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QCD and Forward Physics at the HE/HL-LHC

! Strong Interactions:

¥ Two chapters of yellow report dedicated to prospects for QCD and 
Forward physics:

¥ Projected HE/HL-LHC experimental reaches for jet and photon 
production.

¥ Expected constraints on PDFs from Þnal HL-LHC: ÔUltimateÕ PDFs.

¥ Study of underlying event at HE-LHC, and prospects for studies of 
double parton scattering at HE/HL-LHC.

! Forward Physics:

¥ Prospects for Central Exclusive Production with increased reach of 
HL-LHC. Detailed case study: anomalous coupling constraints.

¥ Experimental prospects for forward proton tagging studied in detail.
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Strong Interactions
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Jets and Photons
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Jet Production: Prospects

¥ Increased cross sections/reach at HL  and HE-LHC  will allow for 
precise multi-differential jet measurements:

L. Cieri, G. Ferrera, A. Huss, J. Pires + Experimental Collabs.

Iæ High      : sensitivity to higher-order QCD/EW and BSM.

Iæ Fixed      , increased        : push to low           resummation effects.
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Fig. 51: Predictions for the inclusive jetpT (top) and dijet massmjj (bottom) at LO (green), NLO (blue)
and NNLO (red) at (a and c)

!
s = 14 TeV and (b and d)

!
s = 27 TeV normalised to the NLO result.

the inclusion of HL-LHC pseudo-data in the Þts. Figure52 depicts the comparison of PDF uncertainties
in the inclusive jet and dijet production cross sections for CT14 and PDF4LHC HL-LHC (conservative
scenario) inpp collisions at

!
s = 14 and 27 TeV. A signiÞcant reduction in the PDF uncertainty is

expected with the inclusion of PDF-sensitive measurements in HL-LHC PDF Þts.

5.1.2 HighÐpT lightÐ and heavyÐßavour jet measurements at the HLÐLHC

The program of jet physics will substantially proÞt from the HL-LHC data since higher scales can be
reached and the region of very low partonic momentum fractionsx can be accessed, where the parton
density becomes large. Measurements of jets originating fromb quarks are important to investigate the
heavy-ßavor contribution to the total jet cross section and to study the agreement of the measurement
with available theoretical predictions. In particular, inclusiveb-jet production is very sensitive to higher-
order corrections and to parton showers. In top quark production processes, top jets can be deÞned
when the top quark decays hadronically and all decay products can be clustered into a single jet. The
production ofW bosons is studied in the high-pT region, where theW bosons decay hadronically and
are reconstructed as jets. Jet substructure techniques are applied to discriminate the jets originating from
top quarks andW bosons from the QCD background.

Higher order QCD radiation affects the distribution of the angular correlation, and the region
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¥ Theory: NNLO  the standard now. Excellent convergence and small 
scale uncertainties out to large            potential for PDF constraints.p! !

Similar results for dijet production: see 
backup for more. 5



Jet Production: Experimental Prospects

¥ ATLAS  projections for inclusive jet production at HL  and HE-LHC , 
including detailed study of systematic uncertainties:
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Fig. 49: Relative uncertainties in the inclusive jet cross section measurements at the HL-LHC due
the JES uncertainties. Three HL-LHC scenarios are compared to the Run-2 performance. Black line
corresponds to the Run-2 performance. Green, red and blue lines represent pessimistic, conservative
and optimistic scenarios, respectively.

since the high statistics at the HL-LHC will allow precision JES measurements in the high-pT region.
Flavour composition and ßavour response uncertainties are derived from the MC generators. With the
advances in the MC modelling and development of tunes, these uncertainties could be signiÞcantly re-
duced. The ßavour composition uncertainties are set to zero to highlight the maximal impact of possible
future improvements in the understanding of parton shower and hadronisation modeling on the preci-
sion of the jet energy measurements. The ßavour response uncertainties are kept the same as in Run-2
or reduced by a factor of two in conservative and optimistic scenarios, respectively.

The pile-up uncertainties, except the! topology uncertainty, are considered to be negligible. Cur-
rent small uncertainties in the JES due to mis-modelling ofNPV and!µ" distributions and the residual
pT dependence lead to a very small uncertainties at the HL-LHC conditions. With the advances of new
pile-up rejection techniques, the! topology uncertainty could be maintained at a level comparable to the
one in Run-2 or reduced by a factor of two. This is addressed in conservative and optimistic scenarios.

Since the Run-2 jet energy resolution (JER) uncertainty estimation is conservative, the Þnal Run-2
JER uncertainty is expected (based on Run-1 experience) to be about twice as small as the current one.
Therefore, the JER uncertainty is estimated to be half of that in Run-2.

The remaining uncertainty sources are Þxed in different scenarios as follows:

Ð Conservative scenario:

Ð All in situ components are kept the same as in Run-2, except the uncertainties related to the
photon energy measurement in the high-ET range and the MJB method uncertainties whose
uncertainties are reduced by a factor of two, since those are expected to be improved at the
HL-LHC;

Ð The MC modelling uncertainty in the" -intercalibration is reduced by a factor of two while
the other two are neglected. Currently, the MC modelling uncertainty is derived through
a comparison of leading-order (LO) pQCD generators. With future advances in next-to-
leading-order MC generators this uncertainty is expected to improve;

Ð The ßavour response uncertainty is set to the Run-2 value;

94
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Iæ Potentially signiÞcant improvement in uncertainties at both low and 

high jet      demonstrated, depending on scenario considered.

Iæ Extensive jet       reach: ~ 5 (9) TeV at HL (HE) LHC.
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Fig. 50: Predicted number of inclusive jet events as a function of the jetpT (left) and dijet events as a
function of dijet massmjj (right) at NNLO, assuming an integrated luminosity of 3ab! 1 (15 ab! 1) of
pp collision data at

p
s=14 TeV (

p
s=27 TeV).

partons in the event, as recommended in [335] for the inclusive jetpT, and the dijet massµ = mjj for
the dijet mass distribution, as recommended in [19].

For the inclusive jetpT large NLO effects at high-pT and central rapidity of approximately 90%
(14 TeV) and 50% (27 TeV) are observed with large NLO scale uncertainties ofO(20�30%). At NNLO
moderate corrections across the entirepT and rapidity range are observed, except at high-pT in the
central rapidity slices where the NNLO effects can reach between 10 to 30%. An excellent convergence
of the perturbative result is observed as well as a signiÞcant reduction in the scale uncertainty of the
cross section when going from NLO to NNLO. The NNLO scale uncertainties are estimated at the
< 5% level. Similarly to the inclusive jetpT case, an excellent convergence of the perturbative result
for the dijet mass is observed. The NNLO/NLOk-factors are typically< 10% and alter the shape of the
prediction at lowmjj and lowy" . A large reduction is observed in the scale variation and NNLO scale
uncertainties are estimated to be below the5% level, even at largemjj . Scale uncertainties at this level
are well below the PDF uncertainty, highlighting the huge potential to constrain PDFs with inclusive jet
data.

Measurements of weak bosons [526], top quarks [527], photon and jet production [528] (and
many others) performed by the LHC Collaborations have been already used by the global PDF groups
[199,200,207,529] in the determination of the proton structure. Comparisons of inclusive jet and dijet
production cross sections using different PDF sets at

p
s = 14 and 27 TeV, show 5Ð10% differences

respectively between central values in the low and intermediatepT andmjj regions, consistent with
current PDF uncertainties. Larger differences between the predictions of the various PDF sets in the
high-pT andmjj range highlight the expected constraining power of future measurements at the HL-
LHC and HE-LHC.

