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A Short History of

the Strong Interaction



Quark Model (1960s)

Proton =

No interactions; no dynamics!
Also no quarks visible.



Interactions — QCD (1970s)

Gauge theory (like QED) = complete theory!

gluons — Fyy(x) (tensor of traceless 3 x 3 color matrices)

quarks — ¢(x) (Dirac spinor of color 3-vectors)



But unlike QED ...
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Nonfinear: g gluon carries QCD charge

Strongly Interacting: ; charge g big

= Can’t solve QCD.
= Adds nothing to understanding of proton structure?

= Theory useless??



Asymptotic Freedom (1973)

>

§1q gerr=9(q) = 0 as q — oo,

= Solve QCD for high-energy (short-distance) processes by
expanding in powers of:

94(q)
41

as(q) =

= Detailed experimental verification of QCD at high-energy
accelerators (1980s-2000s).

But still no insight into proton, neutron, pion ... structure
since low-energy (<1 GeV) QCD is nonperturbative.



Lattice QCD
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Confinement of quarks*

Kenneth G. Wilson
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A mechanism for total confinement of quarks, similar to that of Schwinger, 1s defined which requires
the existence of Abelian or non-Abelian gauge fields. It is shown how to quantize a gauge field theory
on a discrete lattice in Euclidean space-time, preserving exact gauge invariance and treating the gauge
fields as angular variables (which makes a gauge-fixing term unnecessary). The lattice gauge theory has
a computable strong-coupling limit; in this limit the binding mechanism applies and there are no free
quarks. There is unfortunately no Lorentz (or Euclidean) invariance in the strong-coupling limit. The
strong-coupling expansion involves sums over all quark paths and sums over all surfaces (on the lattice)
joining quark paths. This structure is reminiscent of relativistic string models of hadrons.



Lattice Approximation

Site—> e o o o,

Continuous © o o o 1
>
Space & Time ”nk_,I *
e o o

= Fields ¢(x), Au(x) specified only at grid sites (or links);
Interpolate for other points.

= Solving QCD - multidimensional integration:

JDAN... e~/ Ldt ——>f [ | dAuxp) ... e22b

xjeqgrid




Wilson’s Gluon Action

® |ntegration variables are link variables (SUs matrices):

x+afl c o o
Uu(x) =Pexp (—iJ gA(y) - dy) X

° —o o— U
X

e Action:

6 * Y
Sgluon = Z (1—-Puv(x)) . XE:I I_> U

2
g-(m/a) X H=V Puyv(x)

where

1
Puy = S ReTr (Uu0OU(x + Ul (x + aft + ad)Ut(x) )



e Compare continuum S —

t _ 4 ,
S;‘l’d‘on = J d*x Z TrFW(x)

u=>v

e Wilson’s action is very complicated but gauge invariant
without gauge fixing.

e QCD as a spin model.

e Expand in 1/g(m/a) = | Confinement!!!




e But large g(m/a) implies
- large lattice spacing (asymptotic freedom);
- large lattice artifacts (e.qg., breaks rotation & Lorentz invariance);

- useless for phenomenology.
e Use numerical integration of path integral instead.

N.B., 643x192 lattice has 1.6x10° integration variables
(gluonic), so need Monte Carlo integration/simulation.



Theory “Stalls” for 20 Years

® Lattice spacing errors too large in simulations.

- O(a') errors in Wilson’s discretization = need very small a.

e Light-quark vacuum polarization too expensive for
realistic (very small) u/d quark masses my:

_— ¢ 103x108 matrix (today).
det (a —(gA) - Y + mq) e Sparse; solve iteratively.

/ eSingular at my = 0.
§ e Extrapolate in mgy or omit.

e Computing cost o (1/error)® for Wilson discretization.

- 100x increase in computer power reduces error by only 44%.

® \Wilson declares lattice QCD dead (BNL, 1986).



Quantum Field Theory on a Lattice



Approximate Derivatives

Numerical Analysis =

oY (x;)

= My + O(a?)

Y(xj+a)—y(xj—a)

20

= Use only ¢’s at grid sites.



Large a = need improved discretizations.

E.q.,
Y a?
— = A — — A3+ 0(a®
0X } 6 VO i
10-15% for 1-2% for

a=0.4 fm a=0.4 fm

= a = 0.4 fm okay?

Except ...

gquantum numerical analysis # classical numerical analysis!



Ultraviolet Cutoff

Amin = 24 IS smallest wavelength on lattice.

