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QCD at colliders

Asymptotic freedom at Short Distances (SD) and 

the confinement at Long Distances (LD) 

𝑢 + 𝑔 → 𝑊+ + 𝑑
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QCD

Phenomena

Long

Distance

Short

Distance

Factorizing SD and LD

Once factorization is available,

 SD is calculable in perturbation theory, order by order in 𝛼𝑠

 Nonperturbative LD can be determined from experiments or 

lattice simulations, or modeled with a few parameters



 Bound state of heavy quark and anti-heavy quark pair

 Extensive studies on its production and polarization

 Higgs coupling to 𝑏 or 𝑐 quarks

Quarkonium physics
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 A hadron group travelling along the same direction

 New physics search or probe of quark-gluon plasma



 Precision test 

(αsdetermination)

Jet physics
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Artificial Intelligence for Colliders Project #20180313ER
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Preliminary!
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F igure 2. Left panel: ROC-like cur ve for semi-supervised t r aining on fat jet obser vables. See
text for details. R ight panel: Compar ison of preprocessed jet images from qcd (left ) and
boosted W decay (r ight ). W ork in progress by Graesser , K ang, and Yoon.

section. There, however, our preliminary studies only considered a single observable to provide the
classification. In what follows, we propose to generalize this semi-supervised method for labeling
data to multiple observables. To do that, we will determine using Monte Carlo the probability
that signal or backgrounds have the value of an observable, then label the event by a simple
“winner-takes-all” decision. We will then determine the reduced sensitivity of the ML output to
the parton-shower algorithm by considering several parton shower generators.

Component 2: Dealing with the pileup of dozens and eventually hundreds of overlapping events
per beam crossing will become increasingly important as the LHC increases the luminosity of its
colliding proton beams. A casualty of pile-up will be loss of quality information about jets in the
event. Jets are a spray of energetic particles that are detected by the several components of the
detectors. They consist of protons, neutrons, pions, and kaons. What is important here is that jets
are comprised of neutral particles and of charged particles. Themomentum of charged particles
are extremely-well measured by the tracking system, and that is expected to still perform well even
with high pile-up. Themomentum and energy of neutral particles are measured in the hadronic
calorimeters, and compared to charged particles, these quantities are less well-measured. In events
with high pile-up, distinguishing neutral particles arising from the primary collision of interest
from those arising from other, uninteresting, collisions will become increasingly difficult since the
less-well measured momentum from the calorimetersmust be used to point-back to identify which
vertex the neutral particle came from. For charged particles, this will not be a problem.

To deal with this issue, we propose applying DL techniques to infer the information about the
neutral particle content of a jet from only the (well-measured) charged particle content of the jet.

The labeled data will include the momenta and energies of both the neutral and charged particles
in the jet, as well as the initial partonic energy in the jet. Typically charged particles comprise
about 2/3 of the jet energy, and the purpose of the ML would be understand how to correct the
jet energy measured from purely charged particles to obtain an approximation for the total energy
and momentum in the jet. A typical jet has a few energetic particles and a long-tail of soft
particles, so by training the ML on the distributions of charged and neutral particle energies, it
can correct for a fluctuation in the number and energies of the highest-energetic particles from the
actual distribution of charged particles in a measured track jet.

A common technique in vision processing known as image upscaling [13, 14]will be applied to

Graesser, Michael 4
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Effective Field Theory
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 QCD in a specific phase space region

 What’s good with EFT? 

- simple and handy

- Factorization of non-pert. and pert. parts 

- Expansion with systematic power counting

- can be improved to a desired accuracy

 Example of classical Effective Field Theory: 

Multipole expansion

Effective field theory of QCD
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At distance R~L, physics depends 

on all the details of charge distribution

Multipole expansion
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Multipole expansion
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At longer distance R>>L, 

things look a lot simpler



Multipole expansion
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Replace the charge distribution by

a point source + additional interactions



Multipole expansion

11Dimensional analysis:              , Qi j ∼L
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Multipole Expansion

The dipole and quadrupole moments     ,       depend on physics at 

the scale  
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SD

 Monopole, dipole, quadrupole, …

 Power counting:  L/R<<1

 Factorization: Short Distance x Long Distance



 Monopole, dipole, quadrupole, …

 Power counting:  L/R<<1

 Factorization: Short Distance x Long Distance

Multipole expansion
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~1/R ~L/R2 ~ L2/R3

Dimensional analysis:              , Qi j ∼L
2

Multipole Expansion

The dipole and quadrupole moments     ,       depend on physics at 
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EFT’s for quarkonium and for jet

Pheno Electrostatics quarkonium jet

EFT Multipole NRQCD Soft Collinear EFT

Small 

parameter
L/R

𝑣
(rel. velocity)

soft~ (λ2, λ2, λ2)

coll.~ (1,   λ2, λ )

