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¡ The success of the HL-LHC is a necessary condition for any future collider
§ LHC has been a tremendous success in discovering the Higgs boson and crystalizing the SM at our accessible energy scales 
§ HL-LHC has the potential to break the SM paradigm and guide future explorations for BSM

▪ Direct searches and SM measurements go hand-in-hand

§ The success of the HL-LHC will also demonstrate our ability as an international community to come together and accomplish a 
broad-spectrum and unique cutting-edge research

§ All international HEP planning processes (ESG, Snowmass etc.) are informed by the LHC results and any decision making is 
guided by LHC findings

¡ It is our responsibility to harvest the wealth of data that we expect at HL-LHC
§ No theoretical guidance of where new physics may hide à we have to rely on experimental data for such guidance
§ More tantalizing anomalies are popping up in precision measurements, e.g. W mass, rare processes, g-2 

è HL-LHC can shed light to several of these anomalies 
èWe may expect more of anomalies at HL-LHC, thanks to larger datasets, higher reach in energy scales, and higher  

precision measurements 
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¡ Guidance to BSM will come from direct searches, and systematic tests of the SM paradigm

by Wolfgang Altmannshofer

LHCb Flavour anomalies CDF II W massg-2 anomaly
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¡ LHC Collaborations have carried out several studies for the 
European Strategy (Yellow Report) and the US HEP planning 
(Snowmass)

• Snowmass Update in 2022: 
ATL-PHYS-PUB-2022-018
CMS PAS FTR-22-001

• Yellow Report in 2018:
https://arxiv.org/abs/1902.04070

¡ Electroweak measurements are the next frontier of precision physics
§ Low cross sections of EW processes benefit from the large HL-LHC dataset to go beyond the simple process 

observations
▪ Detail studies of production properties, e.g.  differential cross sections
▪ Higher reach in energy scales, e.g. tails of distributions
▪ Constraining of BSM scenarios

§ HL-LHC will enable currently unachievable measurements

§ Detector upgrades will allow for better forward jet and lepton reconstruction, essential to improve current 
measurements

§ Sophisticated analysis techniques (e.g. ML) are necessary to extract as much information as possible
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¡ W mass is a key parameter of the standard model
¡ 7.0 s deviation from SM in latest CDF II measurement

¡ Precise W mass measurements at HL-LHC will be very important
¡ To confront CDF measurement: ≤ 10 MeV precision is needed
¡ To confront SM prediction: ≤ 6 MeV precision is needed (80,357 ± 6 MeV)

Lepton Collider Uncertainties on MW :
• FCC-ee expected:    ± 0.5 MeV 

• WW threshold: ~108 WW boson pairs
• scan of s(WW) lineshape at √s= 157.5-162.5 GeV

• ILC expected: ± 2.5 MeV
• combination of 5 complementary methods

LHCb
JHEP 2022, 36 
(2022)

Science 376,170 
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¡ ≤10 MeV uncertainty at HL-LHC is challenging but achievable with exp. and theory improvements
§ Need to improve theoretical modelling (PDF, W pT)  

à exploit extended lepton rapidity (|h|<4) and ancillary measurements (W, Z cross sections and pT)

§ Special accelerator runs with low pileup (µ~2) to precisely measure missing energy, and collect at least 2x106 W events (200 pb-1)

è ~5 MeV is a possible target with ≳ 1 fb-1 of low pileup data
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Fig. 42: Measurement uncertainty for combined fits to the p`T and mT distributions (a) in differ-
ent lepton acceptance regions and for different centre-of-mass energies, using the CT10 PDF set and
for 200 pb�1collected at each energy and (b) for different PDF sets in |⌘`| < 4, for 200 pb�1and
1 fb�1collected at

p
s = 14 TeV. The numbers quoted for 0 < |⌘`| < 2.4 correspond to the combination

of the four pseudorapidity bins in this range.

Table 25: Measurement uncertainty for different lepton acceptance regions, centre-of-mass energies and
PDF sets, combined fits to the p`T and mT distributions, and for 200 pb�1collected at each energy. The
numbers quoted for 0 < |⌘`| < 2.4 correspond to the combination of the four pseudorapidity bins in this
range. In each case, the first number corresponds to the sum of statistical and PDF uncertainties, and the
numbers between parentheses are the statistical and PDF components, respectively.

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘`| < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘`| < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘`| < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘`| < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘`| < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘`| < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘`| < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

4.4.5 Prospects for the measurement of the effective weak mixing angle

At leading order dilepton pairs are produced through the annihilation of a quark and antiquark via the
exchange of a Z boson or a virtual photon: qq̄ ! Z/�⇤ ! `+`�. The definition of the forward-
backward asymmetry, AFB, is based on the angle ✓⇤ of the lepton (`�) in the Collins-Soper [464, 465]
frame of the dilepton system:

AFB =
�F � �B
�F + �B

, (24)

80

Experimental uncertainties 
not included (expected to 
be at the level of  stat 
uncertainty)
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where �F and �B are the cross sections in the forward (cos ✓⇤ > 0) and backward (cos ✓⇤ < 0) hemi-
spheres, respectively. In this frame the ✓⇤ is the angle of the `� direction with respect to the axis that
bisects the angle between the direction of the quark and opposite direction of the anti-quark. In pp colli-
sions the direction of the quark is assumed to be in the boost direction of the dilepton pair. Here, cos ✓⇤

is calculated using laboratory-frame quantities as follows:

cos ✓⇤ =
2(p+1 p

�
2 � p�1 p

+
2 )q

M2(M2 + P 2
T )

⇥
Pz
|Pz|

, (25)

where M , PT, and Pz are the mass, transverse momentum, and longitudinal momentum, respectively,
of the dilepton system, and p1(p2) are defined in terms of energy, e1(e2), and longitudinal momentum,
pz,1(pz,2), of the negatively (positively) charged lepton as p±i = (ei ± pz,i)/

p
2 [464].

A non-zero AFB in dilepton events arises from the vector and axial-vector couplings of electroweak
bosons to fermions. At tree level, the vector vf and axial-vector af couplings of Z bosons to fermions
(f ) are:

vf = T f
3 � 2Qf sin

2 ✓W, (26)

af = T f
3, (27)

where T f
3 and Qf are the third component of the weak isospin and the charge of the fermion, respectively,

and sin2 ✓W is the weak mixing angle, which is related to the masses of the W and Z bosons by the
relation sin2 ✓W = 1�M2

W/M2
Z. Electroweak radiative corrections affect these leading-order relations.

An effective weak mixing angle, sin2 ✓f
eff, is defined based on the relation between these couplings:

vf/af = 1 � 4|Qf| sin
2 ✓f

eff, with sin2 ✓f
eff = f sin

2 ✓W, where flavour-dependent f is determined by
electroweak corrections. Consequently, precise measurements of AFB can be used to extract the effective
leptonic weak mixing angle (sin2 ✓lept

eff ).