Eg.) ¢= +1 -1 41 -1 +1

= all quark and gluon states with p > m/a are excluded by
the lattice since p = 2m/A.

Lattice QCD

QCD + (nonperturbative) lattice UV requlator
real QCD



But Vp’s important in qguantum field theory!

(Consider ultraviolet divergences.)

Renormalization Theory = mimic effects of p > n/a excluded
states by adding a-dependent /ocal terms to the field
equations, Lagrangians, currents, operators, etc.

K.Wilson late 1960s, early 1970s.




= Y — AY + c(a)a’A3y +---

where
c(a) = _E . Contribution from
p > m/a physics
Numerical Theory & context specific

Analysis. = not universal!



Bad News: Need a? corrections when a large, but Numerical
Recipes can’t tell you values of c(a) ...



Bad News: Need a’ corrections when a large, but Numerical
Recipes can’t tell you values of c(a) ...

Good News: p > m/a QCD is perturbative if a small enough
(asymptotic freedom).

= compute c(a) ... using perturbation theory.
= Perturbation theory fills gaps in lattice.

= Continuum results without a — 0!



where

K Renormalization constant.

LN = Z@)yh-y -—m(a))y
+c(a)a? yi> - yy

+ ... \
Finite-a correction.

1
c(a) = _E + c1as(t/a) + - --

Mimics effects of p > m/a

Numerica states excluded by grid.

Analysis



Lattice QCD Strategy

Asymptotic freedom in QCD =
® short-distance physics simple (perturbative);

® |ong-distance difficult (nonperturbative).

Lattice separates “short” from “long”:

e p > m/a QCD - corrections 6L computed in perturbation
theory (@ must be small enough).

e p < m/a QCD - nonperturbative, numerical Monte Carlo
Integration.



Two QCD Breakthroughs

1990s: Larger a.
Before = need a < 0.05 fm.
Now, better discretizations = a = 0.1-0.4 fm works.

Simulations cost « (1/a)®
= new simulations cost 10°=10° times less!



Two QCD Breakthroughs

1990s: Larger a.
Before = need a < 0.05 fm.
Now, better discretizations = a = 0.1-0.4 fm works.

Simulations cost « (1/a)®
= new simulations cost 10°=10° times less!

2000s: Smaller u/d quark masses.
Before = my,y 10-20x too big; vac. pol'n impossible.
Now, better discretizations = faster = correct masses.

Vac. pol'n enters at 15-30%
= high-precision (few %) possible for first time.



Does it work?



Example: Quarks and Relativity
Standard discretizations of the quark action have O(a?) errors.

2
Liat # Y(D -y +m)y + %ZEDEI'Y“‘//+H-
1

J

O(a?) error violates rotation/Lorentz
iInvariance; removed by adding
correction term.



Test by computing

Lorentz invariance implies:

c’(p)=1 Vp



E.qg., c? for nc with me = 0.67/a using highly improved HISQ

discretization:

11 L | |
RS T S , S ¢ + ___________
NU
0.9 L
0 025 0.5  0.75
p? (GeV?)

Follana et al (2007) .

N.B. Gives 0.56 without
O(a?) corrections.



Mass (Gev)

Test relativity Iin hyperfine spin-splittings of heavy-quark
mesons; compare with experiment:

3.1

N.B. Few MeV precision with no free parameters!

HISQ

_._.._.__._.._,__._9-

Tc

N

2.1

a=1/8fm a=1/11fm
. .
D D




Example: Add u,d,s Vacuum Polarization

1990s 2000s
no vac pol'n u,d,s vac pol'n
T T Lattice QCD/Experiment
- ? - e Correct answer is 1.
I —— K -,
e | o e Focus on well measured
Se | 3M=— My e quantities.
2Mp, — My, + e Only 5 parameters: e.qg.,
— 2Mp, — My - tune quark masses from
: Mp —]\41)S ——
: Mz, Mg, Mpc, Mpp, TUNE
; My — M, .t . gt
. SO1P — 15) : are coupling from
| Y(1D — 18) e Y(25-1S) (or ...)
. Y(2P —15) . = no free parameters!
| T(35-19) .
* TP -18) = Davies et al (2004).
09 1 1.1 09 1 1.1

LQCD/Exp’t (ny = 0) LQCD/Exp’t (ny = 3)



Lattice QCD since 2004



Physics Focus

1) Heavy-quark physics.

- Major experimental program to measure weak decays of c and b
quarks to few % (BaBar, Belle, CLEO-c, Fermilab, LHCD, ...).

