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Quantum Chromodynamics

Effective theory of Weak Force

HQET, Non-Relativistic QCD

Soft-Collinear Effective Theory




Quantum Chromodynamics
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Running Coupling Constants

P’
> < o) q=p - p :momentum transfer
AN X =
— q
P/ q ~alog(|q’|/me) gl > me

>www< " >w@m< | >“Q@““<+- o (@

Vacuum Polarization screens bare charge
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QED QCD

electrons/positrons - (+,-) charges quarks - three colors (r,g,b)

photon - neutral gluons - 8 colors (e.g., r g)
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Key Difference: gluons colored and self-interact



Asymptotic Freedom

(Gross, Politzer; Wilczek; Nobel 2004)

Screening

Anti-Screening
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UV perturbation theory valid

IR - Strong Coupling

Confinement — Colorless Hadrons
Chiral Symmetry Breaking

AQCD ~ H00 MeV



Confinement

Physical Strongly Interacting Particles (hadrons) are Colorless

Mesons - q q Baryons - qqg

Potential Energy between quark and antiquark
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force between quark and antiquark separated by ~| fm equivalent to |4 tons!

try to pull a quark-antiquark, create more mesons

~ 1 fm
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Hydrogen atom O ~ 1/137
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Hydrogen a two-body system up to small corrections

Meson (qq + ...)
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many-body system: many Fock states contribute



Chiral Symmetry

chirality = helicity (for a massless particle)
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Spontaneous Chiral Symmetry Breaking



® Vacuum: (JrqRr) <
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® recover vacuumas A — oo (k — 0) E(k) x k

relativity: E(k) = \/k2 + m?

@ Spontaneous Symmetry Breaking — Massless Particle

Goldstone Boson



@ real world m,,mg,ms #0 pseudo-Goldstone Bosons

) _
mpap X Mq(0]7q|0)
@ Light hadrons of QCD: pions, kaons, and eta’s

m. ~ 140 MeV mir ~ 496 MeV m, = 547 MeV

Chiral Symmetry Breaking determines the low lying

degrees of freedom of QCD, constrains their self-

interactions and interactions with other hadrons




Interactions vanish as &£ — (O derivatively coupled

weakly interacting at low energies:

Chiral Perturbation Theory (ChiPT)
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Coupling to nucleons
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Long range nuclear spin-tensor force
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Bottom-Up EFTs

isolate relevant degrees of freedom

small expansion parameter (ratio of scales):

Lagrangian is most general consistent w/
symmetries of underlying theory, i.e. QCD

Power Counting - count powers of expansion
parameter in Lagrangian and in Feynman diagrams

coefficients in Lagrangian determined by experimental or lattice simulations

Examples: ChPT, effective theory of NN interactions, 7/V interactions,
Hadron molecules, e.g., X(3872), Tc. ...



QCD Factorization
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Deriving Factorization

P y apply Operator Product
DIS do o / d'ac > T @) O PPPY e e

DY All-orders diagrammatic proofs in pQCD

these can be challenging!

G. T. Bodwin, Phys. Rev. D 31, 2616 (1985) [Erratum-ibid. D 34, 3932 (1985)]
J. C. Collins, D. E. Soper and G. Sterman, Phys. Lett. B 134, 263 (1984)

G. T. Bodwin, Phys. Rev. D 31, 2616 (1985) [Erratum-ibid. D 34, 3932 (1985)]
J. C. Collins, D. E. Soper and G. Sterman, Nucl. Phys. B 308, 833 (1988)



Operator Product Expansion
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Wilson coefficients obey RGE
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Naive dimensional analysis Anomalous dimension




General form of DIS cross section
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Parton Model
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Bjorken scaling: F12(z,Q°) independent of Q?

Callan-Gross relation: F5(x) = 22 Fi (x) spin-1/2 quarks



OPE Analysis of DIS

Reproduce parton model results
Moments of pdf’s are related to local twist-2 operators
Anomalous dimensions twist-2 operators imply scaling violation

DGLAP evolution equations for structure functions



QCD Evolution - DGLAP Equations
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Cross section is independent of U
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Minimize logs in short-distance cross section In (?)



1.0

0.7

0.5
0.4

0.3

0.2

FQ(ma Q2)

0.1

0.07

0.05
0.04

0.03

0.02

lllll | I lllllll \ 1 1 lllll ) |

—e

x =,O.14 (x 2.0) _

_W -
HMMWMMS (x1.6) .
’ ¢

) @W%%WQ% (x 1.3)"
00 .