The most precise previous measurements of sin2 ✓lept
eff were performed by the LEP and SLD experi-

ments [466]. There is, however, a known tension of about 3 standard deviations between the two most
precise measurements. Measurements of sin2 ✓lept

eff have also been performed by the LHC and Tevatron
experiments [467–472].
In measurements of AFB (or associated angular variables) in leptonic decays of Z bosons at a pp collider,
the assignment of the z-axis is crucial. At low rapidities, there is a two-fold ambiguity in the direction
of the initial state quark and anti-quark; the colliding quark is equally likely to be in either proton and
the parton level asymmetry is diluted. However, at higher rapidities, the Z boson tends to be produced
in the direction of travel of the quark, since the (valence) quark tends to be at higher Bjorken-x than the
anti-quark. This means that the dilution between parton level and proton level quantities is significantly
smaller at larger rapidities, illustrated in Fig. 43, and a larger forward-backward asymmetry is induced.
Consequently, the forward acceptance of LHCb, in addition to the increased forward coverage of the
ATLAS and CMS detectors, will be crucial to achieving the most precise measurement of sin2 ✓lept

eff
possible at the HL-LHC.
The uncertainties on the parton distribution functions translate into sizeable variations in the observed
AFB values, which have limited the precision of current measurements of sin2 ✓lept

eff at the LHC. However,
the changes in PDFs affect the AFB(M``, Y``) distribution in a different way from changes in sin2 ✓lept

eff .
Because of this behaviour, the distribution of AFB can itself be used to constrain the PDF uncertainties
on the extraction of sin2 ✓lept

eff using either a Bayesian �2 reweighting method [473–475] (in the case
of PDFs with Monte Carlo replicas) or through a profiling procedure [476] (in the case of PDFs with
Hessian error sets).
Prospects for the measurement of the effective weak mixing angle using the forward-backward asym-
metry, AFB, in Drell-Yan di-lepton events at the HL-LHC at ATLAS [477], CMS [478] and LHCb [479]

81
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81

w/ EW HO corrections

¡ Weak Mixing angle is another fundamental SM parameter
¡ Closely related to other SM parameters, e.g. W mass

ATLAS-CONF-2018-037 
3s tension 
b/w SLD and LEP

Lepton Collider Uncertainties on sin2𝝷W,eff [x10-5]:
• LEP+SLD Combination……..±16 
• ILC Z pole - expected………..± 0.95 
• FCC-ee Tera-Z - expected ….± 0.20
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¡ The Weak Meeting angle is extracted from Forward-
Backward Asymmetry in Drell-Yan events 
§ Prospects analyses for HL-LHC done by ATLAS, CMS and LHCb
§ Essential to reduce PDF uncertainties, using ancillary measurements and 

in situ PDF profiling
§ Acceptance extension to higher lepton rapidity reduces PDF and stat 

uncertainties (extended trackers and fwd reconstruction with LHCb)

è Expected HL-LHC precision similar to LEP+SLD combination

for
p
s = 14 TeV samples and the simulated data are shown for

p
s = 8 TeV and

p
s = 14 TeV

for two different selection requirements, |⌘| < 2.4 and 2.8. Extending the pseudorapidity acceptance
significantly increases the coverage for larger x-values in the production and reduces both the statistical
and PDF uncertainties, as shown below.
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Fig. 44: Forward-backward asymmetry distribution, AFB(Mµµ, Yµµ), in dimuon events at
p
s = 8 TeV

and 14 TeV. The distributions are made with POWHEG event generator using NNPDF3.0 PDFs and
interfaced with PYTHIA v8 for parton-showering, QED final-state radiation (FSR) and hadronization.
Following acceptance selections are applied to the generated muons after FSR: |⌘| < 2.4 (or |⌘| < 2.8),
pleadT > 25 GeV, ptrailT > 15 GeV. The error bars represent the statistical uncertainties for the integrated
luminosities corresponding to 19 fb�1 at

p
s = 8 TeV and 3000 fb�1 at

p
s = 14 TeV.

In the case of the 14 TeV analysis with a large number of events (> 200 fb�1), the pseudo-data are too
precise to estimate the PDF uncertainties with the Bayesian reweighting approach because the replica
distributions are too sparse compared to the statistical uncertainties. Therefore, the PDF uncertainties
after the Bayesian reweighting are estimated by extrapolating from the lower values of integrated lumi-
nosities.
The corresponding values for various luminosities at CMS are summarized in Table 26. One can see
from the table that with the extended pseudorapidity coverage of |⌘| < 2.8, the statistical uncertainties
are reduced by about 30% and the PDF uncertainties are reduced by about 20%, compared to |⌘| < 2.4
regardless of the target integrated luminosity and for both nominal and constrained PDF uncertainties.
The LHCb detector has coverage in the pseudorapidity range 2 < ⌘ < 5 and expects to install its
‘Upgrade II’ in Long Shutdown 4. Following this upgrade, LHCb will collect at least 300 fb�1 of data,
allowing high precision measurements. The forward acceptance of LHCb brings a number of benefits
in measurements of sin2 ✓lept

eff at the LHC. The lower level of dilution in the forward region results in a
larger sensitivity to sin2 ✓lept

eff and the PDF effects are (in relative terms) smaller, providing both statistical
precision in measurements of the weak mixing angle and a reduction in PDF uncertainties. In addition,
LHCb does not simply probe forward rapidities of the Z boson: the leptons themselves are located over
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Error projections (x10-5): 
è LHCb: 5 (stat at 300 fb-1),   10 (PDF)
è CMS:  3 (stat at 3000 fb-1), 12 (PDF)
è ATLAS:   4 (stat at 3000 fb-1), 13 (PDF), 5 (exp) 
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Fig. 42: Measurement uncertainty for combined fits to the p`T and mT distributions (a) in differ-
ent lepton acceptance regions and for different centre-of-mass energies, using the CT10 PDF set and
for 200 pb�1collected at each energy and (b) for different PDF sets in |⌘`| < 4, for 200 pb�1and
1 fb�1collected at

p
s = 14 TeV. The numbers quoted for 0 < |⌘`| < 2.4 correspond to the combination

of the four pseudorapidity bins in this range.

Table 25: Measurement uncertainty for different lepton acceptance regions, centre-of-mass energies and
PDF sets, combined fits to the p`T and mT distributions, and for 200 pb�1collected at each energy. The
numbers quoted for 0 < |⌘`| < 2.4 correspond to the combination of the four pseudorapidity bins in this
range. In each case, the first number corresponds to the sum of statistical and PDF uncertainties, and the
numbers between parentheses are the statistical and PDF components, respectively.

