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Overview

@ Measurement of the Inelastic Proton-Proton Cross Section
at v/s = 13 TeV with the ATLAS Detector at the LHC
Phys. Rev. Lett. 117 (2016) 182002, arXiv:1606.02625

@ Measurement of the exclusive v — 1~ process in pp
collisions at /s = 13 TeV with the ATLAS detector at the LHC
Phys. Lett. B 777 (2018) 303, arXiv:1708.04053

@ Study of ordered hadron chains with the ATLAS detector
Phys. Rev. D 96 (2017) 092008, arXiv:1709.07384



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.182002
https://arxiv.org/abs/1606.02625
http://www.sciencedirect.com/science/article/pii/S0370269317310201
https://arxiv.org/abs/1708.04053
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.092008
https://arxiv.org/abs/1709.07384

Inelastic Proton-Proton Cross Section at /s = 13 TeV

@ rise of total pp cross section with center-of-mass energy predicted by
Heisenberg — probes the nonpertubative regime of QCD
— confirmed by many experiments
@ two sets of scintillation counters, elastic pp scatterlng out of their acceptance
My > 13 GeV (fiducial region ¢ = M2 /s > 1075) e
— then extrapolated to total inelastic cross-section { = ‘
@ minimum-bias trigger scintillators (MBTS): ..\
installed on the frontface of each endcap calorimeter (z = 43.6m)
cover region: 2.07 < |n| < 3.86; 149 <r <445 & 4455 < r <895 mm

@ two other forward detector used to measure trigger efficiency eyig:
e forward Cherenkov detector LUCID (z =417 m): 5.6 < |n| < 5.9
e tungsten-scintillator calorimeter det. LHCf (z = 140 m): |n| > 8.4

ParLas

@ inclusive selection: at least 2 MBTS counters
with charge above 0.15 pC (nvprs > 2)
4 159 074 events passing

@ single-sided selection: hits in > 2 counters on one P
side of the detector and no hits on the other
to constrain diffractive component
442 192 events passing




Monte Carlo models
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best agreement with DL and MBR-based models; other do not describe data well

Pythia8 DL with ¢ = 0.085 chosen as the nominal MC model
only DL and MBR models considered for MC systematics 4



Fiducial inelastic cross section

fid (f > 10—6) _ N—Ngg 1_f§<10—5

fiducial cross section o

inel T emigX L €sel
Factor Value | Rel. uncertainty
Number of events passing the inclusive selection (N) | 4159074 —
Number of background events (Npg) 51187 +50%
Integrated luminosity [ub™!] (£) 60.1 +1.9%
Trigger efficiency (€gig) 99.7% +0.3%
MC correction factor (Cyc) 99.3% +0.5%
C 1—f o6~ migration of events with & < 10~ into the fiducial region
MC = €sel — event selection efficiency

systematic uncertainties include: counter efficiency variations impact of the
material uncertainty, uncertainty in the fitted value of f, and variations
in Cwvic found by comparing Pythia8 DL and MBR models
measured fiducial cross section: /¢, = 68.1 + 0.6(exp) + 1.3(lum) mb
MC predictions: Pythia8 DL: 71.0 mb (¢=0.06); 69.1 mb (¢=0.085); 68.1 mb (¢=0.1)
Pythia8 MBR: 70.1 mb
EPOS LHC: 71.2 mb
QGSJet-11: 72.7 mb
Pythia8 SS: 74.4 mb 5



Total inelastic cross section
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"™V (¢ < 5 x 1078) is difference between o7 measured using ALFA detector

and 0"V (¢ > 5 x 107°) measured using MBTS

measured total cross section: o, = 78.1 + 0.6(exp) + 1.3(lum) + 2.6(extrap) mb
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Exclusive vy — ™~ production

~~ induced interactions provide unique opportunity to study high-energy electroweak
processes

exclusive production single-proton dissociation double-proton dissociation
(S-diss) (D-diss)

@ data set: pp collisions at /s = 13 TeV, dimuon trigger, integrated luminosity 3.2 fb~"