(E+pz, E-pz, pT)

SD q, pi, Qij σ(cc[n]) 𝐻

LD 1/R1+n
<O [n]> ~ v3+2n

Non-perturvative

J1 x J2 x S ~ λ4+2n

NP partially



Effective Field Theory 

for Quarkonium
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Bodwin, Braaten, Lepage, PRD (1995)NRQCD Factorization

NRQCD Lagrangian is given by 

where

Full QCD is reproduced at the scale of order 𝑴𝒗 or less 

\deltabiline is given by a standard nonrelativistic particle 

interacting with chromo-electromagnetic fields



Bodwin, Braaten, Lepage, PRD (1995)NRQCD operators

is given by 

where

is a higher dimensional operator (LD)

…

Dimension-8 operatorsDimension-6 operators

is a SD coefficient, 

v scaling, double expansion, efficient



NRQCD in hadroproduction

 According to NRQCD, 

the cross section 𝑑𝜎 of the production of quarknonium 𝐻
can be factorized into

short-distance

coefficient

long-distance

matrix elements

 LDMEs are determined by fitting to the experimental data

 SD are for 𝑐 ҧ𝑐 or 𝑏ത𝑏 pair production in quantum state 

𝑛 =2𝑆+1 𝐿𝐽
[𝑎]

, where 𝑆 =spin, 𝐿 =orbital, 𝐽 =total angular 

momentum, and 𝑎 =color: 1 or 8

𝑑𝜎𝑖𝑗→𝐻 𝑞 ത𝑞 +𝑋 =

𝑛

𝑑 ො𝜎𝑖𝑗→𝑞 ത𝑞 𝑛 +𝑋〈0 𝑂
𝐻 𝑛 0〉



Xxx dominance

𝑱/𝝍 polarization puzzle

LO+Frag. Full NLO

C
ro

ss se
c
tio

n
P

o
la

riz
a
tio

n

large transverse 

polarization at high 𝒑𝑻
→ Disagreement with 

the measurement 

→ Even NLO NRQCD failed to predict the measured 

polarization

NNLO? or …



Leading-power (LP) approximation
Hee Sok Chung, Geoffrey T. Bodwin, U-Rae Kim, JL 

PRD93, 034041(2016), PRL113, 022001 (2014)

+ …

⊗

⊗

+ ...

∼
at large 𝐩𝐓

𝑱/𝝍 hadroproduction at NLO in 𝜶𝒔
LP approximation

in 𝑱/𝝍 hadroproduction at NLO in 𝜶𝒔

 Leading power approximation (~𝟏/𝒑𝑻
𝟑) 

in high 𝒑𝑻 limit up to NNLO in 𝛼𝒔

Dramatic modification of 𝟑𝑷𝑱
[𝟖]

[PRD83, 114021 (2011)]



𝑱/𝝍 polarization puzzle resolved?

Xxx is dominant (2014~)

Xxx is dominant (1995~)

Large cancellation between sss and  sss

~tot



Measuring the 𝑯𝒄ത𝒄 coupling

The couplings to 1st- and 2nd-generation quarks are unknown

One could hope to measure the 𝐻𝑐 ҧ𝑐 coupling in direct decays 𝐻 → 𝐽/𝜓+𝛾

• Direct process

• Proportional to 𝐻𝑐 ҧ𝑐 coupling

• The corresponding decay width is far 

too small to be observed at LHC. 

(Keung, PRD 27, 2762 (1983))

• Indirect process

• A newly identified process for 

producing 𝐽/𝜓 and a photon.

• Dominated by 𝑡 quarks and 𝑊 bosons 

in the loop.

• For 𝑱/𝝍, 𝓜𝐢𝐧𝐝𝐢𝐫𝐞𝐜𝐭 ≈ 𝟏𝟎 ×𝓜𝒅𝒊𝒓𝒆𝒄𝒕

The interference between the direct and indirect amplitudes 

is large enough to be measured at the LHC.

Geoffrey T. Bodwin, Hee Sok Chung, June-Haak EE, JL, Frank Petriello, [PRD90, 113010 (2014)]

Geoffrey T. Bodwin, Hee Sok Chung, June-Haak EE, JL, [PRD95, 054018 (2017)]



Direct process

• Nonrelativistic QCD (NRQCD) is used to compute the 

direct amplitude with relativistic corrections of order 𝑣2

(𝑣2 ≈ 0.25 for 𝐽/𝜓)

• QCD 1-loop correction is known and included

• Nonperturbative matrix elements are extracted from 𝐽/𝜓
leptonic decay rate

• We use the light-cone method to compute leading 

logarithms of 𝑚𝐻
2 /𝑚𝑐

2

Bodwin, Braaten, Lepage, PRD 51, 1125 (1995)

Vysotsky, PLB 97, 159 (1980)

Bodwin, Chung, Kang, Lee, Yu, PRD 77, 094017 (2008)

Lepage and Brodsky, PRD 22, 2157 (1980)



Indirect process

• Indirect process can be computed from 𝐻 → 𝛾𝛾∗ followed by 

𝛾∗ → 𝐽/𝜓.

