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Jet physics in hadronic collisions: theoretical remarks
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Abstract. I review some of the lessons that are emerging from the analysis of jet production at the LHC.

1 Introduction

Jets are the most direct and frequent signal of hard interac-
tions in hadronic collisions (for a recent review, see [1]).
They reflect the dynamics of the quarks and gluons pro-
duced in large-momentum-transfer (Q?) processes. Jets
may arise from the decay of heavier particles, and from
higher-order radiative processes. In the former case, they
can be used as discovery probes, or as means to measure
the properties of their parent particles (e.g. the top quark
mass). In the latter case, they directly probe the QCD dy-
namics (e.g. higher-order corrections or parton distribu-
tion functions (PDFs)), and they determine final states that
can act as important backgrounds to searches or measure-
ments.

We should therefore look at jet physics in hadronic col-
lisions from three perspectives:

1. Opportunities. Fully exploit jet probes to:

e do precision measurements (PDFs, m,,,, @, hard
diffraction, ...);

e probe the existence of BSM phenomena.

e Question: how much can we push, and trust, the
precision of these predictions?

2. Challenges. Verify and improve the suitability of
our calculations under different and difficult dynam-
ical regimes:

e high orders in perturbation theory (PT): e.g. loop
corrections, or processes proportional to large
powers of @, as in multijet production;

e resummation: e.g. in processes characterized by
very different hard scales, say p; > u,, where the
expansion parameter ag log(u/u») is large. Typ-
ical examples here include production of multiple
soft jets accompanying the creation of very heavy
objects (t7+multijets), production of b quarks in
high-Er jets (u; ~ E7 and pp ~ my,), etc.

e Question: how reliable are our approximations?
What is the best theoretical approach to a given
observable (e.g. shower or fixed-order)?
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3. Needs: which calculations/measurements are
needed to improve on (1), or validate (2)?

As shown in the various contributions to the plenary
and paralel sessions of this Conference, the amount of
measurements emerging from the analysis of data at the
Tevatron, HERA and LHC is immense. Rather than re-
viewing all of this material, I shall focus here on a few spe-
cific examples, to give an overall assessment of the status
of theoretical predictions, and highlight outstanding chal-
lenges and opportunities that emerge from the data.

I would like to dedicate this contribution to the mem-
ory of Professor Kunitaka Kondo (1935-2011). A gentle
and generous man, who greatly contributed to the Teva-
tron program, to the understanding of jets in pp collisions,
and to their use as analysis tools and probes of BSM phe-
nomena, and who organized the last Hadron Collider con-
ference to take place in Japan [2].

2 Inclusive jet cross section

The Ep distribution of inclusive jets is a direct probe of
PDFs and of ag. Its behaviour at the largest values of Er,
furthermore, allows to test the point-like nature of quarks.
The robustness of such test, on the other hand, relies on
the precision with which PDFs are known [3], stressing
once more the relevance of the direct PDF determination,
particularly in the large-x region. In this respect, measure-
ments at large rapidity (y) are particularly important, since
at large y one can probe the large-x behaviour of PDFs in a
region of Q7 where the absence of possible new physics ef-
fects has already been verified, and these do not influence
the interpretation of the results in terms of PDFs.
Next-to-leading order (NLO) parton-level QCD pre-
dictions for inclusive jet cross sections at hadron collid-
ers have been available for a long time [4-6]. To com-
pare these predictions with data, the jet is defined as the
sum of the one or two partons that can be clustered into
an individual jet. This relies on the fact that, for inclusive
quantities such as a jet cross section, the shower evolution,
and thus the full-order resummation of collinear and soft
emissions, modifies the predictions only by terms that are
formally beyond NLO. The parton-level jet energy is then
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Figure 1. Schematic representation of the corrections needed to compare a fixed-order NLO calculation of jet rates with data: E =
Enpo + Eyp + A E, where Eyy o is the energy of the 1 or 2 partons in the NLO final state, E ) is the contribution from the fragments
of the protons, and A, E is the energy shift before and after the hadronization of the partons emitted during the shower evolution.
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Figure 2. CMS measurement [8] of inclusive jet E spectra, in different rapidity ranges, at V.S = 7 TeV. Jets are defined by the anti-ky
algorithm [7], with R = 0.5. The data points are normalized to a parton-level NLO calculation, corrected for the effecs of hadronization
and underlying event. The theoretical systematics includes both scale and PDF uncertainty.

