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Soft QCD laboratory Z → μμ
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Motivation

• Key area of SM where knowledge  
    of fundamental processes is limited  

• Theoretically: 
    - Beyond pQCD regime   
    - Employ phenomenological       
      models with tunable parameters 
    - Measurements are vital 

• Crucial input for other LHC  
    searches + measurements 
    & beyond!

Soft QCD in the sky! 

cosmic ray air shower
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Focus: Proton tagging to probe QCD

Observation & measurement of  using AFP(γγ → ℓℓ) + p

Measurement of single diffraction using ALFA

JHEP 02 (2020) 042 
8 TeV, very low   s = ⟨μ⟩

PRL 125 (2020) 261801 
13 TeV, standard high s = ⟨μ⟩

 = mean number of interactions per bunch crossing ⟨μ⟩

https://link.springer.com/article/10.1007/JHEP02(2020)042
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
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Single diffraction

Rapidity gap

Rapidity gap example  
in PbPb
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Single Diffraction 

Colour singlet ‘pomeron’ exchange 

Diffractive system X as result of interaction  
between proton and pomeron 

Large cross-section: ~10% of total LHC cross-section  
but poorly understood 

Input for MC generators, improve:  

• Pile-up modelling 
• Modelling of cosmic ray air showers 
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Goals & motivation 

Measure cross-section differentially in Δη, |t| & ξ

Measure intact proton:  
• Suppress backgrounds 
• Can measure t dependence (& alternative ξ measurement)  

Δη

Measured wrt edge of inner detector 
 on side of intact proton

= ξs

pT2∼ −

Proton fractional 
energy loss



Lydia Beresford, EPS-HEP, 26/07/21 8

ALFA & AFP detectors

Reconstruct tracks in station  Proton                                  
Complementary acceptance in AFP & ALFA 
ALFA active during special low pile-up, high β* runs 

→

Station

ATLAS  
central  

AFP AFP

Proton

~ 220 m

Side C Side A

ALFAALFA

~ 20 m

Detectors reach inside beam pipe 
down to 2 mm of incoming proton beam

Magnets
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How?

Special run from 2012: 8 TeV,  < 0.08 , high β*s = ⟨μ⟩

Trigger: ALFA signal & Min Bias Trigger Scintillator 

Single proton in ALFA & one good vertex

Track pT > 200 MeV 

Magnets
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How?

Overlay e.g. 

+ pile-up  
   proton

Central diffractive 

MC estimate + 
reweighting in 
central diffractive 
control region

Data-driven estimate  
using overlay control region 
Largest systematic

Backgrounds estimated & subtracted
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Results

Cross-section as function of rapidity gap size Δη

MC  
over-prediction  

Mild shape  
mismodellings

0.016 < |t| < 0.43 GeV2 

-4.0 < log10( ) < -1.6 (80 < Mx < 1270 GeV) ξ
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Results
Cross-section as function of momentum transfer |t|

Fit to data 
B = 7.65 ± 0.26 (stat.) ± 0.22 (syst.) GeV−2

d𝜎/dt  eBt∝

MC Predictions 
Pythia8 A2: B = 7.82 GeV−2  

Pythia8 A3: B = 7.10 GeV−2 

Measurements  
as function of |t|  
are scarce at LHC
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 Photon collision 

μ

μ

γγ → μμ

LHC is world’s highest energy photon collider

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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Observe & measure  
First high-  physics publication using AFP detectors  

(γγ → ℓℓ) + p
⟨μ⟩

14

Goals & motivation

Direct access to protons provides truly new info to exploit! 
• Powerful background rejection  
• Novel constraints on proton soft survival probability

Exclusive Single Dissociative

ℓ

ℓ
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How?

Signal Background 

e.g. Z   
       + pileup proton 

→ ℓℓ

Use 2017 standard high  dataset 13 TeV ⟨μ⟩ s =

ℓ

ℓ

ℓ

ℓ
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How? 

Observe ee+p and +p > 9  in each channel μμ σ

SR SR

Measured with central ATLAS 

ξ±
ll =

mll

s
e±yll

SR: 95% signal retention  
    85% bkg rejection

Data-driven  
bkg estimate

Measured with AFP 
ξA,C

AFP = 1 − Eforward/Ebeam
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Results
1st LHC cross-section measurements 
 for this process with a tagged proton

Fiducial cross-sections   
compared to proton soft survival models 

ξ ∈ [0.035,0.08] [33] Harland-Lang et al EPJC 76 (2016) 9 
[34] Dyndal & Schoffel PLB 741 (2015) 66 
[97] Harland-Lang et al EPJC 80, 925 (2020)

Outlook:  
• Statistically limited  Improvements with larger dataset in LHC Run 3 
• Inclusive measurement  Differential measurements e.g. versus mll, yll 
• Single proton tag  Measure both single and double tag events   

→
→

→
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Summary Soft QCD in the sky! 

cosmic ray air shower 18

Diverse array of QCD phenomena 
at the LHC, including:  

• Single diffraction 
• Proton break up 

Target using array of techniques: 

• Rapidity gaps 
• Forward proton detectors  

Advance our understanding of nature

Just as nonperturbative QED contains very interesting phenomena, 
nonperturbative QCD is a most interesting portion of that theory.  
To me, it is the most interesting and most important portion of QCD 
to address, despite the evident difficulty in doing so.  
Bjorken 1996

https://www.slac.stanford.edu/pubs/slacreports/reports05/ssi96-001.pdf
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Backup

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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LHC interactions

Non- 
diffractive

Double 
 diffractive Central diffractive

Elastic  
scattering

Single  
diffractive

Double line = Pomeron  
Pair of gluons (colourless)
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 ALFA & AFP

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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ALFA detector AFP detector
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https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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 ALFA analysis MC 

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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 ALFA measurement 

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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 ALFA CD control region 

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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 SD analysis uncertainties 

https://indico.cern.ch/event/813670/contributions/3393454/attachments/1829348/2995282/2019.04.12_staszewski.pdf
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AFP MC
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AFP selection
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AFP cutflow
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AFP matched event kinematics

Probing masses up to  700 GeV ∼
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AFP matched event kinematics
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AFP Efficiency
AFP side A

Scattered 
proton 

Needed to correct for detector effects 

Station tag and probe:  
• ‘Tag’ track in near station (require exactly 1) 
• Check if track in far (within |xnear-xfar| < 2 mm) 
& vice versa 

Near Far

Lower efficiency in far station due to showers
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AFP cross-section break down



Lydia Beresford, EPS-HEP, 26/07/21 35

AFP cross-section break down
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Uncertainties
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AFP background rejection

Powerful background suppression 
Can see photo-production of di-leptons above Drell-Yan background 