• Because 𝐽/𝜓 is much lighter than 𝐻, 𝐻 → 𝛾𝛾∗ can be 

approximated by 𝐻 → 𝛾𝛾, which has been computed to high 

accuracy.

• 𝛾∗ → 𝐽/𝜓 can be extracted from the 𝐽/𝜓 leptonic decay rate, 

rather than using NRQCD.

• This approach effectively includes QCD radiative and 

relativistic corrections to all orders, and lead to 

greatly reduced uncertainties.

Dittmaier et al, arXiv:1101.0593

Dittmaier et al, arXiv:1201.3084



Observability of 𝑯 → 𝑱/𝝍+𝜸 at LHC

• ℬSM × ℬ𝐽/𝜓→𝜇+𝜇− = 1.66−0.09
+0.09 × 10−7 is comparable to 

the continuum background ℬ𝐻→𝜇+𝜇−𝛾 = 2.3 × 10−7.

(𝑚𝐽/𝜓 − 0.05 GeV < 𝑚𝜇+𝜇− < 𝑚𝐽/𝜓 + 0.05 GeV)

• Combined number of events for ATLAS+CMS, 

electron+muon final state:

– 0.3 events at 8 TeV LHC

– 113 events at 14 TeV high-luminosity LHC 

(157 events from the background)

• Expected acceptance/efficiency is about 50%.

Firan and Stroynowski, PRD 76, 057301 (2007)



Higgs-Stoponium mixing

Heavy higgs and stop-antistop bound state (stoponium) 

 have same quantum numbers 

 can mix in amplitudes

 decay into two photons

A naïve estimation in [PLB 765, 175 (2017)]

If the heavy higgs and stoponium have similar masses, 

then their mixing in the amplitude will lead to large 

enhancement of the diphoton cross section,

ranging from factors of 2-8



EFT approach to Higgs-Stoponium mixing

We perform an analysis using nonrelativistic 

effective field theory methods to investigate 

how mixing effects actually impact two-photon 

cross sections at LHC.



Coulomb-divergent corrections 

near stop-antistop threshold 

 𝑔𝑔 → 𝐻 → 𝛾𝛾 tree level + corrections from ǁ𝑡 ǁ𝑡

 ǁ𝑡 ǁ𝑡 near threshold has Coulomb divergent corrections of the form 
𝛼𝑠

𝑣

𝑛

→ Resummation

where 𝑮 is a Coulomb Green’s function



Resummation of stop-antistop corrections 

near stop-antistop threshold 

 𝑔𝑔 → 𝐻 → 𝛾𝛾 tree level+corrections from ǁ𝑡 ǁ𝑡

⋯

 Corrections from ǁ𝑡 ǁ𝑡 are greatly enhanced near threshold 

→ Resummation 

 Resummation dresses Higgs propagator



Amplitude 𝑨(𝑔𝑔 → 𝛾𝛾)

𝑨𝒕𝒐𝒕(𝒈𝒈 → 𝜸𝜸)

𝑨𝒕𝒕
𝑩𝒂𝒓𝒆(𝒈𝒈 → 𝜸𝜸)

𝑨𝑯
𝑩𝒂𝒓𝒆(𝒈𝒈 → 𝜸𝜸)

 Naïve prediction for Higgs contributions

 Contribution from stoponium only

 Amplitude Including resumed corrections



𝝈 × 𝑩𝜸𝜸VS 𝒎𝑯
Hee Sok Chung, Geoffrey T. Bodwin, 

Carlos E. M. Wagner, [PRD95, 015013 (2017)]

More rigorous understanding of 𝐻 − ǁ𝑡 ǁ𝑡 mixing mechanism

Good example where EFT methods developed for SM physics 

can prove useful for BSM phenomenology



Effective Field Theory 

for jet
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Soft Collinear Effective Theory
Bauer, Fleming, Luke, Pirjol,  Stewart (2000, 2001)
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SCET factorization

QCD

hard propagator shrinks into a point 

collinear jet field

hard coefficient
soft Wilson line 

SCET

collinear
soft 

=

=

+ O(λ4)

+ O(λ4)



2 Jet Factorization Thms
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SCET factorization for ep, pp

H: q/g created at the short distance

f, J: coll. radiations from initial/final state 

Universal fact. structure captured by EFT, 

Not easy in QCD!
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Also, similar fact. in ee to di-jet!
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FIG. 6: Cumulant cross section in τ a1 at Q = 80 GeV and
x = 0.2. Colored bandsshow theoretical uncertainties around
central values (lines) to LL (dotted line, green band), NLL
(dashed line, blue band), and NNLL (solid line, red band) ac-
curacy and thehorizontal dashed line is the total cross section
at fixed x,Q2.