A study to estimate the impact of future PDF-sensitive measurements at the HL-LHC on PDFs
determination was performed in [299] and reported in Sec.5.2. Three possible scenarios for the exper-
imental systematic uncertainties were considered. This study concluded that HL-LHC measurements
will further reduce the PDF uncertainties, and published dedicated PDF sets, PDF4LHC HL-LHC, with
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Similar results for dijet production: see 
backup for more.
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Heavy Flavour Jet Production
¥ Heavy   quark jet production: sensitivity to higher-order corrections, 

parton shower, PDFsÉ

¥ CMS projections for b-jet production at HL-LHC :210 310
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Fig. 53: The inclusive b-jet cross section differential in the pT (left). The error bars show the statistical
uncertainty corresponding to the given luminosity, while the gray band represent the systematic uncer-
tainty from the jet-energy-scale and the total systematic uncertainty. The fraction of b-jets containing
both B and øB hadrons as a function of pT (right).

the jet momentum. This leads to the high probability that the b-quark is not produced in the hard sub-
process, but in the parton shower. As the mass of the b-quark becomes negligible, the probability of
gluon splitting into bøb-pairs is similar to any other flavour (excluding top). In this case, the pair of the
B-hadrons is expected to be found inside the b-jet, where one consists of a b-quark, the second a øb-quark.
The fraction of such jets as a function of pT as predicted by PYTHIA v8 MC is shown on Fig. 53 (right).
In the future, it will be crucial to disentangle between b-jets with b-quarks produced in the shower, and
b-jets with b-quarks produced in the hard sub-process.

Figure 54 shows a comparison of the jet cross sections as a function of pT and as a function of ! �
for the different processes applying the anti-kT clustering algorithm [535] with R = 0 .8. In Fig. 54 (left)
the inclusive b-jet cross section is shown (for comparison with the inclusive jet cross section), while in
Fig. 54 (right) the two-b-jet cross section is shown. Except for the cross section for W production, the
statistical uncertainties shown correspond to an integrated luminosity of 3 ab�1 including efficiencies
due to b-tagging and selection at the detector level, estimated using the DELPHES simulation. Details of
the studies can be found in Ref. [534].

It can be seen that the shapes of the pT spectra are comparable but the top-jet cross section is about
ten thousand times smaller than the inclusive jet cross section. The ratio to the inclusive dijet cross
section as a function of ! � illustrates the differences in shape of the ! � distribution of the different
processes (all processes are normalized at ! � = ⇡), which depend on the partonic configuration of the
initial state.

5.1.3 Inclusive photon production
Here follows a summary of the studies detailed in Ref. [524] of inclusive isolated photon production and
photon production in association with at least one jet. In both analyses the photon is required to have a
transverse energy in excess of 400GeV and the pseudorapidity to lie in the range |⌘! | < 2.37excluding
the region 1.37 < |⌘! | < 1.56. The photon is required to be isolated by imposing an upper limit on
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Iæ Increased   -jet reach:      ~ 3 TeV.

Iæ New regime:   -quark ~ massless w.r.t. high      jet  large fraction of jets 

with             due to PS (             ): important to disentangle from b-quarks 

produced in hard subprocess.

b p?

B + B g ! bb

b p?

b
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Photon Production
¥ Encouraging results for photon production: relatively clean probe of 

SM (PDFsÉ) and BSM. 

Iæ Isolated photon: CMS projections show extensive reach, with           

3(5) TeV for the HL(HE)-LHC. Increase by ~ 2-3 w.r.t. existing data.

E !
! !

Iæ Diphoton  production: predictions with cutting-edge NNLO  theory. 

SigniÞcant increase in reach with HE-LHC again shown.
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Fig. 55: (a,b) Predicted number of inclusive isolated photon events as a function ofE �
T assuming an

integrated luminosity of3 ab! 1 (15 ab! 1) of pp collision data at
!

s = 14 TeV (27 TeV) in different
ranges of photon pseudorapidity:|⌘� | < 0.6 (solid histogram),0.6 < |⌘� | < 1.37 (dashed histogram),
1.56 < |⌘� | < 1.81 (dotted histogram) and1.81 < |⌘� | < 2.37 (dot-dashed histogram). (c,d) Predicted
number of photon+ jet events assuming an integrated luminosity of3 ab! 1 (15ab! 1) of ppcollision data
at

!
s = 14 TeV (27TeV) as a function of (c)pjetT and (d)m�! jet.

the measurements of these processes usingpp collisions at
!

s = 13 TeV [542,543].

The predicted number of inclusive isolated photon events as a function ofE �
T in the different

ranges of|⌘� | assuming an integrated luminosity of3 ab! 1 (15 ab! 1) of pp collision data at
!

s =
14 TeV (27 TeV) is shown in Figure55(a) and55(b). For the HL-LHC (HE-LHC), the reach inE �

T is
(a) 3Ð3.5 (5) TeV for |⌘� | < 0.6, (b) 2.5Ð3 (5) TeV for 0.6 < |⌘� | < 1.37, (c) 1.5Ð2 (3Ð3.5) TeV for
1.56 < |⌘� | < 1.81 and (d)1Ð1.5 (2.5Ð3) TeV for 1.81 < |⌘� | < 2.37. This represents a signiÞcant
extension of the region measured so far withpp collisions at

!
s = 13 TeV [542]; as an example, at the

101

Fig. 56: The differential cross sections d�/dM !! (left) and d�/dp T !! (right) at
!

s = 14 TeV are
shown in the upper panel at LO (black dotted), NLO (red dashed) and NNLO (blue solid). The NLO
and NNLO scale variation bands are obtained as detailed in the text. In the lower subpanels the ratio
between cross sections at two different centre–of–mass energies (

!
s = 27 TeV and

!
s = 14 TeV) is

also shown. The selection cuts are described in the text.

bulk of the cross section is concentrated in the region around M LO while for large values of M !! the
distribution rapidly decreases. At high invariant mass, M !! > 1 TeV, the cross section is dominated
by the quark annihilation (qøq) partonic subprocess (the other partonic subprocesses are suppressed by
one order of magnitude or more). The NNLO K factor, K NNLO = �NNLO/ �NLO, is flat at large
values of M !! and it is roughly equal to the NNLO K factor of the qøq channel. The lower subpanel
of Figure 56 (left) presents results for the ratio (R) between the invariant mass distribution at

!
s =

27 TeV and
!

s = 14 TeV. At LO the dynamic enhancement of the ratio can be described roughly as
G(M 2

!! / 272 TeV2)/ G(M 2
!! / (142 TeV2), where G(⌧ ) = log( ⌧ ) " Lqøq(⌧, µf ) and L are the integrated

parton luminosities. The ratio at NLO and NNLO is numerically similar to the corresponding LO one.
The enhancement of the ratio R at large values of invariant mass is directly related to the increasing the
centre–of–mass energy and it reaches the value R # 4 at M !! $ 1 TeV.

Finally theoretical results are presented for the transverse momentum (pT !! ) distribution. The
NLO and NNLO predictions with a centre–of–mass energy of

!
s = 14 TeV are shown in the upper

panel of Figure 56 (right). Given the LO kinematical constraint pT !! = 0 , the (N)NLO correction
represent effectively an (N)LO prediction. Moreover, in the small pT !! region, the convergence of the
fixed order expansion is spoiled by the presence of large logarithmic corrections. Reliable perturbative
results require an all order resummation of these enhanced logarithmic contributions.

The lower subpanel of Figure 56 (right) presents results for the ratio (R) between the transverse
momentum distribution at

!
s = 27 TeV and

!
s = 14 TeV. The ratio increases at large value of pT !! ,

reaching R # 4 for pT !! $ 1TeV.
It is observed that the uncertainty bands for the NLO and NNLO results fail to overlap in most of

the kinematical regions. This suggests that the computed scale dependence at NNLO cannot be consid-
ered a reliable estimate of the true perturbative uncertainty. As an alternative approach the perturbative
uncertainty of the NNLO result can be estimated by considering half of the difference between the
NNLO and NLO results at central values of the scales [553].
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PDFs after the HL-LHC
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Ultimate PDFs

¥ The HL-LHC  will provide a vast range of data with a direct impact on 
the PDFs (in particular in poorly known high    region relevant to 
BSM).

¥ Question: what exactly can we expect that impact to be?