@ cross section calculations based on Equivalent Photon Approximation (EPA):
colliding protons produce quasi-real photons with small virtuality of Q% < 0.1 GeV
— convolving the photon fluxes with elementary cross section of vy — ™

@ muon candidates identified by matching complete tracks in MS to tracks in the ID
muons required to be isolated, info from ID and calorimeters
transverse and longitudinal impact parameters: |dy|/oq, < 3.0; |Z| Siné < 0.5 mm

@ events required to have exactly 1 pair of opposite-sign charged muons

@ background contributions: S-diss, D-diss, Z/v* — utp=, Z/y* — 77~ 7



Exclusive selectio

2 7 Dan 2 T T T T > 10° T IR T
S 10°F ATLAS 55 DY N, model. uncetany 8 1L ATLAS 556 DY N, model.uncerainty | ATLAS 2% DY N,, model. uncertainty
G of =13Tev,32M" E% et w §=13Tev, 320" :lewex“ 0 10°F (5=13Tev, 321" il E
=2y -t =~ b 1 3
100 Baseline selection L — é 0 = % 10 f vy
0 Beitnlise ] 5 10F “ E;‘i‘ﬁ& V:‘ “Jﬁ"fén'ﬂ wl 5 2o Ll :]Ext‘lzm‘\% W“ “JE fpostan
! " 2
10 Baseline selecion - S vero: iebaon
e +1 mm vertex isolation 10° +12GeV<m,, <70 GeV Y
i 10F 10g
{ 12Gev<m,, <70Gev
1 ; ormy, > 105'Gev 1 i 1
L L) . N T A T T I P R Eu
Q 12f ] Q€ 1f Q 12f i I
2 S ,3&(3%”»%%}*‘“ ‘ \J S 2 **WHHHW %M lﬁ \JL |
Bos &of ST & o UERURRIN
2 3 4 5678910 20 30 40 2040 60 80 100 120 140 160 18 5 0 15 20 5.
Tracks associated with dimuon vertex my., [GeV] Pl [Gev]
Total Z[v* Z[y* B
Data  Signal background | S-diss D-diss — utp~ —7F7~  Multijet tt
Baseline selection 2933384 5740 2897000 8640 8000 226 8000 10900 590000 12200
1 mm vertex isolation 14759 4560 11100 6840 300 3900 30 50 0
my+,~ <70 GeV 12395 4420 8800 6420 300 2000 30 50 0
il
ph " <15 GeV 7952 4370 4300 3550 60 670 7 10 0

typical signature of exclusive events: absence of other charged-particle tracks
— a veto on additional charged-particle applied: no additional tracks with pr > 400 MeV
and |n| < 2.5 near the dimuon vertex with |z*| < 1 mm

definition of the fiducial region:

Invariant mass range pif requirement  |[n¥| requirement
12 GeV <my 4~ <30 GeV > 6 GeV <24
30 GeV < Myt = < 70 GeV > 10 GeV <24 8




Fiducial cross section

exclusive vy — utp~ contribution extracted performing a binned maximum-likelihood
fit to the measured dimuon acoplanarity distribution: 1 — |A® .+~ |/7
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fiducial cross section:

exclfid.  _ Nexa
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Nexa. — total number of signal
events extracted using LL
Lint — integral luminosity
C — corr. factor for efficiencies
and resolution effects

differential fid. cross section as
funct. of dimuon invariant mass:
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the fiducial cross section in the dimuon invariant mass range of
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Differential cross section and absorptive corrections

3 . stat syst
™ NE oL e do/dm 4 5 5
[GeV] [pb/GeV] [%] [%]
12-17 1290+ 50 0.33340.007 0.243 + 0.011 3.4 3.2
17-22 1040+ 40 0.39840.008 0.164 + 0.008 3.7 3.1
22-30 8304+ 30 0.42840.009 0.076 + 0.004 3.9 3.1
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expected that absorptive effects in two-photon interactions depend on the proton
energy fractions passed to quasi-real photons — survival factor = ratio of measured
cross section and to the bare EPA predictions —  absorptive corrections tend to
increase with energy fraction of protons passed to the initial-state photons 10



