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@ Important to probe vector boson couplings in the Standard Model through EWK vertex

® Sensitive to new physics through anomalous couplings, EFT interpretations
@ Indirect test of Higgs mechanism, mass of W/Z boson given by Higgs boson

@ Longitudinal polarization of W/Z boson given by the Higgs mechanism
@ Test of fix-order perturbative QCD (pQCD) calculations, Parton shower effect through jet activities
@ Included topics:

@ no-VBS production of WW, ZZ, WZ and Zy results

@ Dedicated talks concerning vector boson scattering production/Triboson production on Wednesday
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EXPERIMENT

ATLAS W+W Jet Incluswe

ATLAS CONF 2023 012

@Fully leptonic final state: W™W™ — evuv
@Clear signal, large statistics
@Large backgrounds from ttbar production

@First precision measurement in jet inclusive phase space!

»Top quark background reduced by vetomg b taggedjets

m » Drell-Yan backgrou nd suppressed by requmng M, > 85 GeV
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Dedicated new data-driven method to estimate top quark events

|

-> enabling precision mesurements!

' 1. Measure Nf’}Q,Ntb in 1-b-jet and 2-b-jet control region
2. Parametrize tf events in CR and SR using:
i. Total events yields: N,

1. B-tagging efficiency and acceptance: g,
li. B-jet correlatlon factor C,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/
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@Fiducial and differential cross section measured

W+W- Jet Inclusive

@Fiducial XS measured by likelihood fit, extended to full phase space

@Differential XS measured for 12 observables

@Total uncertainty of 31%, dominated by Top modeling and fake background

Nice agreement comparing to theoritical predictions!
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Uncertainty source Effect
Total uncertainty 3.1%
Stat. uncertainty 1.1%
Top modelling 1.6%
Fake lepton backeround 1.5%
Flavour tagging 0.7%
Other background 0.9%
Signal modelling 1.0%
Jet calibration 0.6%
Luminosity 0.8%
Other systematic uncertainties  0.9%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/

W/ Productlon Measurement

CMS SMP -20- 014
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html

W/ Production Medsurement

CMS SMP -20- 014
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@ Templates built for each cosine of polarization angles of W(Z) boson

® 6 templates in total, including inclusive charge, positively charged and negatively charged W boson
@ Likelihood fit to data to extract polarization fraction

@ Longitudinal Z boson observed with a high significance

@ Longitudinal W boson observed with significance of 5.60 obs (4.36 exp) &


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html

ATLAS W/ Joint Polarization

Chys. Lett. B 843 (2023) 137585552
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4 categories defined by the two angular variable
Use dedicated DNN to separate the four combinations
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Measured in WZ rest frame
“Modified Helicity Coordinate System”
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub

@\I!:ﬁé WZ Joint Polarization &

PhyS Lett B 843 (2023) 1378 S

L, ]

Ind|V|dual polarlzatlon measured by fit on
decay angle template built by reweighing

@Joint polarization measured by binned profile-likelihood fit to the DNN

oFirst observation of f, state with significance of 7.1c 0bs (6.20 exp)
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Differential XS of several kinematics sensitive
el @ N\ i % to polarization are also measured (see backup)
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
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@First measurement concerning jet activities e f
" . o o i el L .-.
@Additional jets could come from gluon splitting, etc *0 80 90 100 110 120 130 140 150 160 170 °

JHEPO03(2020)054 m(uwy) [GeV]

@)et inclusive measurement; JHEP03(2020)054

@Dedicated cut on m;; + my;, to suppress FSR

@Sensitive to QCD effects

eInterested in ISR events (photon radiated from initial quarks) @Require n1; > 40 GeV to suppress Drell-Yan

©FSR events simply Drell-Yan process @Data-Driven estimate for jet-fake-photon and

pile-up photon o


https://link.springer.com/article/10.1007/JHEP07(2023)072
https://link.springer.com/article/10.1007/JHEP03(2020)054
https://link.springer.com/article/10.1007/JHEP03(2020)054
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Zy+Jets Differential

@ Fiducial differential XS measured for:

@ 1D kinematic observables of lepton, jet and photon

@ Pseudo-2D jet observables sensitive to fixed order perturbative QCD (pQCD) calculations