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘`| < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘`| < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘`| < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘`| < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘`| < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘`| < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘`| < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

4.4.5 Prospects for the measurement of the effective weak mixing angle

At leading order dilepton pairs are produced through the annihilation of a quark and antiquark via the
exchange of a Z boson or a virtual photon: qq̄ ! Z/�⇤ ! `+`�. The definition of the forward-
backward asymmetry, AFB, is based on the angle ✓⇤ of the lepton (`�) in the Collins-Soper [464, 465]
frame of the dilepton system:

AFB =
�F � �B
�F + �B

, (24)

80

Weak mixing angle measurements

29

• Study performed in dielectron events, and will benefit from improved reconstruction of 
forward leptons from the extended reach of the ITk upgrade


• This result will be dominated by the PDF uncertainties with the full HL-LHC dataset


• Three different projected PDF sets are considered


• The HL-LHC measurement will greatly improve the precision for any of the PDF choices, 
and is expected to achieve a precision similar to that of LEP and SLD


• Further improvements to PDFs will be critical and can increase the sensitivity

ATL-PHYS-PUB-2018-037
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¡ SM is very prescriptive on di- and multi-boson 
interactions

¡ Small and significant deviations from SM predictions 
in precision measurements would suggest new 
processes entering at loop level and produce 
anomalous triple or quartic gauge couplings

¡ LHC has already started a thorough investigation of 
multiboson production
¡ Vector Boson Scattering (VBS) W±W±, W±Z, ZZ, Zg, 
¡ WWV, Vgg etc.

¡ Low cross-section processes that benefit from 
¡ Large HL-LHC  dataset
¡ HL-LHC detector upgrades enabling forward lepton 

reconstruction and pileup rejection in forward jets  
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¡ Same sign W±W± is the golden Vector Boson Scattering channel thanks to high S/B ratio
¡ ATLAS (CMS) expect to measure the EW production cross-section to 6% (3%) with 3000 fb-1 in the 

fully leptonic final state
¡ CMS: <8% precision in W±Z cross-section measurement achievable with 3000 fb−1 

¡ Simultaneous measurement in CMS of EW W±W±, EW W±Z, and QCD W±Z
¡ Binned maximum-likelihood fit of several distributions sensitive to these processes

VBS diboson measurements

12

• ATLAS and CMS found first observations of several EW diboson processes with 13 TeV data


• VBS , VBS , VBS , and VBS 


• These measurements will greatly benefit from larger HL-LHC dataset, detector upgrades 
enabling forward lepton reconstruction, and improved pile-up jet rejection for forward jets


• ATLAS (CMS) expect to measure the cross-section of EW production of VBS  to 
6%(2%)  using 3000 fb-1  

W±W± W±Z ZZ Zγ

W±W±

ATL-PHYS-PUB-2018-052 CMS-PAS-FTR-21-001

Projections for same-sign WW

See back-up slides for results using semi-leptonic decays
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¡ VBS ZZ is low cross section, but clean final state 
and possible reconstruction of the 4-lepton 
invariant mass
¡ Observation of EW ZZ production at LHC with 5.5 s significance

¡ Measurement precision depends on the modeling 
of QCD ZZjj processes
¡ At HL-LHC statistical uncertainty (≲10%) subdominant wrt

experimental systematics and theory modeling 
¡ Cross section uncertainty can reach 10-20% precision depending 

on background uncertainty

The projected measurement uncertainty from the CMS analysis is 9.8% (8.8%) for the Run-2
(YR18) scenario and for a 10% uncertainty in the loop-induced ggZZ background yield, for an inte-
grated luminosity of 3000 fb�1and a coverage of up to |⌘| = 3 for electrons. Extending the coverage up
to |⌘| = 4 for electrons, the expected measurement uncertainty becomes 9.5% and 8.5%, respectively.
In these estimates it is assumed that a fiducial cross section close to the detector volume is used, such
that the measurement is to first order insensitive to theoretical uncertainties in the signal cross section.

In addition, the expected differential cross section measurements of the EW-ZZjj processes at
14 TeV have been studied in the defined phase space, as a function of mjj , and mZZ , as shown in
Fig. 29. The expected differential cross section measurements are calculated bin by bin as

� =
Npseudo�data �NQCD�ZZjj

L ⇤ CEW�ZZjj
, CEW�ZZjj =

Ndet.
EW�ZZjj

Npart.
EW�ZZjj

, (19)

where Npseudo�data is the expected number of data events with 3000 fb�1 luminosity, and NQCD�ZZjj

and NEW�ZZjj are the number of predicted events from QCD-ZZjj and EW-ZZjj processes, respec-
tively. The CEW�ZZjj factor refers to the detector efficiency for EW-ZZjj processes, calculated as
number of selected signal events at detector level (Ndet.

EW�ZZjj), divided by number of selected events at
particle level in the fiducial phase space (Npart.

EW�ZZjj). Both the statistical only case (statistical uncer-
tainty is estimated from expected data yield at 14 TeV with 3000 fb�1) and the ones with different sizes
of theoretical uncertainties on the background modeling are shown in Fig. 29.

 [GeV]jjm

C
ro

ss
 s

ec
tio

n 
[fb

]/2
00

 G
eV

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 ATLAS Simulation Preliminary
 = 14 TeV, s  -13000 fb

Stat. + exp. syst + 30% theo. syst
Stat. + exp. syst + 10% theo. syst
Stat. + exp. syst + 5% theo. syst
Stat. + exp. syst
Stat. only

4l+jj→ZZjj

 [GeV]jjm
1000 1500 2000 2500 3000

U
nc

er
ta

in
ty

 [%
]

100−

0

100
 [GeV]ZZm

C
ro

ss
 s

ec
tio

n 
[fb

]/5
0 

G
eV

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09
ATLAS Simulation Preliminary

 = 14 TeV, s  -13000 fb

Stat. + exp. syst + 30% theo. syst
Stat. + exp. syst + 10% theo. syst
Stat. + exp. syst + 5% theo. syst
Stat. + exp. syst
Stat. only

4l+jj→ZZjj

 [GeV]ZZm
100 200 300 400 500 600 700 800 900 1000

U
nc

er
ta

in
ty

 [%
]

100−

0

100

Fig. 29: Expected differential cross sections at 14 TeV for the EW-ZZjj processes as a function of
mjj(left) and mZZ (right). Results are shown with different sizes of systematic uncertainties.

The decay angle cos ✓⇤ of the lepton direction in the Z decay rest frame with respect to the Z mo-
mentum direction in the laboratory frame is the most distinctive feature of longitudinal Z bosons (ZL).
The Z boson pT and ⌘ distributions also carry information on ZLZL production, in particular longitu-
dinal Z bosons are produced with a lower pT and more forward, compared to transverse polarizations
(ZT). The distributions of cos ✓⇤, pT and ⌘ of both Z bosons, together with the distributions of all ob-
servables used to separate VBS processes from QCD backgrounds and described above are employed as
input to a BDT to separate the VBS ZLZL signal from all backgrounds. The BDT is trained separately
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The projected measurement uncertainty from the CMS analysis is 9.8% (8.8%) for the Run-2
(YR18) scenario and for a 10% uncertainty in the loop-induced ggZZ background yield, for an inte-
grated luminosity of 3000 fb�1and a coverage of up to |⌘| = 3 for electrons. Extending the coverage up
to |⌘| = 4 for electrons, the expected measurement uncertainty becomes 9.5% and 8.5%, respectively.
In these estimates it is assumed that a fiducial cross section close to the detector volume is used, such
that the measurement is to first order insensitive to theoretical uncertainties in the signal cross section.
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Fig. 29: Expected differential cross sections at 14 TeV for the EW-ZZjj processes as a function of
mjj(left) and mZZ (right). Results are shown with different sizes of systematic uncertainties.