corrected for two non-perturbative (non-PT) effects, which
cannot be accounted for by the pure parton-level result: the
presence of the underlying event (namely energy deposited
inside the jet by the fragments of the colliding protons),
and the hadronization corrections (partonic energy can be
dragged in or out of the jet cone when partons are brought
together to form hadrons). This is shown schematically in
fig. 1.

As an example, fig. 2 shows the results published by
CMS, from the first 7 TeV run [8]. Overall the agreement,
within the quoted uncertainties, is excellent. Few remarks
are nevertheless in order.

The large theoretical systematics at small E7 are dom-
inated by non-PT effects; for central rapidities, the agree-
ment of the data with the central value of the prediction
is however excellent, and this therefore suggests that this
systematics is likely overestimated. The data could there-
fore be used to constrain more tightly the impact of non-PT
physics. The agreement however deteriorates at larger y,
where it is only by fully exploting the non-PT systematics
that data agree with theory within 1o. Thus the question

is whether these systematics are correlated or not across
the y range. If they are, then there are indications of a
discrepancy that cannot be attributed to non-PT physics.
At large Er, on the other hand, the data tend to be on
the low side of the predictions. Different PDFs are quite
compatible with each other, and what dominates the theory
systematics is the spread of any individual PDF set. There
are therefore indications that one could use these data to
improve the PDF knowledge. The discrepancy becomes
bigger and bigger at large y, where however also the exper-
imental systematics, driven by the jet energy scale, grows.
The question is, once again, how much of this uncertainty
is correlated between the central and forward y regions.
The trend is different with a larger jet cone radius, as
shown in fig. 3, where higher-statistics CMS data [9], ana-
lyzed with a radius of 0.7, are on the high side of the theory
curves. Since E7 slopes at large y are much steeper than at
central y, they are much more sensitive to small changes
in the jet energy. It is therefore suggestive to conclude
that higher-order perturbative corrections due to multiple
gluon emission in the shower have a non-negligible nu-
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Figure 3. Same as fig. 2, but with a cone radius R = 0.7, and for
a larger statistics analysis of CMS data [9].
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Figure 4. ATLAS results [10] for jet production in the forward
y region, normalized to parton-level QCD predictions (scaled by
non-PT effects). The data are compared to predictions from vari-
ous NLO+shower results, using different shower models and un-
derlying event tunes.

merical impact on the jet energy, in spite of their being
formally of higher order.

This conclusion is consistent with the results of an
ATLAS study [10], in which the data are compared to
fixed-order NLO predictions from [11] and to the results
of a complete NLO+shower calculation [12], done with
POWHERG and either Pythia [13] or Herwig [14] for the
shower evolution. In the case of Pythia, POWHEG’s
agreement with data is significantly better than the fixed-
order NLO result, particularly at large E7 and large y.
Furthermore, noticeable differences appear in general be-
tween Pythia and Herwig showers, and different tunes of
the underlying event.

So, while the overall agreement of data and theory
is certainly satisfactory, I believe that few things need to
be better understood in order to reliably use high-E7 and
high-y jet data to improve PDFs.

3 Jet cross section ratios

The availability of LHC data at different energies opens
a new opportunity for precise measurements with jets. In
fact, a large fraction of the experimental and theoretical
systematics in the jet cross section measurements have
some degree of correlation at different energies, and may
therefore cancel in the measurement of cross section ra-
tios. Historically, jet production at different energies have
been compared as a function of the x; = E7/Epeqy vari-
able. This reduces the theoretical systematics related to
PDFs, since these are probed at the same x values. A di-
rect comparison of Er spectra, on the other hand, enjoys
a correlated theoretical scale uncertainty (the underlying
hard process is the same at the two energies), as well as
more closely correlated experimental systematics (e.g. jet
energy scale). The larger PDF systematics of this ratio,
compared to xr ratios, is also desirable, since it gives po-
tential sensitivity to improve our knowledge of the PDFs
themselves!