- Push Standard Model to point of failure (SUSY, extra dim. ... 77)
- Lattice QCD essential:

quark decay = weak-interactions x QCD

- CKM matrix unitary? ( VA Vs Vub \
mT— Vv K—=lv B-—Tlv
K — mtlv
Ved Vs Veb

D—-lv Ds—lv B-—-Dlv
D—-omlv D—Klv
Vid Vis Vib

\ (Bg|Bg) (Bs|Bs) )




2) Hadronic spectrum, structure, QCD parameters ...

Major experimental programs at DESY, JLab ...
Structure functions, form factors ...

Low-energy nuclear physics, small nuclei on the lattice.
Exotic/hybrid mesons, glueballs ...

High-precision quark masses, as = precise Higgs decays.

3) QCD at finite temperature and density. (RHIC)

4) Strong coupling beyond QCD. (LHC?, ILC?)

2 of 3 known interactions strongly coupled. (QCD, gravity)
Generic in non-abelian gauge theories ...

... unless gauge symmetry spontaneously broken (= strong
coupling)



Sampler

Slides from C. Davies review
2013 Lepton-Photon Symposium
San Francisco



Results for the masses of mesons that are long-lived and so can be

] : : - —— 7 ]
well-characterised 1n experiment AD——
t
E 2011 fix param
params
201 2 ¥ \@b(ZP) / (2P) postdcns —+H—
=Y
i le it —&——= b ® o6 predcns —6—
T—> Wb———Y hy(IP) E})( : Y(D)
S| T -
>
3 b quark i'® 5 o e B '
e \ * © BCO
= ]]338 S = ]>3,<s HPQCD:
2 1207.5149
09
E T n‘ = 1P‘ == §C2 -
c = - cl
e ——E gy © %0 — ¢ quark
D &«
2 - DS=E:E= "
u, d, s quarks
. —

Agreement very good - errors typically a few MeV, need to worry about em, mu-md ..

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Meson decay constants
Parameterises hadronic information needed
for annihilation rate to W or photon: " oc f 2

0.8 e / \

——— 7 ] . —
". Lattice QCD predictions —&—
= Lattice QCD postdictions —=—
0.7 F Y experiment -
(o0} My
S 06} -
8
O
= 05k HPQCD : -
<Z: 1208. )‘2855 Y
= 7 @
i J/ Y i
% 04 ® N, @ w BC
3
-~ 03} " |l 2012
<
Eu) @ DS ® B -
S
A 02} ) ®= D' g7 =l <2
" —=—K B — T
0.1 F i
UNFLAVORED FLAVORED HPQCD
0 1302.2644

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Constraining new physics with lattice QCD Vs Vad
* results at physical u/d quark masses™ f K / f7T " )~

0.164F | | ] / . U
S 0162} _ B \
S 0.160 | |
= / A N\
= 0.158 . o

Annihilation of K / T to W

10T 1 allows CKM element

0.150 | 1 determination given decay

0.145 | | constants from lattice QCD
VY ) _|_
% 0.140 1 expt for F(K+ — (V)
< 0.135 - F(W¢ — tv)

0-1307 { Wuslfrer _ 0.27598(35) o1+ (25) s

005 010 015 020 Vil s
HISQon 2 omd—m2) S [t
m My —Mm . .

MILC configs " :K,nvla ”d m fK+ from lattice gives CKM
HPQCD:1301.1670 “ > ™

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Comparison of results  (note: [+ < [) R123:1303.4896
gives by 0.40(4)%

good agreement from different formalisms

* results at physical u/d

T/t 4« quark masses*
" n=2+1+1 | HPQCD, 1303.1670 !
HISQ A K+
. MILC, 1301 5855 = 1.1916(21)
HISQ fo+
N ETMC, Lattice2013 l
twisted mass v
____________________________________________________ [Vis| = 0.23160(29) capt (21) par (41) 1ass
i/t [V
— n=2+1 | BMW, 1001.4692 l
clover
—e— 1§¥§5D,0706.1726 |Vus | — (0.22564
e LvW, 1112.4861
dgmain-wall (28)Br(20)EM (4O)latt(5)Vud
o MILC, 1012.0868 l
asqta
. = RBC/AKOCD 1 — Vadl® = Vaus|? = Vs
. . . . domain-wall — 00009(51)

115 117 119 121 123 125
Vud from nuclear 5 decay now needs improvement for unitarity test!

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Constraining new physics with lattice QCD: fB., /B

126 ¥ sl § sas)| HPQCD: 1302.2644.