The decay angle cos ✓⇤ of the lepton direction in the Z decay rest frame with respect to the Z mo-
mentum direction in the laboratory frame is the most distinctive feature of longitudinal Z bosons (ZL).
The Z boson pT and ⌘ distributions also carry information on ZLZL production, in particular longitu-
dinal Z bosons are produced with a lower pT and more forward, compared to transverse polarizations
(ZT). The distributions of cos ✓⇤, pT and ⌘ of both Z bosons, together with the distributions of all ob-
servables used to separate VBS processes from QCD backgrounds and described above are employed as
input to a BDT to separate the VBS ZLZL signal from all backgrounds. The BDT is trained separately
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¡ Semileptonic VV final states are affected by larger 
background, but typically provide more stringent limits on 
anomalous couplings thanks to the larger branching ratios, 
thus higher event yield, and higher reach in energy scales

¡ Expected precision of 6.5% with 3000 fb-1 in semileptonic
VBS WVàlnqq channel

¡ Greater precision (<3%) is reached when multiple channels 
are combined
¡ Jet substructure technique necessary to control pileup
¡ Multivariate analysis used to discriminate signal from backgrounds 

(W+jets and ttbar)

VBS diboson measurements

30

• Semi-leptonic decays are also able to provide sensitivity to EW VBS diboson processes


• The precision of this cross-section measurement is expected to be 6.5% with 3000 fb-1

Expected cross-section uncertainty for the semileptonic 
 analysis as function of integrated luminosity up to 3000 fb-1WV
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¡ VV production cross sections are unitarized in SM thanks to the Higgs boson
¡ The extractions of longitudinally polarized VLVL components are important tests of the SM
¡ Cross-section for the longitudinally polarized state is small (6–7% of total cross-section),

making this a challenging but important part of the HL-LHC physics program
¡ Extraction of longitudinal polarization contribution in fits of event kinematics, e.g.  Df(j,j), or using machine learning

VBS diboson measurements

13

• Measuring longitudinally polarized diboson processes (VLVL) are an important goal of HL-LHC


• Unitarized process in the SM due to the presence of Higgs boson contributions


• Any deviations would indicate the presence of BSM physics


• Cross-section for the longitudinally polarized state is small (6–7% of the total cross-section), 
making this a challenging but important part of the HL-LHC physics program


• Improving the sensitivity requires improved analysis techniques & combinations of results with 
other decay channels

Longitudinally polarized same-sign  process in the fully leptonic final stateWW

ATL-PHYS-PUB-2018-052 CMS-PAS-FTR-21-001

CMS-PAS-FTR-21-001

Longitudinally polarization the fully leptonic W±W± final state

¡ Observation of W±
LW±

L achievable by
combining CMS and ATLAS measurements

¡ W±
LZL challenging: ~1.5s sensitivity with 3000 fb-1

(ML techniques needed)
¡ In ZLZL 1.4s is achievable with 3000 fb-1

è Improving the sensitivity requires improved analysis 
techniques & combinations of results with several decay 
channels
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¡ HL-LHC offers a large improvement to multi-boson production 

¡ A cut-and-count projection study was performed
¡ More sophisticated analysis techniques (ML) would significantly improve results 
¡ High level of background control (e.g diboson and instrumental background arising from fake-leptons) will be needed
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¡ Photon-photon interactions are very sensitive to anomalous 
triple and quartic gauge couplings
§ ggàgg, ggàl+l-, ggàVV
§ clean signatures with no additional charged particles (tracks)

¡ Ongoing program at the LHC in pp and HI collisions
§ Light-by-Light scattering measured by both ATLAS and CMS in HI UPC
§ Observation of exclusive ggàWW production with 8.4 s significance

¡ HL-LHC will increased statistical precision and will allow 
studies into the high-energy tails of the distributions
§ These are statistically limited processes that will benefit from larger datasets 

and improved trigger capabilities

¡ Sensitivity to BSM (e.g. axion-like particles)
p-p collisions with p-tagging

17

• Photon-photon interactions can be studied  
at the LHC


• used to observe processes such as light-light 
scattering and exclusive  production 


• First observation of  in 2020


• Background hypothesis rejected with a 
significance of 8.4 standard deviations


• Clean signature: zero additional charged 
particles


• Sensitivity to  at the 
HL-LHC is performed following the run 2 analysis


• Increased statistical precision will allow studies 
into the high-energy tails of the distributions

WW

γγ → WW

γγ → W±W∓ → e±νeμ∓νμ

Leading order  Feynman diagrams  
contributing to the  processγγ → WW

Number of tracks associated  
with the interaction vertex

EF06 - Hadronic structure and forward QCD 

PLB 816 (2021) 136190
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Figure 42: Distributions of mtop in the (a) 0, (b) 1, and (c) 2 1-tagged jet categories. The sum of the predictions for
the CC̄ signal and background is compared to pseudo-data (sampled randomly from the total of the predictions in each
category). The bottom panels show the ratio between the pseudo-data and the sum of the predictions. The shaded
band represents the relative uncertainty due to the limited event count in the simulated samples and the estimate of
the normalization of the QCD multijet background [203].

Photo-nuclear collisions are an e�ective tool for the study of the nuclear structure, and several photo-
nuclear collision observables may be used to constrain the nPDF (similar to the p-Pb studies discussed
in Section 9.1.4). It is expected that the cross section for coherent photoproduction of vector mesons
is proportional to the gluon density, and in particular the HL-LHC will allow CMS to extend these
measurements to the ⌥(1() meson [203]. The ATLAS measurement of di-jets from photonuclear Pb-Pb
collisions is expected to be statistically significant down to nuclear G ⇡ 10�4 with the full integrated
luminosity of the HL-LHC [3].

Besides photo-nuclear interactions, photon-photon interactions are also of great interest. The ATLAS
measurement of exclusive dimuons from WW ! `

+
`
� will reach a precision that can be used to calibrate

the photon flux and reduce the uncertainty on the nuclear charge distribution [205]. The rare light-by-light
(LbyL) scattering process, measured by both ATLAS and CMS, is to this point statistics starved and will
greatly benefit from the increased luminosity as well as improvements in triggering capabilities [205]. Of
particular note is the search for BSM axion-like particles, which may be detectable via WW ! 0 ! WW, and
where LbyL interactions from Pb-Pb measured by both ATLAS and CMS already set the most stringent
limits for axion masses between ⇠ 5 � 100 GeV and will improve with the new data as shown in Figure 43.