Several examples of the remarkable theoretical preci-
sion that can be achieved through cross section ratios at
different energies, are given in [15]. For example, that
study finds that:

o(Er > 2TeV; VS = 8TeV)
o(Er > 2TeV; VS = TTeV)

7.65 + 1.5%(scale) + 7%(PDF) (1)
o(Er > 2TeV; VS = 14TeV)

o(Er > 2TeV; VS = 8TeV)
182 + 4%(scale) + 10%(PDF) 2)

Notice that the scale uncertainty is much smaller than the
PDF uncertainty, giving the opportunity to improve the
PDF knowledge with a direct comparison with data.

A first experimental exploration of E7 cross section ra-
tios, using data from the short 2011 run at VS = 2.76 TeV
and from VS = 7 TeV, has been documented recently by
ATLAS [16]. Figure 5 shows the cross section ratios, as a
function of jet E7 and for different y windows, compared
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Figure 5. ATLAS results [16] for the ratio of jet Ey distributions at VS = 2.76 and at 7 TeV. The ratio is normalized to NLO QCD
plus non-PT corrections, and compared to the predictions of various NLO+shower calculations.

against parton level NLO and against the NLO+shower re-
sult of POWHEG, using different choices of parton show-
ers and underlying event tunes. The comparison with the
results of fig. 4 is quite telling: on one side, for a fixed
PDF the spread of theoretical predictions is much smaller
in the ratio than in the 7 TeV cross section, while the
PDF systematics remains quite large. Notice also the very
small experimental uncertainty, which blows up only at
the largest E7 values, dominated by the poor statistics at
2.76 TeV. Reference [16] also includes a first study of the
impact of the inclusion of these data in PDF fits, showing
that they can indeed shift the central values, and reduce the
overall uncertainty, of the gluon density over a wide range
of x. The much larger statistics available today at both 7
and 8 TeV, and the more accurate luminosity determina-
tion, will certainly offer a very powerful tool to carry these
studies even further.

4 Multijets

Final states with many hard jets are very interesting: on
one side they pose a challenge to the theoretical calcula-
tions, which require the evaluation of huge numbers of
complex Feynman diagrams, and possibly the resumma-
tion of large logarithms emerging from the existence of
very disparate scales (e.g. the individual jet E7 versus the
transverse energy of the overall multijet system). On the
other, multijet final states (possibly accompanied by other
objects like gauge bosons or top quarks) are the dominant
background to many searches of phenomena beyond the
Standard Model. Their study is therefore a crucial compo-
nent of the LHC physics programme.

Available analyses from ATLAS and CMS are still
limited to the low-statistics 2010 run, but provide al-
ready very valuable information. Figure 6 shows AT-
LAS’s measurements of the inclusive multijet [17] and
W-+multijet [18] rates, compared to the predictions of sev-
eral theoretical approaches. In the multijet case, the com-
parison is done with leading-order matrix element calcu-
lations, merged with shower evolution (Sherpa [19], and
Alpgen [20] plus Herwig and Pythia), and with a pure par-
ton shower approach (Pythia). In the W+jets case, there is
also the comparison with parton-level NLO results [21].

