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- Quantum chromodynamics ( )

QCD is the quantum theory of the strong interactions
(quarks and gluons).

Particles that carry color charge (red, green,blue) are
sensitive to the strong interaction, analogous to the electric
charge in electromagnetic interactions.

QCD is central to all modern colliders
...and QCD is what we are made of

Two key characteristics of QCD:
» Color confinement: Quarks and gluons are confined
within hadrons. Only hadrons (particles made of quark
& gluons) are observed in isolation.

The proton and its substructure

> Asymptotic freedom: Quarks and gluons interaction (quarks and gluons)

strength decreases with distance (increases with
energy) — Partons are asymptotically free at high
energies.
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- QCD is special!

QCD

» Color-charged particles interact via
exchange of gluons.
Quantum electrodynamics (QED) > Key difference with QED: self-interacting
gauge bosons (gluons) — Makes QCD
speciallll
...Consequence of non-abelian SU(3)
gauge symmetry of QCD

> Quantum theory of electromagnetic
interactions.

> Electrically charged particles interact via

exchange of photons. . . L
> The self-interacting gluons give rise to

> Single interaction vertex (abelian U(1) distinct emergent properties in QCD.

gauge symmetry . o .
) > | am interested in identifying such emergent

properties in the experiment.
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- Asymptotic freedom in strong interactions
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- The Compact Muon Solenoid (CMS) experiment

» CMS is a general purpose detector installed at one of the interaction points at the Large
Hadron Collider (LHC).

> Several subdetector components dedicated to measure most of the decay debris in a ~ 47
solid angle region of high-energy proton-proton collisions.

CMS DETECTOR STEEL RETURN YOKE

Total weight 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 m?) ~1.9 m* ~124M channels
Overalllength ~ :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels

Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers.
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals
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- Collider variables definitions

"Saleve” n=0 "Tura”

: n=0
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n: Pseudorapidity is a measure of polar angle, n = —In (tan[9/2]).
¢: Azimuthal angle on plane perpendicular to the beam axis.

pr: Transverse momentum relative to the beam axis.
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- Jet production as a probe of strong interactions

The collimated sprays of particles produced in proton-proton collision are known as “jets.” They are
a direct manifestation of quark-gluon interactions and color confinement.

Jets are used as proxies of struck quarks and gluons.

In CMS, jets are clustered with the anti-k7 algorithm based on the detected hadrons, photons,
electrons and muons.

\ Particle Jet Energy depositions

P in calorimeters
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-order” perturbation theory machinery

XX
D G
D om

In fixed-order pQCD, we calculate the hard cross sections in powers of as < 1, symbolically
(ignoring pre-factors) represented by

dé~a2+ad+at+...

Calculations are known up to leading order (LO), next-to-LO (NLO), next-to-NLO (N2LO), and in
very few cases for next-to-NNLO (N3LO).

These are then convoluted with parton distribution functions (PDFs) to predict cross section rates
at the LHC.
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- High energy limit of

In the high energy limit (5 > —% > AQCD) the
fixed-order approach breaks down. The perturbative
expansion should be rearranged (symbolically) as,

o0 ~ PN ~
5 5 s
d&~a§2a: In" (?>+a32a In" (?)—l—a‘*Za In" ( H )
n=0
R *
where §, t are the square center-of-mass energy and .
four-momentum transfer squared of the outermost partons, .

and o In" (3/|F) = a2(Ay)" S 1.

Resummation of large logarithms of 5 to all orders in a5 is
needed to obtain finite results.

Resummation is done via the Balitsky-Fadin-Kuraev-
Lipatov (BFKL) equation of QCD.
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- Why should we care about the high energy limit of ?

> Important to get an insight into the quantum field theory description of particle scattering
when /s is much larger than ANY other energy scale.

» Cosmic ray physics: cosmic ray interactions with the atmosphere can occur at the multi-TeV
scale and beyond. The dominating interactions are mediated by the strong force.

» Gluon saturation effects: need to understand initial-state high gluon densities in proton and
heavy-ion collisions. A future Electron lon Collider will be investigate such aspects in the next
decades, need intermediary measurements at the LHC now.
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- Jet-gap-jet process as a probe of BFKL dynamics

jet rapidity gap
gap

jet

P

In collisions with color-singlet exchange between partons (two-gluon exchange), color-flow is
neutralized — Pseudorapidity interval void of particle production between jets (rapidity gap).