9.2 New results

9.2.1 Measurement of the $$ ! 3
+
3
�

process with CMS at the HL-LHC [208]

Ultra-peripheral heavy ion collisions, where there is no hadronic interaction between the nuclei, provide
a very clean environment to study various WW-induced processes. These reactions also give rise to the
production of g lepton pairs. With this projection study, we highlight the importance of measuring the
WW ! g

+
g
� process using UPC at HL-LHC. We focus on the final state involving one muon and three

charged particles, and hence taking full advantage of the clean photon fusion WW ! g
+
g
� events to

65

CERN-2019-007
ATL-PHYS-PUB-2022-018
CMS PAS FTR-22-001

¡ ggàgg has small cross-section O(a4)
¡ Special trigger and energy reconstruction (ET<10 GeV)
¡ Sensitivity to BSM (e.g. axion-like particles)

§ Clean BSM signals over falling SM bkg
§ Light-by-Light interactions from Pb-Pb measured by both ATLAS and 

CMS already set the most stringent limits for ma ∼ 5 − 100 GeV and will 
improve with new data 
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¡ UPC HI collisions provide a clean environment for gg-induced processes
¡ Exclusive production of dimuon pairs (ggàµ±µ∓) will be precision-like in 

HL-LHC
¡ mdimuon> 100 GeV, calibration of photon flux, constrain predictions for ditaus etc.

¡ ggà t±t ∓ is sensitive to physics beyond the standard model: constraints 
on the anomalous magnetic moment of the 𝜏 lepton, currently known 
with poor precision from past lepton-lepton collider 

§ 4x improvement wrt LHC measurements
§ Including more decay channels and 

improving analysis techniques, precision 
in anomalous magnetic moment of the 𝜏
lepton can surpass the existing lepton-
lepton collider measurements

CMS-PAS-HIN-21-009

ATL-PHYS-PUB-2018-018
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¡ HL-LHC prospect study for ggàW±W∓à e±n+µ∓n is based on ATLAS Run-2 data analysis
§ Critical aspect of this analysis is impact of pileup
§ Improvements to track reconstruction will be important

▪ Best performance is for central tracks, with a track pT cut of 500 MeV

§ Background efficiency falls as dilepton mass increases à good for high-mass studies
§ HL-LHC analysis will have a reduced statistical uncertainty over what will be obtained from Run-2 and Run-3

§ Essential to reduce background modelling systematics to keep up with the increase in statistical precisionSensitivity to  at the HL-LHC γγ → W±W∓ → e±νeμ∓νμ

18

• Key part of this analysis is dealing with the impact of pileup 
at HL-LHC


• Background efficiency falls as dilepton mass increases; 
good for high-mass studies!


• Can be important for certain EFT fits (sensitive to certain 
dimension-8 operators)


• HL-LHC analysis will have a reduced statistical uncertainty 
over what will be obtained from Run-II/ III


• Essential to reduce background modelling systematics to 
keep up with the increase in statistical precision


• Best performance is for central tracks, with a track pT cut of 
500 MeV 


• The current HL-LHC baseline is to have a minimum track pT 
of 900 MeV in the central region


• Improvements to track reconstruction will be important 
for this analysis

ATL-PHYS-PUB-2021-026 

Sensitivity to  at the HL-LHC γγ → W±W∓ → e±νeμ∓νμ
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ATLAS-PHYS-PUB-2021-026
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¡ Central Exclusive Production to constrain anomalous 
quartic gauge coupling (dim-8 operators)
§ Peripheral (photon-induced) interactions
§ Clean environment with low QCD background at high-mass scales

§ Low cross sections à run in nominal HL-LHC running with tagged proton
§ Timing information (~10 ps) important to reduce background (pileup)

p p

p
p

+ −

Exclusive final 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 the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first 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 of W 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 the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W 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 exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

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 couplings l g and Dkg is the following

L ⇠ (W †
µnW µAn �WµnW †µAn)

+(1+Dkg)W †
µWnAµn +

l g

M2
W

W †
rµW µ

nAnr). (5.27)

The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l g and Dkg only modifies the normalization and the low mass events
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Fig. 5.10: Invariant mass of the J/yJ/y 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 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p

Q

Q̄

F(x,) = @G(x,)/@ log 2

(1� z,�~k?)

(z,~k?)
 V (z, k?)

VM = J/ , 0,⌥,⌥0, . . .�

~�~

p p

W 2

Fig. 5.11: Diagrams representing the exclusive diffractive g p !V p amplitude.

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at g p cms energy W , applicable at small values of x = M2

V/W 2, 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(g⇤(Q2)p !V p;W, t = 0) =
Z 1

0
dz

Z
d2r yV (z,r)yg⇤(z,r,Q2)s(x,r) , (5.3)

where x = M2
V/W 2, yV and yg are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. The qq̄ separation r is conserved during the interaction (and so
are the longitudinal momentum fractions z,1� z carried by q and q̄). Color dipoles of size r are diagonal
states of the S-matrix and interact with the proton with the cross section

s(x,r) =
4p
3

aS

Z d2k
k4

∂xg(x,k2)

∂ log(k2)

h
1� exp(ikr)

i
, (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 possibilities…

Production Mechanisms

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 detecting protons 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
first 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 “central exclusive” 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 system X . 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 a Jz = 0, C-even, P-even,
selection rule [12]. Here Jz 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 outgoing protons

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 to Jz = 0 selection, leading-
order QCD bb̄ production is suppressed by a factor (mb/ET )2, where ET is the transverse energy

of the b, b̄ jets. Therefore, for a low mass Higgs, MH
<
∼ 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive process pp → p + X + p. The system X is

produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.

2

X = H, jj...

Fig. 90: Schematic diagram of the production of a system X in (left) two–photon (right) QCD–initiated
central exclusive production.

7 Forward physics
7.1 Photon-induced collisions at the HL–LHC50

Central exclusive production (CEP) corresponds to the production of a central system X , and nothing
else, with two outgoing intact protons:

pp ! p + X + p . (57)

Such a process may be mediated by photon exchange, with the elastic photon emission vertex leaving
the protons intact, see Fig. 90 (left). A range of SM (e.g. X = ��, Z�, ZZ, `¯̀) and BSM states (e.g.
X = axion–like particles, monopoles, SUSY particles) may be produced in this way. These have the
benefit of:

– The theoretical framework to model the underlying production mechanism, based on the equiva-
lent photon approximation [771], is very well understood. Moreover, due to the peripheral nature
of the interaction the possibility for additional inelastic proton–proton interactions (in other words
of multiple–particle interactions) is very low.