@ 2D variables sensitive to Z boson polarization in Collins-Soper frame

@ Overall good agreement with theory predictions

@ NLO QCD improves both inclusive XS as well as the modeling of variables

® Measured : 533.7
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https://link.springer.com/article/10.1007/JHEP07(2023)072
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
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ATLAS CONF -2023- 038

[Evidence for ZLZL polarization statg E y IZZ CP study!
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@ Dedicated BDT template built for 3 polarization states | i

@ Reweighted to latest M ,C4/NLO program calculation T
@® NLO QCD and EW correction Vol el L

@ Loop-induced gg — ZZ correction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-038/
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ZZ >41 Angular Analy51s

ATLAS CONF -2023- 038

® Blnned proﬁle llkellhood ﬁt sum of rewelghed

BDT templates to data
@ Significance of Z; Z;: 4.30 obs (3.30 exp)

® Fiducial XS:
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Interference only Full
aNTGU parameter Expected Observed Expected Observed

f% [—0.16,0.16] [-0.12,0.20] [-0.013,0.012] [-0.012,0.012]
f;l [—0.30,0.30] [-0.34,0.28] [-0.015,0.015] [—0.015,0.015]

Reinterpreted to CP-odd aNTGC Model 12
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® Flrst ZZ measurement I Run 3

@ Using data collected in 2022 ~ 29 fb-

@ Fiducial and differential XS measurements

@ Fiducial XS extrapolated to full phase space total XS

@ Differential XS measured for m,; and pAT,
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Both Z boson on-shell, agree with

ATLAS CONF -2023- 062

predlctlons within uncertalnty

e

e e e —

-
‘-w—-—v "‘ b7,

: 1 Py
3 S
‘: \ ‘h"‘-‘v&*—" PAr

Measurement MC prediction | MATRIX prediction
Fiducial | 36.7 + 1.6(stat) + 1.5(syst) = 0.8(lumi) fb | 36.8 133 b 36.5 + 0.6 fb
Total 16.9 £ 0.7(stat) £ 0.7(syst) & 0.4(lumi) pb | 17.0 1% pb 16.7 & 0.4 pb

ATLAS Preliminary = === Data

Vs=13.6 TeV, 29 fb'

ZZ — 4l 1=e,u
—a— Predicted

This measurement
36.7+ 1.6 (stat.) + 1.7 (sys.) fb

Sherpa qqZZ NLO + ggZZ LOx1.7(%)
36.8% 2 (sys.) fb

MATRIX ggZZ NNLO + ggZZ NLO(*)
39.1+ 0.6 (sys.) fb

MATRIX qgZZ NNLOXNLO.EW + ggZZ NLO(*)
36.5+ 0.6 (sys.) fb

(*) + Powheg EW ZZjj

IIII|IIII|IIII|IIII|IIII|IIII|IIII

I Statistical Uncertainty
Total Uncertainty

0

5 10 15 20 25

30

35

25

| LHC Data 2022 ys=13.6 TeV
| e ATLAS ZZ- il (m 66-116 GeV) 29 fb”

ol [pb]

— m CMS ZZ-» lil (m 60-120 GeV) 137 fb
20— e ATLAS ZZ— llll (m 66-116 GeV) 36.1 fb'

~ LHC Data Vs =8 TeV
m CMS ZZ— Il (m 60-120 GeV) 19.6 fb"
e ATLAS ZZ- II( II/vv (m, 66-116 GeV) 20.3 fo'

15| _LHC Data Vs = 7 TeV
| m CMS ZZ— Il (m 60-120 GeV) 5.0 b
| e ATLAS ZZ-> Ii( ||/w (m 66-116 GeV) 4.6 fb”

- Tevatron Data Vs = 1 96 TeV
— m CDF ZZ— lI(ll/vv) (on-shell) 9.7 fo
10{— e DO ZZ- li(ll/vv) (m 60-120 GeV) 8.6 fb’

(63
IIII|IIII

| |LHC Data Vs = 13 TeV ATL?