Ordered hadron chains

Correlation phenomena in hadron production:

important source of information about early stages of hadron formation
not yet understood from first principles

3D QCD string (helix-like shaped) fragmentation model & coherent emission
of adjacent hadrons:

@ cross-talk (causal constraint) between breakup vertices is imposed

@ transverse shape of the string generates both the transverse
momentum and the mass of the hadron

@ quantization enables the build-up of the hadron mass spectrum

\

assuming local homogenity of the fragmenting
QCD field, Q between ground state pion
can be predicted as function of their rank:

(Q(r) = 2plr| sin(ra®/2)|, pir ~ 134 MeV, Ad ~ 2.82)
Phys. Rev. D 89, 015002 (2014) v

Pair rank difference || 1 | 2 | 8 | 4 | 5
Q expected [MeV] || 26618 | 9113 | 2367 | 17145 | 17845 11



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.015002

Search of chains of correlated adjacent hadrons

based on minimization of mass of the shortest hadron chain containing a pair
of like-sign hadrons, a 3-hadron chain composed of 3 pairs

@ choosing the like-sign partner giving the minimal momentum difference
@ adding an opposite charge hadron producing the overall minimum mass
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Low-mass three-hadron chains

upper limit on the mass of the triplet chain m3, obtained from the region of adjustment:

Parameter mSpt (input)

MeV] 580 590 600 interpolation
CCS/CS Zo(stat) | 0.88 £ 0.02 | 0.99 £ 0.02 | 1.09 = 0.02 | 1.00 = 0.02 (stat) & 0.07 (syst)
mgpt adjusted 591 & 2 (stat) £ 7 (syst)
£an(Q) = fis(Q: Qus, 015)+os(Q: Qos, 70s) = s exp (<G ) t-nos exp (==t

Measured Central Systematic uncertainty (by source) [MeV]

parameter | value [MeV] | stat | reconstruction | unfolding | acceptance | combined
mSpt 591 +2 +6 +4 —10 +7.5/—-13
Qus 89.7 +2.1 -2.8 +2.1/-3.3
oLs 44.3 +0.8 -1.0 +0.8/-1.3
Qos 256.4 +55 -7.3 +5.5/-9.1
008 44.2 +1.9 2.6 +1.9/-3.2

variations of multiplicity and correlation strength with change of acceptance region:

Acceptance pr >100 MeV pr >100 MeV pr >200 MeV
variations In] < 2.5 Inl <1 In] < 2.5
Nen /NG 1 (by construction) 0.33 0.78

— Jaoco @AQ [%] | 1.0740.03(stat) 15:03 (syst) | 1.2440.07(stat) X558 (syst) | 0.56:£0.03(stat) £535 (syst)

~——

correlation strength: stable within restricted |7| region; reduced by a factor of 2 with pr

threshold increased — in MB sample strings oriented mainly along the beam axis —
13

correlated hadrons have small intrinsic pr — quantized fragm. model: ~134 MeV



Subtraction of selected three-hadron chains
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data in agreement with the prediction of a
thresholdlike behavior: after substraction of
selected three-hadron chains from inclusive
A(Q) no adjacent pairs up to a certain value

B scenario: threshold value up to ~0.25 GeV
— coincides with threshold predicted by
helical QCD string fragmentation model & fits
position of the peak formed by closest
oppo-sign pairs

enhanced production of like-sign charge pairs
traditionally atributed to Bose-Einstein effect

R = N(Q)'S/N(Q)°S

substraction of estimated contribution from
ordered hadron chains from both LS and OS

in both scenarios: the chain selection contains
source of enhanced like-sign pair production

— alternative explanation of the data 14



Contribution of quadruplet chains
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data show a threshold effect in the production of adjacent hadron pairs, it coincides
with preferred momentum difference between opposite-sign pairs in the selected

chains Qos

= 256.4 + 0.5(stat)+1.8(rec) "33 (chain selection) MeV

15
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@ total inelastic pp cross section at /s = 13 TeV: A
Oinel = 78.1 + 0.6(exp) + 1.3(lum) + 2.6(extrap) mb =

Phys. Rev. Lett. 117 (2016) 182002 0
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