– As the mass of the central system increases, the relative size of any contribution from QCD–
initiated production, see section 7.2, becomes increasingly small [772], due to the strong Sudakov
suppression in vetoing on additional QCD radiation.

CEP therefore offers a unique opportunity at the LHC to observe the purely photon–initiated pro-
duction of electromagnetically charged objects at the LHC in a clean and well understood environment;
in this context the LHC is effectively used as a photon–photon collider. The cross sections for such
processes can be relatively small, in particular at higher mass, and therefore to select such events it is
essential to run during nominal LHC running with tagged protons. The increased statistics available
during the HL–LHC stage will allow these studies to push to higher masses and lower cross sections,
increasing the discovery potential. A detailed study for the example case of anomalous quartic gauge
couplings is discussed below.

7.1.1 Anomalous quartic gauge couplings with proton tagging at the HL–LHC51

This section discusses the discovery potential of anomalous quartic gauge interactions at the LHC via
the measurement of central exclusive production (see Refs. [773–780]). The central system X is recon-
structed in the central detector (CMS, ATLAS) while the outgoing protons, which remain intact due to

50Section edited by L. Harland-Lang.
51Contribution by C. Baldenegro and C. Royon.
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X = gg, gZ, ZZ, ll, 
or BSM (ALP,   

Monopoles, SUSY)

Fig. 91: Expected bounds at 95% CL on the anomalous quartic coupling for 300 fb�1 and at the HL-
LHC with 3000 fb�1 (no time-of-flight measurement) (left). Expected bounds at 95% CL on the anoma-
lous couplings at the HL-LHC with time-of-flight measurement with precision of 10 ps and without
time-of-flight measurement (right).

to 5 · 10�14 GeV�4 with 300 fb�1 at 14 TeV, and down to 1 · 10�14 GeV�4 at the HL-LHC with a
luminosity of 3000 fb�1 without using time-of-flight information. The last bound can be improved by a
factor of ⇠ 1.2 if the timing precision is of 10 ps.

Constraining ���Z coupling via pp ! p(�� ! �Z)p

The ���Z interaction is induced at one-loop level in the SM via loops of fermions and W± bosons.
Loops of heavy particles charged under SU(2)L⇥ U(1)Y contribute to the ���Z couplings. The dimension-
eight effective operators are L���Z = ⇣3�Z1 Fµ⌫Fµ⌫F

⇢�Z⇢� + ⇣3�Z2 Fµ⌫F̃µ⌫F
⇢�Z̃⇢� , which induce the

���Z interaction. This induces the anomalous �� ! �Z scattering and generates the rare SM decay
Z ! ���. This coupling can be probed in pp ! p(�� ! �Z)p reactions. The sub-process was imple-
mented in the FPMC event generator as well.

Since the exclusive channel is very clean, it allows the possibility of studying exclusive Z� pro-
duction with the Z boson decaying into a charged lepton pair or to hadrons (dijet or large radius jet signa-
ture). The signature (Z ! `¯̀)+� is much cleaner, but has vastly fewer events than (Z ! hadrons)+�
final states. A similar event selection is applied on the exclusive Z� production as in the exclusive ��
case. The sensitivity on the anomalous coupling at 95% CL combining both channels at 14 TeV with
300 fb�1 of data is on the order of 1 · 10�13 GeV �4 (see Fig. 92). For the HL-LHC with 3000 fb�1 it
scales down to 1 · 10�14 GeV�4 when combining both channels. The time-of-flight measurement can
improve the expected bounds by a factor of ⇠ 2 .
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the coherent photon exchange, can be reconstructed with dedicated tracking detectors located in the very
forward region at about ± 210 m (220 m) with respect to the interaction point of the CMS (ATLAS)
experiment. The fractional momentum loss of the outgoing protons ⇠ = �p/p is reconstructed offline.
Central exclusive production processes satisfy mX = mfwd

X =
p

⇠1⇠2s and yX = yfwd
X = 1

2 log
� ⇠1
⇠2

�
,

where mX and yX are the mass and rapidity of the system X reconstructed with the central detector,
mfwd

X and yfwd
X are the mass and rapidity of the system X reconstructed with the forward detectors and

p
s is the proton-proton centre-of-mass energy. This relationship sets a powerful offline selection tool

for background suppression, since non-exclusive events are not correlated to the forward protons.

In these projections, it is assumed that a similar set-up as with the CT-PPS and AFP detectors is
possible at the HL-LHC. An overview of the physics case for light-by-light scattering is given as the
prototype example, and the quartic ���Z coupling is given as an instance of other gauge couplings that
could be studied at the HL-LHC. These projections consider also the impact of the difference of the mea-
sured time-of-flight for the intact protons with various timing precisions (on the order of 10 ps), which
can be used to determine the longitudinal coordinate of the event vertex down to ⇠ 2 mm. Time-of-flight
measurements can help further reduce the background, especially at the HL-LHC where the number of
interactions per bunch crossing will range from 140-200.

Scattering of light-by-light in p-p collisions

Under the assumption that there exists a New Physics energy scale ⇤ much heavier than the exper-
imentally accessible energy E, new physics manifestations can be described using an effective La-
grangian valid for ⇤ � E. Among these operators, the pure photon dimension-eight operators L4� =

⇣4�1 Fµ⌫F
µ⌫F⇢�F

⇢� + ⇣4�2 Fµ⌫F
⌫⇢F⇢�F

�µ induce the ���� interaction. This coupling can be probed
in pp ! p(�� ! ��)p reactions. This sub-process and the SM light-by-light scattering one are im-
plemented in the Forward Physics Monte Carlo (FPMC) [781] event generator. The Equivalent Photon
Approximation is used to calculate the emitted coherent photon flux off the protons.

With proton tagging, one can probe �� ! �� collisions from about 300 GeV to 2 TeV. The
mass acceptance on the photon pair is limited mainly by the acceptance of ⇠ of the proton taggers
(0.015  ⇠  0.15). The background is dominated by non-exclusive diphoton production events over-
lapped with uncorrelated events with intact protons coming from the secondary collisions occurring in
the same bunch crossing. This background can be suppressed by looking at the central and forward
systems kinematic correlations (the aforementioned mass and rapidity matching). The irreducible back-
ground coming from the SM exclusive diphoton production is negligible at large invariant masses. The
background can be further suppressed if the time-of-flight difference of each of the scattered protons
is measured. The precision of the event vertex longitudinal position determined with the time-of-flight
measurement is given by �z = c �t/

p
2, where c is the speed of light and �t is the timing precision. In

these projections, the average pileup of 200 collisions per bunch crossing was considered.

The expected bounds on the anomalous couplings ⇣4�1,2 at 95% CL are calculated based on the
total expected background rate and can be seen in Fig. 91. The reach on the quartic couplings ⇣4�1,2 down
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(no TOF assumed)

Fig. 92: Expected bounds on the anomalous couplings at 95% CL with 300 fb�1 and 3000 fb�1 at the
HL-LHC (no time-of-flight measurement) (left). Expected bounds at 95%CL for timing precisions of
�t = 2, 5, 10 ps at the HL-LHC (right).