MATRIX CT14 NNLO
= ZZ(pp)
— 2Z(pp)

| /Ill | | | | | | | I | | | | | | | | | | | | |
0 14

Preliminary

I|IIII 0 2 4 6 8 10

40

45

fiducial cross-section [fb]

12

S lTey


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-062/

’ S e
/7 7 . UYETESeN
n\\}‘f‘“\"." / \;' “x
n RN s '

; .:

CMS PAS SMP -22- 001 ; 2"“‘*’2:

® Measurement of ZZ production

@ LO t-channel: s-channel forbidden at SM

@® Gluon-gluon fusion via box diagram -> 10% contribution

® On-shell Z boson, leptonic decay CNIS Framimary Py
7)) I AL AL B N B L 1 ¢ v 7 v
. = —e— Data
@ Require 60 GeV < m, , < 120 GeV S 10'f @2z
1.4 Ll = B o0 > 22 -
/ - B zZz+ 2jets EWK -
® 27 — 2121 ’
10° B z+X =
. Syst. unc. -
@ Background extremely suppress by 4-lepton requirement :

@ Differential XS measured as functions of:

@ Number of jets

—
o

@ Kinematic variables of jets

Y
(63

® My, as a function of jet multiplicity

Data / Pred.

=
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< = |
Number of jets 14


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-001/index.html

Compact Muon Solenoid

1 Q04

Data/Theo.

@ Differential XS normalized to the fiducial XS

@ Theory predictions over-estimate data

@ Large discrepancy at high jet pt region

@ Main systematic uncertainties: jet, QCD scales—™

CMS Preliminary 138 fb™' (13 TeV)
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Myy hwith all jets

Systematic source 0jet 1jet 2jets | 3 and more jets
Trigger - - - - -
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@ Intact forward proton tagged by Precision Proton Spectrometer (PPS)
@ Center-of-mass energy of di-photon collision determined event-by-event
@ Events recorded by both CMS and TOTEM -> 100 fb-
@ Hadronically decaying W or Z bosons
@ Boosted to two fat-jets p p

o m; > 1126 GeV

CMS-TOTEM simuiation (13 TeV)

m. +m, = 166.6 GeV to separate WW/ZZ events Y U A =

® 71 72 P / § 0'8: aX"/A2=2 x 10° GeV? . 2> -E

® SR defined based on jet-proton matching = o6 = 2

=y B _ O
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@ Signal extracted by binned maximum-Llikelihood fit in 12 bins
@ No excess of AQGC signal observed
@ Upper limit set on dimension-6 AQGC operators
® 15% Improvement comparing to previous result
@ Also translation to linear dimension-8 AQGC operators
@ Upper limit on AQCG fiducial cross section:

® 0d(pp = pWWp) < 67 (5375) fb

©0:d(pp — PZZp) < 43 (6213)) fb

Coupling  Observed (expected)  Observed (expected)
95% CL upper limit 95% CL upper limit
No clipping Clipping at 1.4 TeV
ay /A2 43(39)x1076GeV 2 52 (5.1) x 106 GeV 2
a) /A% 1.6 (1.4) x 1075GeV~2 2.0 (2.0) x 1075 GeV 2
ay /A2 0.9 (1.0) x 107° GeV 2 —
aZ/A2 4.0 (4.5) x 107° GeV 2 —

———
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@ Recent Diboson production cross section measurements and polarization measurements from
ATLAS and CMS collaborations presented
@ Several new techniques developed to improve precision and search for rare processes
® Machine Learning plays an more and more important role in the SM analysis!
@ Data-driven methods to estimate backgrounds not well modeled by simulation

@ Many new observations and evidences of longitudinal polarized vector boson

@ W;Z; state has been observed

@ Evidence of Z; Z; state, very close to observation

@ So far good agreement with state-of-art calculations, no evidence of anomalous couplings

@ Stay tuned for new Run 3 results!
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ATLAS W+W- Jet Inclusive

EXPERIMENT

ATLAS-CONF-2023-012

21.05 ' L — =
The number of ¢ events in the two control regions and the signal region, after subtracting non-z¢ backgrounds, (é 1.04F ATLAS Simulation Preliminary =
is parametrized using three parameters. The first is the number of 77 events without requirements on the 2 1.03 ;_ Nominal correlation factor _f
b-jet multiplicity, N ‘2‘0 ,- The second is the efficiency of identifying and selecting a b-jet in a ¢7 event, &y, % 1 '02;_ Total uncertainty E
accounting for the efficiency of the b-tagging algorithm as well as the acceptance of b-jets. The third is the E = =
b-jet correlation factor Cp,, which takes into account that the probability of identifying both b-jets in a ¢ © 1 -01;_ E
events is not exactly Ei but Cbai, due to correlation effects that depend on the interplay of event selection SCA 1?— T E
and #f kinematics as well as the presence of additional light jets and b-jets. The number of #7 events with < 0.99- E
exactly i b-tagged jets, N'/, is given by 0.98E- E
Pt 0.97) =
N3y, = Nop - Coe, » (1) 0.965 E
N, = Ny, - (265 = Coel) | ) 0,955 e 5