3% = 0.07 (x 3.2)
o ‘ A , .
W z=0.10 (x2.5)

J

s e-D  SLAC
o u-D BCDMS

s pu-D NMC 90 GeV
v p-D NMC 280 GeV
o pu-C BCDMS

e v-Fe CCFR

lllll | | lllllll | L Illllll

12 5 10 20 50 100 200
Q* (GeV?)

DGLAP tested over a large range of Q2

Peskin, Schroeder, Intro to QFT, p.592, data from 1994



H1 and ZEUS
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Summary of Important QCD Concepts

Asymptotic Freedom

Confinement, Chiral Symmetry Breaking

High Energy QCD: Factorization, Evolution

Low Energy: Lattice QCD, Effective Theories
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Effective Theory of Weak Interactions - b decay
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Tree level - reproduces tree level Standard Model

One loop QCD corrections to effective operators
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Evolution equations for Wilson Coefficients
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Renormalization group improved Hamiltonian
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Matching and Running

L4—Fermi

RGE
Evolution



Effective Theory Principles for Top-Down construction of EFTs
Degrees of freedom - SM fermions
Power Counting - Dimensional analysis

Symmetries constrain Lagrangian - Lorentz Inv., color
Match effective Lagrangian at the high scale

RGE evolution to low scales



Effective Theories of this type for QCD:
Heavy Quark Effective Theory (HQET)
Non-Relativistic QCD (NRQCD)

Soft-Collinear Effective Theory (SCET)

Useful for: - realizing emergent symmetries of QCD

e.d. heavy quark spin-flavor symmetry mg — o<
- deriving new factorization theorems

- resummation of large logarithms



HQET
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Heavy quark is static source of color l.d.o.f. same in mg — 00
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Heavy meson decay form factors

(D) |V¥|B(v)) =h (w) (v+0)*+ h_(w) (v—V")*,
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Isgur-Wise function &(w) =&(v"-v), £(1) =1

ho(w) =hy(w) = ha, (W) = ha, (W) =&(w),
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D" and D are degenerate In heavy quark limit

Heavy hadron chiral perturbation theory
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NRQCD
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Non-Relativistic QCD (NRQCD) Factorization Formalism

(Bodwin, Braaten, Lepage)
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double expansion in oy, v

NRQCD long-distance matrix element (LDME)
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Soft-Collinear Effective Theory

Two jet events in e+ e- collisions

Ps/

N

Final state particles: energetic partons collinear to jets, soft radiation
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Many scales: @), /5, mj, jet substructure



Soft Collinear Effective Theory (SCET)

Multipole expand QCD fields onto fields w/ definite momentum scaling

PP = ¢, + Pn + Pus + ...

Match QCD currents onto operators composed of these field

Decouple fields at level of SCET Lagrangian using BPS field redefinition

Factorization: cross section written in terms of matrix elements of different fields

Resummation: SCET RGE for each term in factorization theorem,
logs minimized at one scale

Glauber Modes: forward scattering of opposite collinear modes,
factorization violation, often neglected in SCET analyses

|. Z. Rothstein, |. W. Stewart, JHEP 1608 (2016) 025



Soft Collinear Effective Theory (SCET))
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Soft Collinear Effective Theory (SCET)
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What is a |et!

Collimated shower of energetic final state particles

3 jet event at DESY
evidence for gluon

Jets at CMS



Jet Algorithms
sequential clustering algorithms

boost invariant distance measures (hadron collider)

N ( AR2 p = 1: kralgorithm
ij = n;m PT ’pT]) Rz ‘ ARfj = (yi —y;)* + (pi — ¢;)*  p = 0: Cambridge-Aachen
dip = PT’; p =-1: anti-kr

1) calculate djj, dig for all i,
2) If djj smallest combine i and |, if dis smallest object is a jet and removed

3) repeat until every particle has been assigned to a jet

cone algorithms

more commonly used at et e- colliders



ki, R= o [GeV] Cam/Aachen, R=1

SISCone, R=1, f=0.75

AERARRR
PARSARSLS
L ““ a

M. Cacciari, G.P. Salam, G. Soyez, JHEP 0804:063,2008, arXiv:0802.1189



All jets characterized by: W j- light cone momentum R - jet radius

or Pp- transverse momentum

can also study jet substructure - functions of jet constituents

" __ 1 +\1—a/2/,.—\a/2 —
angularities Ta = — Z( ) (p;) W = ZZ p;

identified hadrons within jet
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