In the BFKL limit of QCD, color-singlet exchange corresponds to perturbative pomeron exchange
(BFKL two-gluon ladder exchange). Jet-gap-jet process was first proposed by A. Mueller and W-K.
Tang (Phys. Lett. B284,123 (1992)) as a probe of BFKL evolution.
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- Color-exchange dijet versus color-singlet exchange dijet
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- Experimental analysis at /s = 13 TeV

Analysis based on special LHC runs with single proton-proton collisions per bunch crossing.
Offline event selection:

> Particle-flow, anti-k: jets R = \/(A¢)? + (An)? = 0.4.
» Two highest pt jets have pr > 40 GeV each.

> Leading jets satisfy 1.4 < |njer| < 4.7 and mietipiet2 < 0
— Favors t-channel color singlet exchange.

> At most one reconstructed primary vertex.

rapidity gap

- +1
n

Pseudorapidity gap is defined by means of the charged particle multiplicity N;,,cks between the
leading two jets. Each charged particle has pr > 200 MeV in |n| < 1.
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/ / CMS Experiment at LHC, CERN ~CMS Experiment at LHC, CERN
o Data recorded: Sat Oct 17 06:56:19 2015 CDT Data recorded: Sun Oct 18 02:44:23 2015 CDT
Run/Event: 259388 / 126162363 Run/Event: 259431 / 248391105
Color-exchange event candidate Color-singlet exchange event candidate
(Background-like) (Signal-like)

Leading two jets pr > 40 GeV, all other jets pr > 15 GeV, calorimeter towers with E > 1 GeV,
charged particles with p7 > 200 MeV
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- Multiplicity of charged particles between the jets

CMS 0.66 pb™ (13 TeV) CMS 0.66 pb™ (13 TeV)
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Color-exchange events dominate at high-multiplicities — Use as control region to estimate
fluctuations at low multiplicities. Two data-based approaches:
> Control sample: two jets on the same-side (SS) of the CMS detector, ni€tiyict2 > Q.
Normalize to events with jets in opposite sides (OS) of CMS, nietliet2 < 0, in Nyacks > 3.
> Negative binomial distribution (NBD) function: Fit data with NBD in 3 < Ngacks < 35,
extrapolate down to Ny, = 0. (Baseline method)
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- Hard color singlet exchange fraction fcsg

We extract the fraction fcgg based on the charged particle multiplicity distribution between the jets:

fee — N(Neracks < 3) — Npkg(Neracks < 3) _ color singlet exchange dijet events
CSE = =
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- Results on color-singlet exchange fraction fcsg
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Bars represent stat uncertainties, boxes represent stat + syst uncertainties.

fcse = 0.5-1.0%. fcse increases with Any;, with A¢y; ~ m, and is weakly dependent on

Comparisons to pQCD-based predictions:

> Royon, Marquet, Kepka (RMK) predictions (Phys. Rev. D 83.034036 (2011), arXiv:1012.3849),
and survival probability |$|? = 0.1.

> Ekstedt, Enberg, Ingelman, Motyka (EEIM) predictions (Phys. Lett. B 524:273,
arXiv:hep-ph/0111090 and arXiv:1703.10919) with multiple-parton interactions (MPI) to simulate
|S|2, which can also be supplemented with soft color interactions (SCI).

jet2
T -

EEIM model describes data within uncertainties, only when including both MPI and SCI

together.

Challenging to describe theoretically all aspects of the measurement simultaneously.
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N

Unique opportunity to study hard color singlet exchange at the CERN LHC.
Observation of jet-gap-jet events at 13 TeV:

> About 0.6% of dijet events are produced by hard color-singlet exchange.
> BFKL calculations + soft-parton exchanges is able to describe most of the data.

Other aspects of the measurement not discussed in this talk (e.g., a joint measurement with
CMS-TOTEM), but stay tuned for a future graduate colloquium for a more thorough discussion!

Corresponding paper has been submitted for publication to Phys. Rev. D. (arXiv:2102.06945)

Thanks!
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