¥ Collaborative effort to produce ÔultimateÕ PDF set, quantifying this 
expected impact.
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Basic Idea

Produce theory predictions for relevant processes, in kinematic 
region probed by HL-LHC

Produce pseudodata - binned predictions, provided with 
corresponding statistical + systematic errors

Perform initial proÞling with PDF4LHC baseline to assess impact 
of HL-LHC pseudodata set

Public release of ÔUltimate PDFÕ set

11
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Top quark pair production

Jet production

W−
s,d

c

W + c production

Z/ ! ∗
Z pT

l−

l +

Z/ ! ∗

DrellÐYan production

!
Direct photon production

Figure 2.1. Representative Feynman diagrams at the Born level of the six types of collider processes
for which HLÐLHC pseudoÐdata has been generated in this analysis: the production of top quark pairs,
W bosons in association with charm quarks, and the neutral and charged current DrellÐYan processes;
the production of inclusive jets, Z bosons at Þnite transverse momentum, and direct photons.

the constraints on the PDFs of individual processes using the Hessian proÞling method. The full
set of HLÐLHC pseudoÐdata is combined in Sect.4 to construct the ultimate HLÐLHC parton
distributions, which is then used to assess their phenomenological implications for di! erent
processes both in the SM and beyond it. Finally, in Sect.5 we summarise our results and
indicate how they are made publicly available.

2 PseudoÐdata generation

In this section we present the PDFÐsensitive processes for which HLÐLHC pseudoÐdata have been
generated, provide details about the binning and kinematic cuts, and also describe the baseline
Run I and II measurements that are used to model the experimental systematic uncertainties
expected in the HLÐLHC era.

2.1 PDFÐsensitive processes

We start by describing the PDFÐsensitive processes that will be considered in this study to
generate HLÐLHC pseudoÐdata. Our analysis is based on six di! erent types of processes: the
production of top quark pairs, jets, direct photons, and W bosons in association with charm
quarks, the transverse momentum ofZ bosons, and the neutral and charged current DrellÐYan
processes. In Fig.2.1 we show representative Feynman diagrams at the Born level for all of
these processes, in order to illustrate their sensitivity to the di! erent partonic initial states. For
instance, we see that jets, photon, and top quark pair production are directly dependent on
the gluon content of the proton, while W +charm is sensitive to strangeness, and the DrellÐYan
process to the quarkÐantiquark luminosity.

This choice of input processes is driven by the fact that some types of hardÐscattering
reactions should beneÞt more directly from the increased statistics o! ered by the HLÐLHC than
others. Indeed, some of the existing LHC measurements, such as inclusiveW, Z production in
the central region [38, 39], are already limited by systematic uncertainties, and therefore are
unlikely to improve signiÞcantly at higher luminosities. On the other hand, our selection of
processes will greatly beneÞt from the huge HLÐLHC dataset either because they are relatively
rare, such asW +charm, or because their kinematic coverage can be extended to regions of
large invariant masses and transverse momentum or forward rapidities where event rates exhibit
a steep fallÐo! . While these pseudoÐdata sets do include some regions which are currently
systematics dominated, i.e. towards central rapidity and lower mass/transverse momentum, as

4

LHC datasets

Process Kinematics Ndat f corr f red Baseline

Z pT

20 GeV ! pll
T ! 3.5 TeV

338 0.5 (0.4, 1) [52] (8 TeV)12 GeV ! mll ! 150 GeV

|yll | ! 2.4

high-mass Drell-Yan
pl 1(2)

T " 40(30) GeV
32 0.5 (0.4, 1) [47] (8 TeV)

|! l | ! 2.5, mll " 116 GeV

top quark pair mt øt # 5 TeV, |yt | ! 2.5 110 0.5 (0.4, 1) [50] (8 TeV)

W +charm (central)
pµ

T " 26 GeV, pc
T " 5 GeV

12 0.5 (0.2, 0.5) [24] (13 TeV)
|! µ | ! 2.4

W +charm (forward)

pµ
T " 20 GeV, pc

T " 20 GeV

10 0.5 (0.4, 1) LHCb projectionpµ+ c
T " 20 GeV

2 ! ! µ ! 4.5, 2.2 ! ! c ! 4.2

Direct photon E !
T $< 3 TeV, |! ! | ! 2.5 118 0.5 (0.2, 0.5) [55] (13 TeV)

Forward W, Z
pl

T " 20 GeV, 2.0 ! ! l ! 4.5
90 0.5 (0.4, 1) [49] (8 TeV)

60 GeV ! mll ! 120 GeV

Inclusive jets |y| ! 3, R = 0 .4 58 0.5 (0.2, 0.5) [61] (13 TeV)

Total 768

Table 2.1. Summary of the features of the HLÐLHC pseudoÐdata generated for the present study.
For each process we indicate the kinematic coverage, the number of pseudoÐdata points used across all
detectors Ndat , the values of the correction factorsf corr and f red ; and Þnally the reference from the 8
TeV or 13 TeV measurement used as baseline to deÞne the binning and the systematic uncertainties of
the HLÐLHC pseudoÐdata, as discussed in the text.

expect some improvement here at the HLÐLHC even in the most conservative scenario; Run II
measurements based on the complete integrated luminosity will certainly beneÞt from reduced
systematics.

In Fig. 2.2we show the kinematical coverage in the (x, Q2) plane of the HLÐLHC pseudoÐdata
included in this analysis. For each data point, the values of (x1, Q) and (x2, Q) corresponding to
the two colliding partons are determined approximately from leadingÐorder kinematics, which
is su! cient for illustration purposes. We assumex1 = x2 if rapidities are not speciÞed for the
Þnal states. We see that the HLÐLHC pseudoÐdata covers a wide kinematic region, including
the large momentum transfers up to Q # 6 TeV, as well as the large-x region, with several
di" erent processes. SpeciÞcally, the input pseudoÐdata spans the range 6%10�5

$< x $< 0.7 and
40 GeV $< Q $< 7 TeV in the (x, Q) kinematic plane. Note that the LHCb measurements are
instrumental to constrain the smallÐx region, 6%10�5

$< x $< 10�3, beyond the acceptance of
ATLAS and CMS.

2.3 Impact of correlating uncertainties

As we will also discuss in Sect.3, when constructing the " 2 estimator for the HLÐLHC pseudoÐ
data we will not explicitly include the correlations between the systematic errors. Instead,
we add statistical and systematic uncertainties in quadrature as indicated in Eq. (2.2). This
choice is motivated by the fact that it is already challenging to estimate how speciÞc systematic
uncertainties will be reduced at the HLÐLHC, let alone how their mutual correlations will be
modiÞed. Note that even restricting ourselves to Run I measurements, the determination of the
experimental correlation model is a delicate problem, and can in some cases complicate the PDF

8

¥ Consider non-exhaustive list of HL-LHC  processes. Emphasis on 
high    region + measurements not already limited by systematic 
uncertainties.

x
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Results

¥ SigniÞcant error reduction, with little dependence assumptions about 
projected systematics.

¥ LHAPDF sets publicly available for use.

5!10 4!10 3!10 2!10 1!10
       x  

0.9

0.95

1

1.05

1.1

1.15

1.2

) 
[r

ef
] 

2
) 

/ g
 (

 x
, Q

2
g 

( 
x,

 Q

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

5!10 4!10 3!10 2!10 1!10
       x  

0.9

0.95

1

1.05

1.1

1.15

1.2

) [
re

f] 
2

) /
 d

 ( 
x,

 Q
2

d 
( x

, Q

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

5!10 4!10 3!10 2!10 1!10
       x  

0.9

0.95

1

1.05

1.1

1.15

1.2

) 
[r

ef
] 

2
 (

 x
, Q

u
) 

/ 
2

 (
 x

, Q
u

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

5!10 4!10 3!10 2!10 1!10
       x  

0.8

0.9

1

1.1

1.2

) 
[r

ef
] 

2
 (

 x
, Q

+
) 

/ s
2

 (
 x

, Q
+ s

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

Fig. 59: Comparison of PDF4LHC15 with the proÞled sets with HL-LHC data in scenarios A and C (see text).
The gluon, down quark, up anti-quark, and total strangeness atQ = 10 GeV are shown, normalized to the central
value of the baseline.

large factor of 5 for the 13 TeV measurements is assumed, correcting for the fact that these are based in
the initial datasets which generally have larger systematic errors in comparison to the 8 TeV case. The
name of the correspondingLHAPDF grid is also indicated in each case.