tt tt 2 10° 10°
Ny, =Nop - (1 —2¢&p + Cbab) : (3) Mo, [GeV]
O_Q 1 2 - I I I I .
Using these equations, the number of 7 events in the signal region can be expressed as = 1.15F ATLAS Simulation Preliminary =
O 1 15 Nominal correlation factor -
- -\ 2 © -1 Total uncertainty =
it rt —_ — 7
b~ 4 N 1b 2b ° S B .
2b — 1= _
D - .
& 0.95 2 E
e 0.9 =
lData-d riven estimate method for top background—sJ 0.85- E
T T T T o o 0.8 =
0.75 - | | | | | -

o
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Number of jets (,oT > 30 GeV)
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EXPERIMENT

ATLAS W+W- Jet Inclusive

ATLAS-CONF-2023-012
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ﬁg EXPERIMENT

TLAS

WZ Joint Polarization

Phys. Lett. B 843 (2023) 1378655

v rx

fo fu—1Ir

Data POWHEG+PYTHIA NLO QCD Data POWHEG+PYTHIA
WinWtZ 023 +£ 0.05 0.2044 + 0.0024 0.211 + 0.002 | 0.071 + 0.023 0.0990 + 0.0015
WinW Z 1019 4 0.05 0.217 =+ 0.004 0.225 £+ 0.001 | 0.026 £ 0.027 -0.0491 £ 0.0020
Win W Z | 021 + 0.04 0.2094 + 0.0016 0.217 + 0.001 | 0.059 + 0.016 0.0390 + 0.0011
ZinW7'TZ | 0.223 £ 0.025 0.1971 + 0.0019 0.206 £+ 0.002 | -0.20 =+ 0.10 -0.217 + 0.006
ZinW Z |0.241 £ 0.029 0.2065 & 0.0023 0.211 + 0.001 | 0.10 =+ 0.13 0.092 4+ 0.007
ZinW¥Z | 0.231 £ 0.019 0.2009 + 0.0014 0.208 + 0.001 | -0.10 + 0.08 -0.092 =+ 0.005

Data POWHEG+PYTHIA NLO QCD

wW*Zz

foo 0.067 &= 0.010 0.0590 = 0.0009  0.058 £ 0.002

for 0.110 = 0.029 0.1515 + 0.0017  0.159 + 0.003

fro 0.179 &= 0.023 0.1465 + 0.0017  0.149 £ 0.003

frr 0.644 &+ 0.032 0.6431 + 0.0021  0.628 + 0.004
Wtz

foo 0.072 & 0.016 0.0583 + 0.0012  0.057 £ 0.002

for 0.119 &+ 0.034 0.1484 + 0.0022 0.155 £ 0.003

fro 0.152 £ 0.033 0.1461 £ 0.0022  0.147 £ 0.003

frr 0.66 £ 0.04 0.6472 £ 0.0026 0.635 £+ 0.004
W Z

foo 0.063 &= 0.016 0.0600 = 0.0014  0.059 £ 0.002

for 0.11 4+ 0.04 0.1560 &= 0.0027 0.166 £ 0.003

fro 0.21 4+ 0.04 0.1470 &+ 0.0027 0.152 £ 0.003

frr 0.62 4+ 0.05 0.6370 &+ 0.0033 0.618 + 0.004

IMeasu red joint helicity fractionsl

&/\eastured Individual helicity fractionsl
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Compact Muon Solenoid

W/ Production Measurement
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WZ Productlon Measurement

