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Aim of lectures

To give an introduction to QCD
intended for those interested in
pursuing research in nuclear
physics. Lecture are very
selective...



Organization

® Lecture I:  Intro/EFT/ChiPT
® Lecture ll:  ChiPT(cont)/LQCD
® | ecture lll:  Nuclear Physics from QCD



| ecture |:

® |Introduction
® C[Effective Field Theory
® ChiPT: a primer



Energy Budget of the Universe

EVERYTHING ELSE,
DARK ENERGY INCLUDING ALL STARS, DARK MATTER
PLANETS, AND US




Nuclear physicists are
interested in understanding
this 4% quantitatively!




The Nature of the Visible Matter in the Universe I

Dictated by the Standard Model:

gravity
electromagnetism:QED

weak interaction

strong interaction: QCD




QCD looks simple!!
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Complicated many-body problem




% Together with E&M QCD must give:
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Even simplest systems are complex:

proton . © pion ()
o000 anti-quark o0

Requires high-performance computing!! I



Nuclear Physics: two layers of complexity!! I

® quarks

_——

—= 0000" gluons
T~ @ anti-quarks

Helium-4

neutron

v' Nuclear physics from first principles is hard!



Current Lines of Attack I



Current Lines of Attack I

EXPERIMENT

N




Current Lines of Attack I

EXPERIMENT

/ \nphys — mq




u,d,s quarks
CHPT

EFTs for
lattice QCD

lattice
nuclear EFT

c,b quarks
HQEFT
nuclear physics
chiral EFT

Ulf-G. MeiBner

universality
contact EFT



Physicists choose to study problems with
widely separated scales

E EA
M planck

T M W.Z enzyme excitation ;;

spectra E E

Physics Biology



Consider a physical system with multiple scales

Arrange the various scales into two groups such that:

low — momentum scales < p

high — momentum scales > A\

p <A —  Effective Field Theory

include low-momentum d.o.f.
omit high-momentum d.o.f.
systematically improve description in:

TN
= |
N———
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Utility of EFT?

Better understand problems with many length
scales. (e.g. nuclear physics, atomic physics)

Compute low-energy scattering without knowledge of
short distance physics. (e.g. the Standard Model)

Develop low-energy theory with non-perturbative full
theory. (e.g. chiral perturbation theory)



Consider a system with N scalar fields
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Consider a system with N scalar fields

¢7 (1)17 (I)Qa SR (I)N—l
If me >A
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Consider a system with N scalar fields

¢7 (1)17 (1)27 I (I)N—l
If me > A

non-local!
SEFT = /(]4.1’ £EFT

High-momentum d.o.f. are integrated out l




Expand the non-local action:

e
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¢ Constrained by Lorentz invariance ... and ¢ — —¢
o Assume C_o, N\, Cpn, d, <1

© OO number of operators!




Expand the non-local action:

e

-

1 ‘ n 271 d 2 271
Lrpr = 5(%(1’)2 “— A% + 4,‘45 +Z (AZn a A2n( 0u9)* 9"

¢ Constrained by Lorentz invariance ... and ¢ — —¢
o Assume C_o, N\, Cp, d,, <1

© OO number of operators!

Dimensional analysis:

h = 1 —_— [X]:—l [t]:—

[/ddl‘ﬁEFT] =0 — [qb] — d/2 — 1




Which operators are most important?



Which operators are most important?

de(x) = p(Ex) ~ ™o
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Which operators are most important?

be(z) = ¢(lx) ~ e

kE — 0 selects infrared

§—0 — . .
configurations
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Which operators are most important?

be(z) = ¢(lx) ~ e

& — 0 —

k& — 0

selects infrared
configurations

SErT (¢(§x);c_2, A\, Cpnydy, . .

) = Serr (§ ' 0(x); € e 2, N, "¢, £, ..

)

q§_>§—1¢ ; C—2—>§_26_2 . A — A

b

2n
Cpn — § Cn

Scaling to the infrared:
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In classical, relativistic EFT:

scaling dim = mass dim

— 1, fesl =2, N=0, [ = [d] =-2n

Dominant effect from lowest dimensions! I



In classical, relativistic EFT:

scaling dim = mass dim

— 1, fesl =2, N=0, [ = [d] =-2n

Dominant effect from lowest dimensions! l

ow do quantum effects alter scaling?

Operators renormalize each other via loops!



C1 d4q 1 C1

AX ~ YAz ) @rigomE " ()
d*q 1 c1 A
Acy ~ ~ A / ~ 92 Jog A
o)A 2 ™ (4n)?
J (2n) (qz —m?é) (4)

These shifts are perturbative by assumption!



AN ~ Lo [ de 1«
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These shifts are perturbative by assumption!






A
(4m)

Ac_g ~ + +...N(

m¢ <A requires fine tuning!

Hierarchy/naturalness problem!




Acy ~ + +...~(A +

(4m)2  (4m)*
my <A requires fine tuning!
Hierarchy/naturalness problem!