Table 32: The three scenarios for the systematic uncertainties of the HL-LHC pseudo-data assumed in the present
exercise. These scenarios, ranging from conservative to optimistic, differ among them in the reduction factorf red ,
eq. (33), applied to the systematic errors of the reference 8 TeV or 13 TeV measurements. The name of the
correspondingLHAPDFgrid is also indicated in each case.

Scenario f red (8 TeV) f red (13 TeV) LHAPDF set Comments

A 0.4 0.2 PDF4LHC_nnlo_hllhc_scen3 Optimistic

B 0.7 0.36 PDF4LHC_nnlo_hllhc_scen2 Intermediate

C 1 0.5 PDF4LHC_nnlo_hllhc_scen1 Conservative

Then in Fig.59 a comparison of the baseline PDF4LHC15 set is presented with the proÞled sets
based on HL-LHC pseudo-data from scenarios A and C in Table32. SpeciÞcally, the gluon, down quark,
up anti-quark, and total strangeness atQ = 10 GeV are shown, normalized to the central value of the
baseline. The predictions of scenarios A and C (optimistic and conservative respectively) are observed
to be reasonably similar. This demonstrates that the results are relatively robust against the projections
of how experimental errors will be reduced in HL-LHC measurements. A marked reduction of PDF
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5 Summary

In this study, we have quantiÞed the expected constraints that precision HLÐLHC measurements
will impose on the quark and gluon structure of the proton. To achieve this goal, we have
assessed the impact of a range of relevant PDFÐsensitive processes, from weak gauge boson and
jet production to top quark and photon production. Moreover, we have studied the robustness
of our results with respect to di! erent projections for the experimental systematic uncertainties,
from a more conservative one, where systematics are assumed to have the same size as in current
measurements, to a more optimistic one, where they are markedly reduced.

Our main Þnding is that HLÐLHC data has the potential to signiÞcantly reduce the PDF
uncertainties in a wide kinematic range and for all relevant partonic Þnal states. This is true
both for the region of intermediate invariant masses, relevant for precision Higgs, electroweak,
and top quark measurements, as well as in the TeV region relevant for searches of new heavy
particles. Even in the most conservative scenario, in the regionM X !> 40 GeV we Þnd that
HLÐLHC measurements can reduce PDF uncertainties by at least a factor between 2 and 3 as
compared to the current PDF4LHC15 baseline. The PDF constraining information from the
HLÐLHC is expected to be specially signiÞcant for gluonÐ and for strangeÐinitiated processes.
We also Þnd that the quarkÐantiquark luminosity at the electroweak scale, a central input for
legacy LHC measurements such asM W and sin2 ! W , could be improved by more than a factor
3 in the optimistic scenario.

This improved knowledge of the quark and gluon structure of the proton which will become
possible at the HLÐLHC will directly beneÞt a number of phenomenologically important process,
due to the reduction of the associated theoretical errors. For instance, the PDF uncertainties
in Higgs production in gluon fusion can be reduced down to!< 2% for the entire range of
Higgs transverse momenta accessible at the HLÐLHC. Likewise, PDF uncertainties in highÐmass
supersymmetric particle production can be decreased by up to a factor 3, with a similar impact
expected for other BSM scenarios. This improvement should strengthen the bounds derived in
the case of null searches, or facilitate their characterisation in the case of an eventual discovery.
Similar improvements are found for Standard Model process, for example dijet production, which
provides a unique opportunity to measurement the running of the strong coupling constant at
the TeV scale. More detailed studies of the phenomenological implications of our study will be
presented in the upcoming HLÐLHC Yellow Report.

Two caveats are relevant at this point. First, it should be emphasised again that in this study
we have only considered a subset of all possible measurements of relevance for PDF Þts. There
are certainly processes for which data is and will be available, such as multijet production and
single top production, that we have not considered here. Moreover, we can also reasonably expect
that various new processes may be added to the PDF toolbox on the rather long timescales we
consider here. Thus, we may certainly expect further constraints to become available for PDF
studies by the end of HLÐLHC running.

Second, in this study we have ignored any possible issues such as data incompatibilities,
limitations of the theoretical calculations, or issues a! ecting the data correlation models. These
are common in PDF Þts, and indeed have already been found when comparing theory calculations
against existing LHC data from Runs I and II. Such potential problems may eventually limit
the PDF constraining power, in comparison to the estimates presented in this work, when the
actual global Þt with real HLÐLHC data is performed. Clearly, such questions can only be tackled
once the HLÐLHC measurements are carried out, and indeed doing so will present an important
programme of experimental and theoretical PDFÐrelated work on its own. We cannot anticipate
such work in our present study, which instead represents our best quantitative projections using
our current knowledge.

The results of this study are made publicly available in the LHAPDF6format [46], with the
grid names listed in Table 4.1 for the three scenarios that have been considered. These three
grid Þles can be downloaded from:

https://data.nnpdf.science/HLLHC YR/PDF4LHC15nnlo hllhc scen1.tgz
https://data.nnpdf.science/HLLHC YR/PDF4LHC15nnlo hllhc scen2.tgz
https://data.nnpdf.science/HLLHC YR/PDF4LHC15nnlo hllhc scen3.tgz
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Underlying Event at HE-LHC

D. Kar

¥ Predictions for UE require MC tuning. MC predictions for MPI from 
Tevatron did not describe LHC, with MC predictions varying wildly.

¥ How about from LHC  to HE-LHC ? Dedicated study indicates:
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Fig. 65: Comparison of the UE activities in different centre-of-mass energies.

coupling constants, such as same-sign W W production, and processes where at least one part of the final
state can be produced via a comparatively low scale scattering – e.g. those involving a charm/bottom
quark pair.

The full theoretical description of DPS in QCD is rather complex, and many of the steps towards
its formulation were achieved only recently [578–583]. As a result, many past studies of DPS have taken
a strongly simplified approach in which it is assumed that the two colliding partons from each proton
are entirely uncorrelated with one another, and that the (single) parton density in momentum fraction x
and impact parameter b may be factorised into the PDF and a transverse profile depending only on b .
In this case the DPS cross section simplifies into the so-called ‘pocket formula’:

! AB
DPS !

! A
SPS! B

SPS
! eff

(38)

The quantity ! eff is a geometrical factor of order of the proton radius squared. The modelling of
more general multiple parton interactions (MPI) in Monte Carlo event generators such as HERWIG and
PYTHIA is based on similar approximations.

The eq. (38) does not take into account the possibility that the two partons from either or both
protons may have arisen as the result of a perturbative 1 " 2 splitting of a single parton into two. It
also does not take into account a multitude of possible correlations between two partons in a proton, in
spin, colour, and momentum fraction xi, correlations between xi and the transverse separation between
partons y , as well as potential interference contributions in parton type. These correlations and QCD
effects can result in a DPS cross section differing from the prediction of eq. (38), both in terms of overall
rate and also, crucially, in distributions.

Studies of DPS at the LHC and earlier colliders have essentially been restricted to extractions of a
single number, the DPS rate, for several processes. From these early studies, in which the error bars are
large and multiple factors change between measurements (x values, parton channels, scales...), nothing
conclusive can be determined thus far concerning correlations. However, the increased luminosity of
the HL-LHC will provide the statistics needed to study differential distributions with sufficiently small
uncertainties that it will be possible to probe quantum correlations between partons in the proton and the
dynamics of the 1 " 2 splitting for the first time. The results of these studies can be fed back and used
to improve the theoretical modelling of DPS (and more general MPI), yielding improved DPS signal or
background predictions.
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Iæ Increased UE (as expected) at HE-LHC: ~ 25-30 % more activity.

Iæ Welcoming stability  between latest Pythia/Herwig predictions.
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Double Parton Scattering

J. R. Gaunt

¥ DPS: production of some Þnal state AB by two distinct hard scatters. 
Generally suppressed, but can be important where SPS cross section 
low, e.g. same sign WW.