7.2 Central exclusive production: QCD prospects52

The CEP process may be mediated purely by the strong interaction, and in such a case if the mass of the
central system is large enough a perturbative approach may be applied, via the diagram shown in Fig. 90
(right), see [782, 783] for reviews. As well as probing QCD in a novel regime, the exclusive nature of
this process has the benefit that the produced object obeys a quantum number selection rule. Namely
the object must be C even, while the production of P even states with Jz = 0 angular momentum
projection on the beam axis is strongly dominant. From the point of view of the production of new
BSM states or the understanding of existing QCD bound states (e.g. exotic quarkonia) this therefore
has the benefit of identifying the produced object quantum numbers. The Jz = 0 selection implies that
only certain helicity configurations in the underlying gg ! X production process contribute, which
also leads to unique phenomenological consequences. A detailed discussion of this selection rule can
be found in [783] and the references therein. Two example processes, namely exclusive jet and Higgs
boson production, are discussed briefly below. These represent higher mass test cases relevant to HL–
LHC running with tagged protons at ATLAS or CMS. The possibilities for the observation of lower mass
objects with the ALICE detector will be addressed in section 7.4.

The exclusive production of jets provides a new and unexplored area of QCD phenomenology.
This process has been first observed at the Tevatron [784, 785]. The quantum number selection rule dis-
cussed above has a number of consequences that are quite distinct from the standard inclusive channels.
In particular, the production of purely gluonic dijets is predicted to be strongly dominant, allowing a
study of purely gg jets from a colour–singlet initial state. In the three–jet case the presence of ‘radi-
ation zeros’ [786], that is a complete vanishing in the leading order amplitudes for certain kinematic
configurations, is expected. This phenomena is well known in electroweak processes, but this is the only
known example of a purely QCD process where this occurs. Some representative predictions for the
HL–LHC are shown in Table 54. These are calculated using the SUPERCHIC 2.5 MC generator [787],
which provides the most up to date predictions for CEP processes. The cross sections are suppressed

52Contribution by L. Harland-Lang.
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Fig. 91: Expected bounds at 95% CL on the anomalous quartic coupling for 300 fb�1 and at the HL-
LHC with 3000 fb�1 (no time-of-flight measurement) (left). Expected bounds at 95% CL on the anoma-
lous couplings at the HL-LHC with time-of-flight measurement with precision of 10 ps and without
time-of-flight measurement (right).

to 5 · 10�14 GeV�4 with 300 fb�1 at 14 TeV, and down to 1 · 10�14 GeV�4 at the HL-LHC with a
luminosity of 3000 fb�1 without using time-of-flight information. The last bound can be improved by a
factor of ⇠ 1.2 if the timing precision is of 10 ps.

Constraining ���Z coupling via pp ! p(�� ! �Z)p

The ���Z interaction is induced at one-loop level in the SM via loops of fermions and W± bosons.
Loops of heavy particles charged under SU(2)L⇥ U(1)Y contribute to the ���Z couplings. The dimension-
eight effective operators are L���Z = ⇣3�Z1 Fµ⌫Fµ⌫F

⇢�Z⇢� + ⇣3�Z2 Fµ⌫F̃µ⌫F
⇢�Z̃⇢� , which induce the

���Z interaction. This induces the anomalous �� ! �Z scattering and generates the rare SM decay
Z ! ���. This coupling can be probed in pp ! p(�� ! �Z)p reactions. The sub-process was imple-
mented in the FPMC event generator as well.

Since the exclusive channel is very clean, it allows the possibility of studying exclusive Z� pro-
duction with the Z boson decaying into a charged lepton pair or to hadrons (dijet or large radius jet signa-
ture). The signature (Z ! `¯̀)+� is much cleaner, but has vastly fewer events than (Z ! hadrons)+�
final states. A similar event selection is applied on the exclusive Z� production as in the exclusive ��
case. The sensitivity on the anomalous coupling at 95% CL combining both channels at 14 TeV with
300 fb�1 of data is on the order of 1 · 10�13 GeV �4 (see Fig. 92). For the HL-LHC with 3000 fb�1 it
scales down to 1 · 10�14 GeV�4 when combining both channels. The time-of-flight measurement can
improve the expected bounds by a factor of ⇠ 2 .
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¡ The EW program at the HL-LHC is broad and versatile as well as critical to fully explore the SM and 
constrain or discover new physics

¡ Experimental challenges, e.g. pileup and data rate, can be overcome with upgraded detectors (e.g. 
tracking, timing, triggering), and advances in experimental techniques (ML, jet substructure etc.)

¡ Measurements of SM parameters (W mass, Weak Mixing angle) can approach precision of current 
world best measurements

¡ The large HL-LHC  dataset will allow precision measurements of multiboson production and the 
extraction of longitudinal polarization in vector boson scattering cross sections

¡ The EW program at the HL-LHC can be carried out in central pp collisions, HI collisions as well as 
with forward proton-tagging, e.g. light-by-light scattering, photon-induced processes 

¡ With no doubt we will do better than currently projected (see LHC experience)
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• Photon-photon interactions can be studied  
at the LHC


• used to observe processes such as light-light 
scattering and exclusive  production 


• First observation of  in 2020


• Background hypothesis rejected with a 
significance of 8.4 standard deviations


• Clean signature: zero additional charged 
particles


• Sensitivity to  at the 
HL-LHC is performed following the run 2 analysis


• Increased statistical precision will allow studies 
into the high-energy tails of the distributions
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Figure 28: (a) Comparison of the expected precision of the e�ective leptonic weak mixing angle presented in this note
to previous measurements. The ATLAS projections from this analysis are shown with di�erent PDF set scenarios,
with 3000 fb�1at

p
B = 14 TeV [152]. (b) Projected statistical, nominal PDF and constrained PDF uncertainties
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) distributions at

p
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• The extended lepton acceptance decreases the statistical uncertainties by about 30%, 
PDF uncertainties by about 20%. 

• PDF uncertainty could be constrained to improve the precision of weak mixing angle
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improve precision of such measurement. The single polarized cross sections can also be measured
and the double polarized measurement requires more sophisticated methods, including development of
multivariate discriminants for better separation of the signal from background. Systematic uncertainties
also start to play a significant role at the HL-LHC, in particular those affecting the theoretical prediction.

