

Seedless: {1,2} & {3} & {2,3} {1,2} & {3} & {2,3}

Jets: (f = 0.5)

Midpoint: {1,2} & {3} {1,2,3}

Seedless: {1,2,3} {1,2,3}

−→ IR unsafety of the midpoint algorithm

Grégory Soyez HERA/LHC, Hamburg, Germany, 12-16 March 2007 SISCone – p. 5/15

1

2 3

Overlapping cones 
⇒ run split merge 

⇒ get one big cone!
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SISCone finds provably all stable cones, without introducing seeds
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SISCone finds provably all stable cones, without introducing seedsIR Unsafety failure rates
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Soft add-on: 1-5 particles

Run:

“hard” only

many “hard+soft” trials

Search differences

Unsafety level failure rate

2 hard + 1 soft ∼ 50%

3 hard + 1 soft ∼ 15%

SISCone IR safe !

NB: small issues in the split-merge

Grégory Soyez HERA/LHC, Hamburg, Germany, 12-16 March 2007 SISCone – p. 8/15

Test of IR-safety

With currently used cones important 
fraction of events fails IR-safety  test.
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SISCone finds provably all stable cones, without introducing seeds

Speed issue

Speed
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NB: speed IS an issue! With a naive 
implementation of seedless cone need   
       years to cluster 100 particles!1017
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Test of IR-safety

With currently used cones important 
fraction of events fails IR-safety  test.
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Impact on inclusive jet spectrum

Including parton shower, hadronic corrections and/or underlying event:

Ratio midpoint/SISCone:
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Impact on jet mass spectrum

2. At fixed order (PYTHIA)
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Impact of SISCone: Gregory Soyez

Impact on inclusive jet spectrum
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Inclusive jet spectrum Jet mass spectrum

Impact on jet mass spectrum

2. At fixed order (PYTHIA)
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The Active Jet Area

We propose the following definition:

rapidity-azimuth plane

!

y

The ‘active area’ of a jet is (proportional to) the 
number of uniformly distributed infinitely soft 

particles that get clustered in itThe Active Jet Area

After the clustering, a given set of ghosts belong to each jet

rapidity-azimuth plane

!

y

Their number (times the average area of a single ghost) defines the 
catchment area of the jet
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The Active Jet Area

After the clustering, a given set of ghosts belong to each jet

rapidity-azimuth plane

!

y

Their number (times the average area of a single ghost) defines the 
catchment area of the jet

Try to estimate 
area of each jet 

Fill event with many very soft 
particles, count how many are 

clustered into given jet

~ 10000 particles

Don’t even think about it with 
standard algorithms,  O(1 s) 
with FastJet

The Active Jet Area

NB: without fastjet 
this work would 
not be feasible



Area vs. pT
Key observation:

pT/Area is fairly constant, except for the hard jets

The distribution of 
background jets establishes 

its own average 
momentum density

(NB. this is true on an 
event-by-event basis)
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Pile-up at the LHC
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The correct mass is recovered, with good resolution, after subtraction

PRELIMINARY
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Conclusions

Given a proper jet-finder, jet areas can be defined

They can be used to estimate the level of a 
uniformly distributed noise

They can be used to subtract the background 
contribution from the hard jets

Work in progress
To be published soon 

After subtraction the correct mass 
is recovered with good resolution

What we have seen so far

A proper operative definition of jet area can be given

When a hard event is superimposed on a roughly uniformly 
distributed background, study of transverse momentum/area 
of each jet allows one to determine the noise density ! (and its 
fluctuation) on an event-by-event basis

Once measured, the background density can be used to correct the 
transverse momentum of the hard jets:

A few examples follow...

p
hard jet, corrected
T = p

hard jet, raw
T −!×Areahard jet
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Now that we have

✓an efficient kt-algorithm

✓an efficient, infrared-safe Cone algorithm

✓methods to estimate noise/background/sensitivity to UE

We hope to see soon a systematic comparison between the two 
types of algos (e.g. sensitivity to underlying event, hadronization 
effects, etc.)

We heard many rumours about the kt-algorithm being not well 
behaved in some contexts
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