¥ Under certain assumptions, have simple ÔpocketÕ formula
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Fig. 65: Comparison of the UE activities in different centre-of-mass energies.

coupling constants, such as same-sign W W production, and processes where at least one part of the final
state can be produced via a comparatively low scale scattering – e.g. those involving a charm/bottom
quark pair.

The full theoretical description of DPS in QCD is rather complex, and many of the steps towards
its formulation were achieved only recently [578–583]. As a result, many past studies of DPS have taken
a strongly simplified approach in which it is assumed that the two colliding partons from each proton
are entirely uncorrelated with one another, and that the (single) parton density in momentum fraction x
and impact parameter b may be factorised into the PDF and a transverse profile depending only on b.
In this case the DPS cross section simplifies into the so-called ‘pocket formula’:

�AB
DPS ' �A

SPS�
B
SPS

�eff
(38)

The quantity �eff is a geometrical factor of order of the proton radius squared. The modelling of
more general multiple parton interactions (MPI) in Monte Carlo event generators such as HERWIG and
PYTHIA is based on similar approximations.

The eq. (38) does not take into account the possibility that the two partons from either or both
protons may have arisen as the result of a perturbative 1 ! 2 splitting of a single parton into two. It
also does not take into account a multitude of possible correlations between two partons in a proton, in
spin, colour, and momentum fraction xi, correlations between xi and the transverse separation between
partons y, as well as potential interference contributions in parton type. These correlations and QCD
effects can result in a DPS cross section differing from the prediction of eq. (38), both in terms of overall
rate and also, crucially, in distributions.

Studies of DPS at the LHC and earlier colliders have essentially been restricted to extractions of a
single number, the DPS rate, for several processes. From these early studies, in which the error bars are
large and multiple factors change between measurements (x values, parton channels, scales...), nothing
conclusive can be determined thus far concerning correlations. However, the increased luminosity of
the HL-LHC will provide the statistics needed to study differential distributions with sufficiently small
uncertainties that it will be possible to probe quantum correlations between partons in the proton and the
dynamics of the 1 ! 2 splitting for the first time. The results of these studies can be fed back and used
to improve the theoretical modelling of DPS (and more general MPI), yielding improved DPS signal or
background predictions.
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¥ Assumes no cross-talk/correlation between 
initiating partons for processes A, B. Known to 
be false, but data so far insensitive to this.

¥ Potential to probe correlations and QCD 
nature of DPS differentially for the Þrst time at 
HL/HE-LHC : subject of detailed study.
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¥ Test case: same sign W pair production. Consider asymmetry:

As can be inferred from eq. (38), DPS roughly scales as the fourth power of a parton distribution,
whilst SPS only scales as the second power. This means that for given hard scalesQA , QB , the DPS
cross section grows faster than the SPS one as the collider energy increases (and decreasex), meaning
that at a HE-LHC DPS will be more prominent and easily measurable than at the LHC. At the same
time, at the lowerx values involved the effects of the correlations and1 ! 2 splittings will be different
- a combination of measurements of different processes at both the HL-LHC and HE-LHC should help
us to separate out the effects of the different correlations.

Let us illustrate the general points above using a concrete process Ð namely same-signW W
production, where bothW s decay leptonically intoe or µ. A simple correlation-sensitive observable for
this process is the asymmetrya! l

:

a! l
=

! (" 1 á" 2 < 0) " ! (" 1 á" 2 > 0)
! (" 1 á" 2 < 0) + ! (" 1 á" 2 > 0)

, (39)

where" 1,2 are the rapidities of the two leptons. This quantity measures the discrepancy between the
number of times the produced leptons emerge into opposite hemispheres of the detector and the number
of times they emerge into the same hemisphere, normalised by the total number of lepton pairs produced.
In the absence of parton correlations, it is found thata! l

= 0 ; any departure from this value indicates the
presence of correlations. A more differential version of this asymmetry is the cross section differential
in the product" 1 á" 2. Here an absence of correlations yields a symmetric distribution under" 1 á" 2 #
" " 1 á" 2, and an asymmetric distribution indicates correlations. In the below studies a cut of|" i | < 2.4
is always applied.

One type of correlation that will clearly affect these observables are correlations in momentum
fractionx between the partons. This type of effect was investigated in [584]. Here, the double parton
distributions (DPDs) were calculated at an input scale ofQ2

0 = 0 .26GeV2 from a constituent quark
model calculation where the proton is taken as being composed only from the three quarksuud. At this
scale there are necessarily strong correlations inx space from the fact that there are only three quarks
and due to the constraint

!
i xi = 1 . These inputs were then evolved up to theW mass scale via the

double DGLAP equations, with effects of1 ! 2 splittings being ignored. In Fig.66, the green band
represents their result at

$
s = 14 TeV for a quantity equal to! (" 1 á" 2 < 0)/ ! (" 1 á" 2 > 0) Ð their

result corresponds toa! l
% 0.05. On the same plot is given the anticipated sensitivity of the CMS

experiment at the HL-LHC (3 ab! 1) [585] and the lowest values of this ratio that would allow one to
reject the hypothesis of eq. (38) at the 95% conÞdence level. These results indicate good prospects of
the HL-LHC measuringa! l

values on the few per cent level for this process.

One simple feature that must necessarily be present in the true DPDs, and is taken into account
by the DPDs of [584] but not by eq. (38), is the fact that removing one valenceu quark from the
proton halves the probability to Þnd another, and there is no chance to Þnd two valenced quarks (this
requirement is formally expressed in the number sum rules of [586]). This effect is highly relevant
to a! l

as it results in a reduction of cross section for large" 1 á" 2 (which probes the Ôdouble valenceÕ
region in one DPD) whilst leaving the cross section elsewhere unchanged. To investigate the size of
a! l

resulting from this effect only, DPD inputs are constructed atQ0 = 1 GeV based on a factorised
ansatz of a product of MSTW2008LO PDFs times a transverse factor, except that in theuu anddd cases
the PDF part is given byD u(x1)D u(x2) " 1

2D uv (x1)D uv (x2) andD d(x1)D d(x2) " D dv (x1)D dv (x2)
respectively. Evolving these inputs and using them to calculate theW + W + cross section at

$
s =

13TeV, an asymmetry of% 0.017is observed, indicating that these simple Ôvalence number effectsÕ are
at least one important driving force in the asymmetry of [584].

Correlations in (longitudinal) spin can affect the rapidity distributions of the produced leptons
[587] and result in a nonzeroa! l

. The potential size of effects from spin correlations was investigated
recently in [588]. In this study the unpolarised double parton distributions were constructed according to
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which by construction is zero in absence of correlations. Range of 
more realistic scenarios considered:                  .
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Fig. 66: Ratio of �ef f for ⌘1 á⌘2 > 0 and ⌘1 á⌘2 < 0, which is equal to the inverse ratio for �DP S . The
value of this in the absence of parton correlations is 1 (red line), whilst the prediction of [584] is given by
the green band. The black error bars indicate systematic uncertainty attainable by the CMS experiment
at 3 ab�1, the orange bars include systematic uncertainties assuming a conservative correlation of 0.8
between them for ⌘1á⌘2 > 0 and ⌘1á⌘2 < 0. The vertical line on the arrows indicates the lowest measured
value of the ratio that would allow the exclusion of the uncorrelated parton hypothesis (i.e. eq. (38) with
constant �ef f ) at 95% CL. The black arrow corresponds to muon rapidity coverage |⌘| < 2.8, and the
orange arrow |⌘| < 2.4.

an uncorrelated ansatz at an initial scale of 1 GeV. The polarised double parton distributions, encoding
parton spin correlations, were chosen at the initial scale to correspond to the maximal possible spin
correlations (technically, saturate the positivity bounds [589]), in such a way that the effects on the
cross section would be maximal. These distributions were evolved to the W mass and used to compute
polarised and unpolarised W+W+ cross sections at

p
s = 13 TeV. The resulting ⌘1 á⌘2 distribution

is shown in Fig. 67(a) – the corresponding value of a⌘l
is 0.07, which is even larger than that resulting

from x correlations. One should, however, bear in mind that this is a maximal value, and that there are
possibilities for the polarised distributions at the input scale, compatible with the positivity bounds, that
also ultimately yield negative values for a⌘l

[590]. Figure 67(b) shows the expected significance of a
measured non-zero asymmetry as a function of luminosity L, using a rapidity cut |⌘i | > 0.6 imposed
such that the asymmetry a⌘l

rises to 0.11 (but overall W+W+ cross section reduces from 0.51 fb to 0.29
fb). The blue band shows the sensitivity achievable using the µ+µ+ channel only, whilst the red band
shows the sensitivity attainable using µ+µ+, µ+e+, and e+e+ assuming a similar sensitivity can be
achieved for electrons as for muons. This plot reinforces the notion that a few per cent level asymmetry
can be measured at the HL-LHC.