4.2.4 Prospects for quartic gauge coupling measurements in VBS12

Due to the strong gauge theory cancellations between the different Feynman graphs present in VBS
(Fig. 21) the various VBS processes provide excellent probes for the structure of gauge boson inter-
actions, in particular for the quartic gauge couplings. Deviations from SM predictions can conve-
niently be parameterised by an effective Lagrangian, LEFT =

P
i fi/⇤

di�4
O

(di)
i , where the oper-

ators O
(di)
i of energy dimension di are built with the covariant derivative of the SM Higgs doublet

field, Dµ�, and the SU(2)L and U(1)Y field strength tensors cWµ⌫ and bBµ⌫ (normalized according to
[Dµ, D⌫ ] = cWµ⌫ + bBµ⌫). At the dimension six level, all allowed operators in LEFT also contribute
to trilinear couplings of electroweak gauge bosons or to hV V couplings, which are better measured in
qq̄ ! V V processes or in Higgs boson decay. Thus, operators of energy dimension eight, which do not
give rise to anomalous trilinear couplings, are used for a parameterisation of anomalous quartic gauge
couplings (aQGC), which is sufficiently general for the present purpose. In the following, the operator
basis of Ref. [394,395] with VBFNLO normalization [374,396,397] is used to assess the sensitivity of
VBS W±W±jj and WZjj production to aQGC, with the subset of operators
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in LEFT =
P

i
fi
⇤
4 Oi. At high invariant masses,

p
s, of the V V ! V V subprocess, the tree level

insertions of the dimension eight operators lead to matrix elements which grow like s2 and violate
12Contribution by H. Schäfer-Siebert and D. Zeppenfeld.
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to discriminate the VBS ZLZL signal from the QCD backgrounds (QCD BDT) and to discriminate the
VBS ZLZL signal from the VBS background (VBS BDT). Cut values are defined on the QCD BDT
and on the VBS BDT output values, which maximizes the overall significance estimator S/

p
B for the

selected events. The corresponding signal efficiency is 14.1% and the VBS, leading QCD-ZZjj and
loop-induced ggZZ background efficiencies are 1.6%, 0.03% and 0.05%, respectively. It is assumed
that the VBS ZLZL fraction, defined as VBS ZLZL / VBS (ZLZL +ZLZT +ZTZT) will be measured,
rather than the absolute VBS ZL ZL cross section. In such ratio measurement, the systematic uncertain-
ties from luminosity, and selection efficiency, as well as theoretical uncertainties on the VBS and VBS
background cross section cancel out, such that only the uncertainties in the QCD backgrounds yields are
considered.

Figure 30 shows the expected significance for the VBS ZLZL fraction as a function of the inte-
grated luminosity and for the two scenarios described above and a 10% uncertainty in the loop-induced
ggZZ background yield, as well as for a scenario with only the statistical uncertainty included. A
significance of 1.4� is reached for 3000 fb�1. As expected from the ratio measurement, the effect of
systematic uncertainties is very small. Results are also shown for an integrated luminosity of 6000 fb�1,
which would approximately correspond to combining ATLAS and CMS after 3000 fb�1. Table 14
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Fig. 30: Expected significance for the VBS ZLZL fraction as a function of the integrated luminosity
and for systematic uncertainties according to the Run-2 and YR18 scenario, as well as with only the
statistical uncertainties included.

presents the expected significance and relative uncertainty in the VBS ZLZL fraction for various ⌘ cov-
erage configurations. The foreseen coverage extension of up to |⌘| = 3 (2.8) for electrons (muons) leads
to a ⇠ 13% improvement for the significance and precision on the VBS ZLZL fraction. An extension of
up to |⌘| = 4 for electrons would allow to further improve by ⇠ 4% both significance and cross section
measurement uncertainty.

Finally, a simple scaling of the signal and background cross sections is performed to assess the
sensitivity to the VBS ZLZL fraction at HE-LHC. An integrated luminosity of 15 ab�1 is considered,
together with a c.o.m energy of 27 TeV. The cross section ratios �27TeV / �14TeV are evaluated at LO
with MADGRAPH(v5.4.2) [393] for the EW signal and the leading QCD-ZZjj background, and with
MCFM(v.7.0.1) [403] for the ggZZ loop-induced background. Table 15 shows the expected significance
and relative uncertainty for the VBS ZLZL fraction at HE-LHC, compared to HL-LHC. The HE-LHC
machine would allow to bring the sensitivity (uncertainty) for the measurement of the VBS ZLZL frac-
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¡ SM Charged Lepton Flavor Violation effects are too small 
to be observed at LHC, but limits on cross-section will 
provide constraints on BSM models

¡ tà3µ constrained in ATLAS with 8 TeV data using Wàtn
events
¡ Sensitivity calculated using a profile likelihood fit of a BDT discriminant 

and 3-muon mass shape to the expected event yields in the signal region 

¡ HL-LHC projection: analysis improvements will have a 
significant impact on the sensitivity of these results by up 
to a factor 50x 
¡ Further improvements may be possible using the 𝜏 leptons produced 

from heavy flavor meson decays, primarily from 𝐷𝑠 decays, which 
provide around 40 times more 𝜏 leptons than the 𝑊-boson channel 

6.1.3 Charged lepton flavor violation

Standard model charged lepton flavor violation e�ects are too small to be observed at LHC, but limits on
the cross-section will provide constraints on several BSM models. The ATLAS experiment has constrained
charged lepton flavor violation by searching for g ! 3` decays using the

p
B =8 TeV dataset, using g

leptons originating from , bosons [170]. This study [171] also explores a new channel where the g leptons
originate from heavy flavor meson decays. Three scenarios are considered, based on expected changes
to low-?T muon triggers and improvements in the mass resolution from better tracking and vertexing
provided by the detector upgrades. The expected sensitivity is calculated using a a profile likelihood fit of a
BDT discriminant and 3-muon mass shape to the expected event yields in the signal region. As seen in
Figure 31, analysis improvements will have a significant impact on the sensitivity of these results, and can
improve over the existing analysis by up to a factor of 50. Further improvements may be possible using the
g leptons produced from heavy flavor meson decays, primarily from ⇡

B
decays, which provide around 40

times more g leptons than the ,-boson channel.
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Figure 31: CL
B

as a function of the g ! 3` branching fraction, BR(g ! 3`), for the scenarios discussed in the text
for the W-channel. The horizontal red line denotes the 90% CL [171].

6.1.4 W boson mass

Ref. [172] studies the potential for measuring the ,-boson mass with the ATLAS detector at the HL-LHC.
Unlike the other analyses here, this measurement would require a dedicated dataset collected at low
instantaneous luminosity in order to reconstruct the missing transverse momentum with su�cient precision.
Nonetheless, this measurement would benefit from forward lepton reconstruction enabled by the inner
tracking detector upgrade, enhancing the current statistical precision of 7 MeV using 4.6 fb�1of data. While
the amount of low-` data has not yet been decided, the statistical precision could reach 10 MeV with
200 pb�1, and 3 MeV with 1 fb�1. As shown in Figure 32, the precision of this measurement depends on
improvements to PDFs as well as the amount of data taken at low instantaneous luminosity.
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90% confidence level

Three scenarios considered based on predicted changes to 
low-pT muon triggers and improvements in mass resolution 
from better tracking and vertexing in upgraded detector