CMS SMP -20- 014

CMS
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EXPERIMENT

e 1D reweighting for each individual polarisation state. In this step, the reweighting is done
separately for the gg — ZZ and gg — ZZ processes. For gg — ZZ, the combined NLO QCD and
EW corrections as a function of the cos 8, variable are applied by taking the ratio of the differential
cross-sections calculated from MoCANLO at NLO and the ones from the MADGrAPHS _AMC@NLO
MC samples at the particle level in the fiducial phase space of the measurement, for ZtZrt, ZtZ;. and
Zy Z;, events, respectively. An additional reweighting as a function of cos @ is applied to account for
the missing higher-order QCD and parton shower effects by taking the ratio of unpolarised SHERPA
qq — ZZ predictions at the particle level to the unpolarised MoCANLO calculations. The impact
of these two 1D reweighting corrections on the BDT discriminant is mostly on the normalisation,
about 20%, and the shape variation 1s 2 — 4%. For gg — ZZ, which contributes to about 15%
of the total signal yield, only the unpolarised MADGrRAPHS_AMC@NLO MC sample at LO is
available, and the MoCANLO program provides polarised differential cross-sections at LO. Thus the
unpolarised MADGrRAPHS_AMC@NLO MC sample is reweighted to obtain polarised templates of
ZtZt, Z77Z1, and Zy 7, by taking the fraction of polarised and unpolarised cross-sections calculated
by MoCANLO as a function of cos 6.

* 1D reweighting for the interference effect. The simulated polarised samples does not consider the
interference effects among different polarisation states, while such interference effects are found to
be non-negligible in some kinematic regions where the contribution could reach up to 5% [66]. A
dedicated template for the interference term is therefore constructed by reweighting the unpolarised
SHERPA qg — ZZ events with MoCANLO calculations that include interference contributions, by
taking the difference between the unpolarised cross-sections and the sum of the three polarised
cross-sections as a function of cos 8;. For gg — ZZ events, the interference effect is found to be
negligible and thus ignored. For the subleading EW gq — ZZjj process, the interference effect is
not included either.

* 2D reweighting for the residual higher-order corrections. Four templates, including three
polarisation states and the interference term, are obtained after the two reweighting steps described
above. A closure test is performed by comparing the sum of the four templates and the prediction
given by the unpolarised SHErRPA MC events and residual discrepancies are observed, which could
be due to the non-closure of the 1D reweighting method. An additional 2D reweighting is applied
to each of the three polarisation templates to correct the mismodelling by taking the ratio of the

non-closure effect and the sum of the three polarisation templates as a function of cos 87, and A¢e,¢,.

//->41 Angular Analysis

~

The OO deﬁned for the CP study comblnes the CP-sensitive polar and azimuthal angles of both Z
boson systems, providing additional CP sensitivity from shape differences between the SM and aNTGC
predictions. The CP-sensitive polar angles 61(63) for the Z;(Z,) boson are already defined in Section 6.1.
The CP-sensitive azimuthal angles ¢ and ¢3 are reconstructed in a reference frame that allows a direct
measure of the Z boson spin as discussed in Ref. [24, 89] and are illustrated in Figure 2. The CP-sensitive
azimuthal angle ¢1(¢3) is the azimuthal angle of the negative lepton in the Z(Z;) rest frame in this new
axis system. The differential cross-sections for 61(63) and ¢1(¢3) are symmetric in the SM but asymmetric
in the presence of the two CP-odd aNTGC.

To improve the sensitivity, the two CP-sensitive angles 61(63) and ¢1(¢3) are combined to form an angular
observable Ty, 1(3) = sin¢q(3) X cos 01(3) which maximises the asymmetry for each Z boson system.
Figures 4(a) and 4(b) show the 2D differential distributions of the CP-sensitive observable Ty, of the two Z
bosons, the symmetric SM prediction and asymmetric BSM prediction in the presence of a non-zero fé
parameter.

As observed in Figure 4(b), the first (bottom left) and the third (top right) quadrants where both Z bosons
have negative and positive T}, values, respectively, are the most sensitive regions of the 2D T, distribution.
The OO Or,_ , 1, ; is defined from the 2D distribution of Ty, by grouping together the sensitive and

non-sensitive bins to maximise the sensitivity for the four-lepton system. Each bin of the Or,,_, 7.,
observable represents approximately an L-shaped grouping of the bins around 7, 3 =Ty ,,1 line as shown
by Figure 5(a). The small fraction of events with miss-paired leptons in the ZZ — 4e (4u) final states