To investigate how 1 ! 2 splittings may affect the asymmetry a⌘l
, the code discussed in section

9 of [580] was upgraded to include charm and bottom quarks above the appropriate mass thresholds
(chosen here to be equal to the MSTW 2008 values of 1.40 GeV and 4.75 GeV respectively). The
‘intrinsic’ and ‘splitting’ part of the DPDs were initialised as in [580] – in particular, the intrinsic part
was initialised according to an uncorrelated ansatz, up to a suppression factor near the phase space
boundary x1 + x2 = 1 , that does not have a strong impact on a⌘l

. Then, any nonzero value of a⌘l
will

be almost entirely due to 1 ! 2 splitting effects. Computing W+W+ cross sections at
p
s = 13 TeV it
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Fig. 67: Distribution in product of rapidities for two positively charged muons arising fromW + W +

DPS. The blue plot includes only the unpolarised contribution, whilst the yellow also includes longitu-
dinally polarised contributions (left). Estimated signiÞcance of a nonzero asymmetry as the distance in
standard deviations of a measured asymmetry from zero, when theW + W + cross section is 0.29 fb and
asymmetry is 0.11 (right). This corresponds to the calculation of [588] with polarised contributions, and
a cut on muon|! | > 0.6. The uncertainty bands indicate dependence of the sensitivity on assumptions
regarding the subtraction of SPS backgrounds. More details regarding the set-up for both panels may be
found in [588].

is found thata! l
! 0.028, which is of similar size to the asymmetry arising from other sources.

Note that the asymmetries fromx correlations, valence number effects and1 " 2 splitting are in
the same direction (favouring! 1 á! 2 < 0 over ! 1 á! 2 > 0), whilst polarisation effects can potentially
either favour a positive or negative asymmetry.

At the HE-LHC, the asymmetry should be smaller for the same cuts on|! i | Ð asx is lowered,
we move away from the Ôdouble valenceÕ region where valence number effects are important, and the
ratio of polarised to unpolarised quark distributions reduces (see Fig. 6 of [591]). Repeating the study
above where a minimal modiÞcation of the uncorrelated ansatz at the input scale is made to take account
of number effects, but at

#
s = 27 TeV, it is found thata! l

! 0.008. Including instead the effects
of the 1 " 2 splittings yieldsa! l

! 0.013 at
#

s = 27 TeV. At the HE-LHC (and the HL-LHC) it
could be interesting to compare same-signW W , which is comparatively weakly affected by1 " 2
parton splitting (due to the fact there is no direct LO splitting yielding, for exampleuu), with processes
that should receive stronger contributions from parton splitting, such as low mass Drell-Yan orbøbbøb
production, to probe in detail the effects of the1 " 2 parton splitting and compare to theoretical
predictions. More detailed studies in this direction are needed.

In conclusion, the HL-LHC offers the opportunity to measure the effects of correlations between
partons, via measurements of DPS processes, for the Þrst time. In same-signW W production a good
observable to probe correlations is the lepton pseudorapidity asymmetrya! l

, which can only be nonzero
in the presence of correlations Ð theoretical calculations indicate values ofa! l

at LHC energies on the
order of a few per cent, which should be measurable at the HL-LHC. By combining measurements of
various processes sensitive to DPS at the HL-LHC, and later and the HE-LHC, it will be ultimately
possible to build up a picture of the various correlatons existing between partons in the proton.

119

a! l ! 10%

¥ Anticipated sensitivity at HL-LHC  studied. Find this percent level 
effect can be measured for the Þrst time: a completely new and so-far 
unobserved QCD phenomenon.
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Central Exclusive Production
Central exclusive reactions processes

Central exclusive reactionspp ! p + X + p can be studied by measuringX in a central
detector and the intact protons pp with forward proton detectors.

p p

p
p

+ !

Measure the proton fractional momentum loss ! i = ! p/ p with forward proton
spectrometers.

Isolate signal by comparingm!! with mpp =
"

! 1! 2s, and y!! with ypp = 1
2 ln( ! 1/ ! 2)

(exclusive processes).

1 / 8

¥ Potential for extended studies of CEP: production of object X 
+ nothing else:

¥ Ongoing experimental programme of measurements at LHC, 
with protons tagged by dedicated forward detectors in 
association with ATLAS (AFP) and CMS (CT-PPS).

Central Diffractive Production

1

2

1
ln

2
y

�[
�[

� X

MX
2 = �[�� �[�� sdiffractive system X

with mass MX at rapidity yX

(�[1)

(�[2)

p. 2Mario Deile Ð

2 /1 protonsurvivingoflossmomentumfractional2/1
2/1 � 

�'
� 

p
p

�[

p1 (�[1)
p2 (�[2)

X = all products except the 2 leading protons

The acceptance for diffractive mass M is determined by acceptance for�[�� and�[�� in the 2 spectrometer arms.
Mmin

2 = �[����min �[����min s

The rapidity y quantifies how central (y = 0) or forward (large |y|) the centre-of-mass of X is:
Under certain approximations: y�| pseudo-rapidity�K= - ln tan (�T/2)

¥ Exciting possibility to continue this into HL-LHC .

Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that theW loop contribution dominates at high diphoton masses [174,175,177]
whereas this contribution is omitted in most studies. This is the Þrst time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement ofW and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< x < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,Df > 2.7 between leading leptons, and 160< W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplingsl

g andDk

g is the following

L ⇠ (W  
µn

W µ An �Wµn

W   µ An )

+( 1+ Dk

g )W  
µW

n

Aµn +
l

g

M2
W

W  
rµW µ

n

Anr ). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass forl

g andDk

g only modiÞes the normalization and the low mass events
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1 Introduction

The use of diffractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detectingprotons that have lost only
about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which
are unique to the LHC, and difficult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely
favourable environment to search for, and identify the nature of, new particles at the LHC. The
Þrst that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,
gluinonia, radions, and indeed any new object which has 0++ (or 2++ ) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By Òcentral exclusiveÓ we mean a process
of the type pp→ p + X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced systemX . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First , if the outgoing protons remain intact and scatter through small angles then, to a very
good approximation, the primary active di-gluon system obeys aJz = 0, C-even, P-even,
selection rule [12]. HereJz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers
of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state.Secondly, because the process is exclusive, the energy loss of the outgoingprotons
is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system.Thirdly , in many
topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due toJz = 0 selection, leading-
order QCD bøbproduction is suppressed by a factor (mb/E T )2, whereET is the transverse energy
of the b,øb jets. Therefore, for a low mass Higgs,MH

<
∼ 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive processpp → p + X + p. The systemX is
produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.
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Physics with tagged protons - QED

¥ Exclusive photon-initiated production of particular interest for BSM- 
clean and well understood      initial state (prob. of      MPI 
interactions low).

Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that theW loop contribution dominates at high diphoton masses [174,175,177]
whereas this contribution is omitted in most studies. This is the Þrst time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement ofW and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< x < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,Df > 2.7 between leading leptons, and 160< W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplingsl

g andDk

g is the following

L ⇠ (W  
µn

W µ An �Wµn

W   µ An )

+( 1+ Dk

g )W  
µW
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Aµn +
l

g

M2
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Anr ). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass forl

g andDk

g only modiÞes the normalization and the low mass events

81

�� pp

! LHC as a (high energy)       collider!��

Iæ Relatively rare EW processes       gain from increased HL-LHC 

dataset clear.