V I I I . R ESU LT S

In this section wepresent our numerical results for the
three versions of DIS 1-jettiness: τ a1 , τ

b
1 , and τ c1 . We

plot the cross sections accurate for small τ1 resummed
from LL to NNLL accuracy, and also the singular terms
at fixed order O(αs) (NLO) for comparison. (We esti-
mate the size of the small missing non-singular terms by
comparing to the known O(αs) cross section integrated
over all τ1.) We start by describing the τ

a
1 spectrum in

detail, and then compare the features of the τ b1 and τ c1
cross sections relative to the results for τ a1 . We choose
s = (300 GeV )2 as in the H1 and ZEUS experiments.
For the PDFs, we use the MSTW2008 [110]set at NLO
and include five quark and antiquark flavors excluding
top. To be consistent with the αs used in the NLO
PDFs we use the 2-loop beta function for running αs
and αs(mZ ) = 0.1202.
Wepresent resultsfor thecumulant crosssection σc(τ1)

defined in Eq. (183) and the dimensionless distribution

dσ̂

dτ1
=
1

σ0

dσ

dτ1
=
d

dτ1
σc(τ1) . (224)

Note that both the cumulant σc(τ1) and the differential
distribution dσ̂/dτ1 are differential in x and Q

2. How-
ever, for notational simplicity we made their x and Q2

dependences implicit in this section.

A . τ a1 cross sect ion

In this subsection, we present results for the cumulant
cross section σc(τ1) and differential cross section dσ̂/dτ1
for the “aligned” 1-jettiness τ1 = τ a1 .
Fig. 6 shows the τ a1 cumulant cross section, defined

by Eq. (183), at Q = 80 GeV and x = 0.2. In or-

FIG. 7: Weighted differential cross section in τ a1 at Q =
80 GeV and x = 0.2. Colored bands show theoretical uncer-
tainties around central values (lines) at fixed order αs (dot-
ted line, gray band) and resummed to NLL (dashed line, blue
band) and NNLL (solid line, red band) accuracy.

FIG. 8: Differential cross section in τ a1 at Q = 80 GeV and
x = 0.2 in thepeak region, NNLL with nonperturbativeshape
function taken into account (NNLL PT+NP, dashed, orange),
and without NP shape function at fixed-order αs (NLO PT ,
dotted, gray) and resummed (NNLL PT , solid, red).

der to illustrate perturbative convergence the results re-
summed to LL, NLL, and NNLL accuracy are shown.
The bands indicate perturbative uncertainties by vary-
ing the scales µH ,B ,J,S given by “profile functions” as
described in Sec. V I I C 1, and there is excellent order-by-
order convergence, and beautiful precision at NNLL or-
der. The cumulant cross section increasesmonotonically
from the small τ a1 region and begins to saturate near for
large τ a1 where the integral defining this cumulant be-
comes that for the total cross section. There is a small
gap between the total cross section at O(αs) (dashed
horizontal line) and our NNLL cumulant at large τ a1 , re-
flecting thesmall sizeof nonsingular termsnot taken into
account in thispaper. Notehowever that these termsare
important at the level of precision of our cumulant cross
section, and hence they will be considered in the future.
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cured by resummation. 

Good convergence
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(NLL, NNLL) 

: ratio of typical jet observable to collision E

SCET easily captures the logs and resum by RG evolution.
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Large Log under control

Daekyong Kang, Lee, Stewart, JHEP ‘14

Daekyong Kang, Laban, Lee, PLB ‘15

jet observable



 Data dominated region but large Log(pT/MHiggs) 

 Large pert. uncertainty induced by large color factor 
motivates the higher-order computation.

Higgs distribution at small pT
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 To higher accuracy, 

available up to N3LL

 To faster computation w/ series expansion

Good convergence at N=7

Progress in Higgs 𝒑𝑻
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arXiv:1710.00078

Li, Neill, Zhu, PRD 2016, PRL 2017, 

Bizon, Monni, Re, Rottoli, 

Torrielli arXiv:1705.09127



Summary
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Soft Collinear Effective TheorySummary and Outlook

• Understanding strong interaction requires quantitative 

information on both perturbative and nonperturbative

regimes

• QCD Effective field theory is a strong theoretical tool 

to investigate strong interaction systematically

• Quantitative analysis based on QCD EFT is quite 

powerful to explore unknown area like BSM because 

of its rigorousness



Thank you
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