were studied and found to have negligible impact on the CP-sensitivity of the OO.
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The impact of this 2D reweighting on the BDT discriminant is mostly on the shape with a variation Figure 4: Particle level 2D differential cross-sections of Ty, of the two Z bosons for the g§ — ZZ — 4¢ process as
predicted by (a) the SM and (b) in the presence of the BSM aNTGC vertex. The BSM prediction shows the linear

of about 10%.
only contribution when £ = 1.
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: : w_ Mmw o fmo 0 fm2 fma
5.4 Proton-jet matching and signal region Dimension-8 0 perator: % = Mo | Y A2 +20,73 % +5uCw ™3
The matching between the proton and jet kinematics for exclusive signal is based on the vari- — — —== — == — o
ables 1 —m(VV)/m(pp) and y(pp) —y(VV). Here m(VV) and y(VV) represent the invariant Table 4: Conversion of limits on a(\)/v to dimension-8 f;,; operators, using the assumption of

mass and rapidity of the WW or ZZ system, as reconstructed from the merged jets. The vari-
ables m(pp) and y(pp) are the expected invariant mass and rapidity of the central system,
calculated from the proton information:

vanishing WWZ+ couplings to eliminate some parameters. When quoting limits on one of the
operators, the other is fixed to zero. The results for |fy; (/A% and |fy;4/A*| are shown with
and without clipping of the signal model at 1.4 TeV, when the other parameter is fixed to the

1 .
m(pp) = Vsy/Emlp2,  y(pp) = —51In (%) . ) SM value of zero

Coupling Observed (expected) Observed (expected)

Two signal regions are defined by comparing the invariant mass and rapidity of the WW or 95% CL upper limit ~ 95% CL upper limit

ZZ system obtained from the jets with the same quantities inferred from the two protons. A

diamond-shaped area in the y(pp) — y(VV) vs. 1 —m(VV)/m(pp) plane, centered around No clipping Clipping at 1.4 TeV
zero, ;:ontains the bulk fofd’:he signill when both protgns e:;e co:lrectly associated t?i the jets(,:1 (”1;3— |f Mo/ A4| 16.2 (14.7) TeV—4 19.5 (19.2) TeV 4
ion §”). In case one of the signal protons is missed and a pileup proton is used instead, the _ _
glvents zend to fall in one of til;\: tV\I:o diagonal bands of Fi; 4. iiecond signal region (“re- f M,4/ A4| 90.9 (82.6) TeV * 110 (108) TeV :
gion 0”) is therefore defined based on these bands. The dimensions of the two regions are
optimized to provide the best expected signal significance, estimated as S/+/B. Of the simu- Table 5: Conversion of limits on a(‘)/v and a‘év to dimension-8 f, ; operators, using the assumption
lated signal events passing all other selections, typically between 19% and 25% are contained that all f);,; except one are equal to zero. The results are shown with and without clipping of
in region J, and a similar fraction in region 0. The area with |1 —m(VV)/m(pp)| < 1.0 and the signal model at 1.4 TeV.

ly(pp) — y(VV)| < 0.5, encompassing both signal regions, remained blinded and was not ex-
amined until the selection criteria and background estimation methods were fixed.

Coupling Observed (expected) Observed (expected)
95% CL upper limit ~ 95% CL upper limit

No clipping Clipping at 1.4 TeV
Forward protons are reconstructed using a “multi-RP” algorithm, which combines tracks re- A4 66.0 (60.0) TeV—4 79 8 (78.2) TeV—4
constructed in both of the tracking Roman pots in each arm of PPS. The lever arm between the fmo/ s 0 (60.0) Te 4 8(782)Te 4
two RPs allows the reconstruction of the proton scattering angles 8* (where the superscript “*” fmi/ A 245.5 (214.8) TeV 306.8 (306.8) TeV
indicates an angle defined at the IP) and proton fractional momentum loss g: fra/ A 9.8 (9.0) TeV 4 11.9 (11.8) TeV 4
¢ = (Prom — P)/ Proms (1) fms/AY  73.0 (64.6) TeV™* 91.3 (92.3) TeV *
where p, ., and p are the nominal beam momentum and the scattered proton momentum, fma/ A* 36.0 (32.9) TeV—* 43.5 (42.9) TevV—*
fms/A% 67.0 (58.9) TeV—* 83.7 (84.1) TeV*
(

R . far /A% 4909 (429.6) TeV—*  613.7 (613.7) TeV*
Eet-proton matchmgl " ) ) o5
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