Iæ Relevant to various BSM channels (ALPs, SUSYÉ). 

Iæ Benchmark study in report: assessment of discovery potential for 

anomalous gauge couplings under realistic experimental conditions.

)
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Anomalous couplings - 

���� anomalous coupling

Model interaction via EFT, two dimension-eight operators

L ���� = ! 4�
1 F µ ⌫Fµ ⌫F⇢�F⇢� + ! 4�

2 Fµ ⌫F⌫⇢F⇢�F�µ

Induces anomalous light-by-light scattering, which can be probed in photon-induced processes in
p-p collisions,

p

p p

p

2 / 8

!!!! anomalous coupling

Model interaction via EFT, two dimension-eight operators

L!!!! = ! 4!
1 F µ " Fµ " F #$ F#$ + ! 4!

2 Fµ " F "# F#% F %µ

Induces anomalous light-by-light scattering, which can be probed in photon-induced processes in
p-p collisions,

p

p p

p

2 / 8

¥ Model interaction via EFT, two dimension 8 operators:
Sensitivity improvement @ HL-LHC

Left: comparison between 300 fb! 1 and 3000 fb! 1. Right: (zooming-in, see change of scale in
X-Y axis) comparison between the use of timing and! t = 10 ps (not much di ! erence if 5 ps and 2
ps are used).

Bound could improve at the HL-LHC down to,

!
48" 2

1 + 11 " 2
2 + 40 " 1" 2 ! 4.2 á10! 14 GeV ! 4 (2)

5 / 8

¥ HL-LHC  can improve bound on EFT operators by ~ an order of 
magnitude. Little sensitivity to precise level of timing precision.

Sensitivity to !!!! anomalous coupling

Expected bound at 95% CL at the end of Run-2 of the LHC, assuming 300 fb! 1,

!
48⇣2

1 + 11⇣2
2 + 40⇣1⇣2 ! 2.4 á10! 13 GeV ! 4 (1)

Could be improved at the HL-LHC (3000 fb! 1) and the use of precise time-of-flight measurements

for pileup suppression).

3 / 8

!

Sensitivity improvement @ HL-LHC

Left: comparison between 300 fb! 1 and 3000 fb! 1. Right: (zooming-in, see change of scale in
X-Y axis) comparison between the use of timing and! t = 10 ps (not much di ! erence if 5 ps and 2
ps are used).

Bound could improve at the HL-LHC down to,

!
48" 2

1 + 11 " 2
2 + 40 " 1" 2 ! 4.2 · 10! 14

GeV

! 4 (2)

5 / 8

4!
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Anomalous couplings - 

Sensitivity improvement at the HL-LHC

Left: Comparison between 300 fb! 1 and 3000 fb! 1. Right: (Zoomed-in; change of scale in X-Y
axis) comparison between the use of timing�t = 2 , 5, 10 ps. Z� ! hadrons + � beneÞts the
most from the use of timing.

Sensitivity on couplings at 95% CL could improve roughly one order of magnitude down to,
!

⇣2
1 + ⇣2

2 "
2

3
⇣1⇣2 # 1.6 á10! 14 GeV ! 4 (5)

8 / 8

!!! Z coupling

L !!! Z = ! 3! Z
1 F µ " Fµ " F #$ Z#$ + ! 3! Z

2 F µ " ÷Fµ " F #$ ÷Z#$

where ÷F µ " = 1
2 " µ "#$ F#$ . The quartic coupling induces anomalous## ! #Z ,

p

p p

p

Z

The Z boson could decay into a pair of charged leptons or hadronically (dijet conÞguration or fat
jet conÞguration).

6 / 8

¥ Again set limits via EFT operators:

!!! Z coupling

L !!! Z = ! 3! Z
1 F µ " Fµ " F #$ Z#$ + ! 3! Z

2 F µ " ÷Fµ " F #$ ÷Z#$

where ÷F µ " = 1
2 " µ "#$ F#$ . The quartic coupling induces anomalous## ! #Z ,

p

p p

p

Z

The Z boson could decay into a pair of charged leptons or hadronically (dijet conÞguration or fat
jet conÞguration).

6 / 8

¥ Once again, expected improvements from HL-LHC impressive ~ an order 
of magnitude (~ 5 orders of magnitude better than current best inclusive 
limits).

! Z
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Proton Tagging at HL-LHC: Experimental Prospects

Mass Acceptance Integrated over y

2A1A

2Z1Z

Horizontal Crossing, Baseline TrajectoryVertical Crossing

Mass Acceptance Integrated over y

2A1A

2Z1Z

Horizontal Crossing, Baseline TrajectoryVertical Crossing

p. 16

Acceptance in the Mass ÐRapidity Plane:
Vertical Crossing

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

1A

1Z

1A

45

1Z

49
2741 2741

XRPs @ 196 m, 220 m, 234 m, 420 m

¥ Dedicated study of proton tagging possibilities at HL-LHC :

Mario Deile

Iæ Best-suited detector positions identiÞed, and proton tagging (     mass       ) 

acceptance evaluated for these (CT-PPS study, though ATLAS ~ similar).
Iæ Study based on present-day assumptions about beam optics, collimation 

scheme etc, with both horizontal  and vertical crossing considered.
Iæ Range of positions feasible, from ~ 200 m (                         ) to ~ 400 m         

(                                ). Physics potential: wide range of masses probed.

MX ! 300 GeV

M X & 20! 50 GeV

) M X
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Other CEP prospects
LHL

! QCD-initiated production: potential for e.g. exclusive jet and Higgs 

studies analysed (though there are more).

E. Kryshen, C. Mayer

p p

p
p

+ !

Exclusive Þnal state can be produced via three different mechanisms, 
depending on kinematics and quantum numbers of state:

QCD- induced

Photon-inducedFig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that theW loop contribution dominates at high diphoton masses [174,175,177]
whereas this contribution is omitted in most studies. This is the Þrst time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard ModelWW andZZ prduction

In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement ofW andZ boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< ! < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,! " > 2.7 between leading leptons, and 160< W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb! 1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings

In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings#$ and! %$ is the following

L " (W 
µ&Wµ A& ! Wµ&W  µ A&)

+( 1+ ! %$)W 
µW&Aµ& +

#$

M2
W

W 
' µWµ

&A&' ). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass for#$ and! %$ only modiÞes the normalization and the low mass events
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Photoproduction
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Fig. 5.10: Invariant mass of theJ/ ! J/ ! system in (left) exclusive and (right) inclusive events. The
shaded area is the theoretical prediction of Ref. [26]

3 Future measurement at low/medium luminosity: motivation

3.1 PhotonÐinduced processes

3.1.1 Diffractive photoproduction" p ! V p

Q

øQ

F (x, ! ) = " G(x, ! )/ " log! 2

(1 ! z, ! #k" )

(z,#k" )
$V (z, k" )

V M = J/ $, $#, ! , ! #, . . .%

#!! #!

p p

W2

Fig. 5.11: Diagrams representing the exclusive diffractive" p ! V pamplitude.

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at " p cms energyW, applicable at small values ofx = M2

V/ W2, are the color-dipole approach and the
kT-factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

! mA(" " (Q2)p ! V p;W,t = 0) =
! 1

0
dz

!
d2r ! V(z, r) ! " " (z, r,Q2) # (x, r) , (5.3)

wherex = M2
V/ W2, ! V and! " are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. Theqøq separationr is conserved during the interaction (and so
are the longitudinal momentum fractionsz,1# zcarried byq and øq). Color dipoles of sizer are diagonal
states of theS-matrix and interact with the proton with the cross section

# (x, r) =
4$
3

%S

! d2&
&4

' xg(x,&2)
' log(&2)

"
1# exp(i&r)

#
, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient
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C-even, couples to gluons

C-even, Couples to photons

C-odd, couples to photons + gluons

6

 Each one offers different possibilitiesÉ

Production Mechanisms

1 Introduction

The use of di! ractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detectingprotons that have lost only
about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which
are unique to the LHC, and di" cult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely
favourable environment to search for, and identify the nature of, new particles at the LHC. The
Þrst that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,
gluinonia, radions, and indeed any new object which has 0++ (or 2++) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By Òcentral exclusiveÓ we mean a process
of the type pp→ p + X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced systemX . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First, if the outgoing protons remain intact and scatter through small angles then, to a very
good approximation, the primary active di-gluon system obeys aJz = 0, C-even, P-even,
selection rule [12]. HereJz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers
of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state.Secondly, because the process is exclusive, the energy loss of the outgoingprotons
is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system.Thirdly, in many
topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due toJz = 0 selection, leading-
order QCD bøbproduction is suppressed by a factor (mb/E T )2, whereET is the transverse energy
of the b,øb jets. Therefore, for a low mass Higgs,MH

<
∼ 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive processpp → p + X + p. The systemX is
produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.