Fermions do not have this problem!
Chiral symmetry




EFT Strategy

|dentify low-energy d.o.f

|dentify the symmetries
Construct most general EFT
Determine power counting
Choose desired accuracy

Determine parameters (matching)



Blue light scatters more strongly from atoms in the
atmosphere than red light!



Consider interactions of photons with neutral atoms

Physical scales

Photon energy:  w

Atom mass: My

Atom size: ag "

Atom level spacing:  AE

. J/

hierarchy

w <K AE < agt < My
of scales



Mi' <ay < AE™' <w™! |

Rayleigh
Scattering

AE~! | Qg ‘Mgl

photons not probing
these scales!



degrees of freedom?

A, creates and destroys photon

Dy

destroys atom with velocity wv,

creates atom with velocity o,

Constrained by Lorentz and gauge invariance



degrees of freedom?

A, creates and destroys photon

Dy

destroys atom with velocity wv,

creates atom with velocity o,

Constrained by Lorentz and gauge invariance

Building blocks:

8” ¢I} ¢’U F,ul/ U
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kinetic terms

Atom e.o.m: s oy = 0 = E =0

s

£EFT = (_Zlcgﬁ:rj(vaw,F“V + (_:QqﬁlqﬁvvaFangFﬁ“ + (:g(}ﬁl(]ﬁv (Uaaa)F,wF“V —+ ...

oo number of interaction operators | need power-counting

Ful =2, [0 = 5 ] = o] = =3, o] = —4

Dominant effect from lowest dimensions!



Dimensions must be made from high-energy scales!

AFE. aal,...




Dimensions must be made from high-energy scales!

AFE, aal,...

Scattering with  w < AE, a;5' ~ classical

Lrrr = af (010,00 Flu F* + a2l dpv® FouvgFP*) + ...

W from derivative operators!

Scattering amplitude: Al ~ a

Cross-section: o] = =2




governed by
_ “smallest”
high-energy
scale

Blue light scatters more strongly from atoms in
the atmosphere than red light!

Yellow /gm0

{ \[_,',"“7]..




governed by
_ “smallest”
high-energy
scale

Blue light scatters more strongly from atoms in

Yellow / —jgsa—

orange

To calculate the coefficients must match the full theory to the EFT

(See Jackson, Classical E and M)



u,d,s quarks
CHPT

A

EFTs for
lattice QCD
lattice
nuclear EFT

c,b quarks
~._ HQEFT
nuclear physics
chiral EFT

universality
contact EFT
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u,d,s active flavors
D, = 0, +igA, A, = ALT,

T, € SU(3)
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Locn =Y (@iPq; — midiq;) — 5 G G
. 1=1
u,d,s active flavors
D, = 0, +igA, A, = ALT,

T, € SU(3)

Chiral decomposition

Z q'ﬂlp% — Z QLzleQLz T QRzZ]DQRz)

U3)rL xU(3)r INnvariance

qL.R =
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U(1)a anomalous

\ 4

U(l)y x SU3)L x SUB3)r

/

Baryon number \

\

Chiral symmetry: [qm‘ = Lijar;  arj — Rz‘qu]

Z m;q;q;
i

= Z qRi]\/fiquj + h.c.
1,9

My,
M = my
Mg



If mass matrix were field with:

[ M — RML' J spurion

then mass term would be a chiral invariant



If mass matrix were field with:

[ M — RML' } spurion

then mass term would be a chiral invariant

NOTE

Q mu, mqg K my SU12)L x SU(2)r  better than SU3)L x SU(3)r

Q® my =my =my; #0 SUB)y (L = R) Isexact

@ My = mag #0 SU@2)y Isospin (L = R) is exact

O 3xU(l)« B+ 13+Y



Consequences of chiral symmetry? 3%‘\ E

-

Assume ground state baryon octet of positive parity : P

Pl(LaR» - |(R>L)>
[B> ~[(1,8)) + [(8,1)) }
PIB) = |B)

Must also have:

[B*>~|(1,8>> - |(8,1>>J PIB’) = 1B

Hoep € (1,1)

[ Mp = (B|Hqgcp|B) = (B*[Hqgep|B™) = MB*]

Parity doubling!  (Wigner-Weyl)



EXPERIMENT: non-strange Baryons
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Mass (MeV)
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EXPERIMENT: Mesons

Big splitting!!

©E




G = SU(3), x SU(3)x

Wigner-Weyl realization of G
ground state is symmetric

<O|(7R q. |O> =0
ordinary symmetry

spectrum contains parity partners
degenerate multiplets of G

Nambu-Goldstone realization of G
ground state is asymmetric

<O|‘7R q. |O> =0
“order parameter”
spontaneously broken symmetry
spectrum contains Goldstone bosons
degenerate multiplets of SU(3),, C G




Analogy

Above T, Below T%.:
AN e / — p——
/ —
~——g \
J ™ —
i o — >
/ B
(M) =0 (M) # 0
Ferromagnetism QCD
Ground state [magnet) | QCD vacuum |0)
(magnet|M |magnet) (0|gq|0)
0O(3) SU(2)a
Low temperature Low energy, also T
Magnons Pions