The leading-order matrix element plus shower results
and the parton-level NLO results agree well with data,
and the occasional minor discrepancies are consistent with
the theoretical systematics, and can in principle be “tuned
away”, for example, by adapting the scale choice or the
details of the merging algorithms. The pure shower-
evolution results from Pythia agree well with the multijet
rates, but fall short of predicting the rates for W+multijets.
This apparently contradictory conclusion has a possible
explanation, graphically outlined in fig. 7. In the case of
multijets, Pythia starts the shower evolution from a “seed”
parton level configuration with two hard, recoiling, par-
tons. Additional jets are emitted from both initial and final
states and, to the extent that they are softer than the lead-
ing jets, the shower approximation appears to work well.
In the case of W+jets, however, the partonic configuration
that seeds the shower has a single jet recoiling against the
W. The emission of softer jets from the initial states and
from the final-state parton, will dominantly lead to config-
urations in which the W maintains a large transverse mo-
mentum. This evolution entirely misses, however, the im-
portant region of phase space in which the W boson is soft
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Figure 6. ATLAS measurements of inclusive jet rates, in multijet [17] (left) and W+multijet [18] (right) final states.
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Figure 7. Schematic picture of the shower generation of multijet (a) and W+multijet (b) final states, starting from the leading-order
processes included in shower Monte Carlo programs. In the case of W+jets, only configurations with a large value of p7(W) can be
generated (lower graph of (b)), while the important phase space region where py(W) is small (c) is neglected.

with respect to the rest of the event, as shown in inset (¢)
of the figure. The more jets we require in the final state,
the larger must be the initial p7(W), to allow the recoiling
jet and the initial state to have enough energy to radiate
the required jets. This reduces even more the accessible
phase-space for the W, giving an overall rate that drops
more and more at larger jet multiplicity.

One more observation is worthwhile. Even though the
shower-only approach gives a good description of inclu-
sive multijet rates, there is no guarantee that kinemati-
cal correlations among the jets are equally well predicted.
Consider for example fig. 8, taken again from [17]. It de-
scribes the fraction of events with three or more jets, as a
function of Elf"’d, the Er of the leading jet. The three plots
correspond to different E7 thresholds for the definition of
the jets, E7 > 60, 80 and 110 GeV. Pythia seems less ac-
curate in the region of smaller ElTe“d . There appears to be a
change in the agreement pattern for Eé‘:’“d > 300, 400 and
500 GeV, respectively. Given that the total transverse en-
ergy of the jets, Hy, must be larger than 2 x EX%, we see
that the best agreement is obtained when Hy > 0.1 xE’T”i” ~

ag X E™"_in other words when the E7 of the radiated jetis
indeed soft with respect to the Q scale of the event. Notice
also that Alpgen and Sherpa reproduce these distributions
quite well over the full range of £,

5 Conclusions and outlook

Jet physics in hadron collisions is as healthy as ever. The
multitude of tests and probes explored by the Tevatron
and LHC experiments gives us great confidence that the
theory tools we have available are good, and much work
is in place to improve them even further. The leading-
order matrix element generators, merged with shower evo-
lution, are very successfull in describing complex higher-
order topologies and rates. NLO calculations are mak-
ing great progress: they are now available for high mul-
tiplicity final states, beyond the most optimistic hopes of
only few years ago. New techniques are emerging, which
I could not review here, to fully automatize the calcula-
tion of the NLO cross sections and their parton showers
evolution [22], extending also the possibility of merging
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Figure 8. ATLAS measurement [17] of > 3-jet fractions, as a function of the leading jet Er, and for different jet thresholds.

together samples of different multiplicity [23-25], main-
taining the NLO accuracy. With NLO results close to be-
coming a straightforward enterprise, limited only by CPU
power, NNLO results start appearing. For example, after
the end of the Workshop, a major new achievement was
reported, namely the calculation of the NNLO inclusive
Er jet cross section, limited to the gg initial state [26].
The calculation shows a significant reduction of the scale
uncertainty, with a mild increase in rate, at the 20% level
relative to NLO.

A new era of quantitative and precise applications of
hard QCD at the LHC is opening, much like the quantita-
tive tests that came from LEP and HERA. The full benefits
of precision jet physics at the LHC are yet to be explored.
But since new physics, if any is there, is hiding well, our
safest bet today to pull it out of nasty SM backgrounds is to
invest in a full-scale campaign of improvement in the pre-
cision with which we can measure/predict hard processes
at the LHC.
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