2

X = H, jj...

Figure 1: Schematic diagram of the production of a systemX in (left) two-photon (right)
QCD initiated central exclusive production. The scattered intact protons are tagged with the
forward proton detectors and the central systemX is reconstructed in the central detector.

Forward Physics

1 Photon-induced collisions at the HL–LHC

1.1 Theory and motivation

Lucian Harland-Lang
Central exclusive production (CEP) corresponds to the production of central systemX ,

and nothing else, with two outgoing intact protons:

pp ! p + X + p . (1)

Such a process may be mediated by photon exchange, with the elastic photon emission vertex
leaving the protons intact, see Fig. 1 (left). A range of SM (e.g.X = !! , Z ! , ZZ , "ø") and
BSM states (e.g.X = axionÐlike particles, monopoles, SUSY particles) may be produced in
this way. These have the beneÞt of:

¥ The theoretical framework to model the underlying production mechanism, based on
the equivalent photon approximation [1], is very well understood. Moreover, due to
the peripheral nature of the interaction the possibility for additional inelastic protonÐ
proton interactions (in other words of multipleÐparticle interactions) is very low.

¥ As the mass of the central system increases, the relative size of any contribution from
QCDÐinitiated production, see Section 2, becomes increasingly small [2], due to the
strong Sudakov suppression in vetoing on additional QCD radiation.

Iæ Jets:      colour-singlet initial state       
range of unique QCD studies.

Iæ Higgs: completely unseen mode, 
Higgs properties (CP, couplings) 
via independent method.

gg

! ALICE  prospects: expect ~                 in       in run 4. All low pile-up     

broad programme lower mass QCD studies/spectroscopy anticipated:

200 pb! 1 pp

Iæ Meson spectroscopy.
Iæ Glueball searches.
Iæ Jets, monopolesÉ
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Summary

!ank you for lis"ning!

¥ Exciting and broad theoretical and experimental programme for 
strong interactions and forward physics at the HL  and HE-LHC :

Iæ High precision data in jets/photons, with multi-TeV energy reach, 
and potential for various multi-differential studies.

Iæ High precision NNLO theory can be put to the test.
Iæ Potential for signiÞcant constraints on PDFs quantiÞed.
Iæ Not just about precision: new QCD effects in e.g. DPS.
Iæ Potential to extend successful ongoing forward physics programme to 

HL-LHC with dedicated tagging detectors.
Iæ Test case of anomalous couplings shows dramatic increase in 

sensitivity at HL-LHC.
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Dijet Production: Prospects
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Fig. 51: Predictions for the inclusive jet pT (top) and dijet mass mjj (bottom) at LO (green), NLO (blue)
and NNLO (red) at (a and c)

!
s = 14 TeV and (b and d)

!
s = 27 TeV normalised to the NLO result.

the inclusion of HL-LHC pseudo-data in the fits. Figure 52 depicts the comparison of PDF uncertainties
in the inclusive jet and dijet production cross sections for CT14 and PDF4LHC HL-LHC (conservative
scenario) in pp collisions at

!
s = 14 and 27 TeV. A significant reduction in the PDF uncertainty is

expected with the inclusion of PDF-sensitive measurements in HL-LHC PDF fits.

5.1.2 HighÐpT lightÐ and heavyÐßavour jet measurements at the HLÐLHC

The program of jet physics will substantially profit from the HL-LHC data since higher scales can be
reached and the region of very low partonic momentum fractions x can be accessed, where the parton
density becomes large. Measurements of jets originating from b quarks are important to investigate the
heavy-flavor contribution to the total jet cross section and to study the agreement of the measurement
with available theoretical predictions. In particular, inclusive b-jet production is very sensitive to higher-
order corrections and to parton showers. In top quark production processes, top jets can be defined
when the top quark decays hadronically and all decay products can be clustered into a single jet. The
production of W bosons is studied in the high-pT region, where the W bosons decay hadronically and
are reconstructed as jets. Jet substructure techniques are applied to discriminate the jets originating from
top quarks and W bosons from the QCD background.

Higher order QCD radiation affects the distribution of the angular correlation, and the region
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Fig. 50: Predicted number of inclusive jet events as a function of the jetpT (left) and dijet events as a
function of dijet massmjj (right) at NNLO, assuming an integrated luminosity of 3ab! 1 (15 ab! 1) of
pp collision data at

!
s=14 TeV (

!
s=27 TeV).

partons in the event, as recommended in [335] for the inclusive jetpT , and the dijet massµ = mjj for
the dijet mass distribution, as recommended in [19].

For the inclusive jetpT large NLO effects at high-pT and central rapidity of approximately 90%
(14 TeV) and 50% (27 TeV) are observed with large NLO scale uncertainties ofO(20" 30%). At NNLO
moderate corrections across the entirepT and rapidity range are observed, except at high-pT in the
central rapidity slices where the NNLO effects can reach between 10 to 30%. An excellent convergence
of the perturbative result is observed as well as a signiÞcant reduction in the scale uncertainty of the
cross section when going from NLO to NNLO. The NNLO scale uncertainties are estimated at the
< 5% level. Similarly to the inclusive jetpT case, an excellent convergence of the perturbative result
for the dijet mass is observed. The NNLO/NLOk-factors are typically< 10%and alter the shape of the
prediction at lowmjj and lowy" . A large reduction is observed in the scale variation and NNLO scale
uncertainties are estimated to be below the5% level, even at largemjj . Scale uncertainties at this level
are well below the PDF uncertainty, highlighting the huge potential to constrain PDFs with inclusive jet
data.

Measurements of weak bosons [526], top quarks [527], photon and jet production [528] (and
many others) performed by the LHC Collaborations have been already used by the global PDF groups
[199,200,207,529] in the determination of the proton structure. Comparisons of inclusive jet and dijet
production cross sections using different PDF sets at

!
s = 14 and 27 TeV, show 5Ð10% differences

respectively between central values in the low and intermediatepT andmjj regions, consistent with
current PDF uncertainties. Larger differences between the predictions of the various PDF sets in the
high-pT andmjj range highlight the expected constraining power of future measurements at the HL-
LHC and HE-LHC.

A study to estimate the impact of future PDF-sensitive measurements at the HL-LHC on PDFs
determination was performed in [299] and reported in Sec.5.2. Three possible scenarios for the exper-
imental systematic uncertainties were considered. This study concluded that HL-LHC measurements
will further reduce the PDF uncertainties, and published dedicated PDF sets, PDF4LHC HL-LHC, with
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Figure96 shows these(M, y) contour plots for the start and end points of the two extreme levelling
cases deÞned in Fig.94: points (1A) and (1Z) for any trajectory with vertical crossing in IP5, points
(2A) and (2Z) for the ÒBaselineÓ trajectory with horizontal crossing. The projections on the mass axis,
under the approximation of ßat rapidity distributions, are given in Fig.97.

Fig. 96: Acceptance for the protons from central diffraction in the mass-rapidity plane. The yel-
low/orange colour tones mark single-arm proton acceptance, the green tones mark double-arm accep-
tance. Top: start and end point of any levelling trajectory for vertical crossing, bottom: start and end
point of the baseline levelling trajectory for horizontal crossing.

The following observations are made:
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Proton Tagging: Mass Acceptance