2] N % 2 % seolf - Uses improved NRQCD for
5 Ll % i sa4 & saz)| b quark and HISQ u/d and s
S | quarks on HISQ 2+1+1
%1_18_ g | gluon configs
e iﬁ | f B, = 224(5)M6V

LAar Physical point

0.00 T0.0S 0.10 O.I15 0.I20 0.25 BI’(BS % [LL_I_M_) p—

Mz/M;  — ml/ms

* results at physical u/d 347(19) < 10—9

quark masses™

Standard § e .
Model ) t w1 “
Processes: s "
t g
w N
LHCD .
\2 b’ "

- Nov. 2012

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Lattice QCD sets world averages for quark masses and ¢
Direct access to parameters in QCD Lagrangian means systematic errors smaller
PDG av:94.3(1.2) MeV : :
. . 2 a variety of lattice methods agree
/ \ '|""l"'|'|""l""
. RBC-UKQCD 11 HPQCD (Wilson loops) KIJ (b )
HPQCD (c-c correlators) 1A
A BMW 11 Maltman (Wilson loops) I:O-l
J LQCD (Adler functions) I-QI-I
¢ : Blum 10 PACS-CS (vac. pol. fctns) :I—Oi
A1, P IV T
@ HPQCD 10 0. 11/0 J2 MO J3
0
av:0.1184(7) PDG N s(Mz)
o = Dominiguez 08 t-decays rO—
Lattice O
o = Chetyrkin 06 DIS —0— |
\ y | €*e” annihilation —OT—
' ' ' : Z pole fi —Oo—
m, (2 GeV) (MeV) ave lalget CIrots 011 0.2 0.3
Lattice calcs now adding QED for accurate mu/mg a5 (Mz)
Izubuchi:Lattice2012; RM123: 1303.4896

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Constraining new physics with lattice QCD: form factors

K — mlv

NEW - now results with full continuum

and chiral extrapolation. Different formalisms agree

fir(q°=0), n=2+1
Frex(0) = 0.9667(40)
MILC, 1212.4993 A
HISQ
RBC/UKQCD @
1305.7217
domain wall 27
Fren(0) = 0.9670( T
I —50

0.955 0.96 0.97 0.975

with experiment:
[Vus| fr=(0) = 0.2163(5)

1005.2323

v

x  HISQ on asqtad result (total error)
—— chiral extrapolation in the continuum
= B 1 —— chiral extrapolation for a=0.15fm
NII r e a=0.12fm (N, =2+1+1 HISQ)
= r v © a=0.15fm (N,=2+1+1 HISQ)
2098 = —— chiral extrapolation for a=0.12fm

*MILC 1n progress: HISQ results with
physical u/d quarks - expect ~0.3% error*

0.99 j T

chiral extrapolation for a=0.09fm
o 2a=0.09fm (N, =2+1+1 HISQ)

a=0.06 fm (N, =2+1+1 HISQ)

097 — —
L chi2/dof [dof] =0.28 [8] p=0.99

| |
0 0.5
physical

am/ (ams)

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco




Electromagnetic transitions provide important tests
J/Y — N, pion electromagnetic
form factor
2.2 T T T T T T
HISQ —e— 1208.2855 ] e T T L B s s B s B S B e
twisted mass —H— 1206.1445 E o vcoarset\ A /E
5 | expt —xX— CLEO-cC | 15_ g ff:i(r)lzlriiﬂr N 7 :
e : B R :
18 | $ ] ] -
S _09F e -
> % =t o ]
1.6 % 1 - 0.85F -
L4y $ I 5 & *HPQCD preliminary _
OPE at physical u/d masses*?
. 0 0002 0.004740.006 0008 001 0012 0014 07l LA e
2’/ fm® q in GeV’
Different quark formalisms Test lattice QCD vs direct experiment at low
agree. Lattice more accurate  spacelike g ; <r*> sensitive to light quark mass
than experiment. ETMC: 0812.4042; JLQCD:0810.2590;
Mainz:1306.2916

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Muon anomalous magnetic moment - g S

[ =
g—2 _
| — — O(107°
anomaly a,, - ’ é v QED ;qmﬂz M

azxpt — aiM ~ 29(8) %« 10710 = 30 mismatch
BNL, to be improved at FNAL and J-PARC

i nE=2+1 QCD contribn from hadronic
A HE Mainz 11122894 Vac pol and hght by-light’.
AR clover-quenched s
A RBC/UKQCD ;@ﬁé
Pl domain wal
L 1107.1497 ~10x
from I Aubin Blum 10
ot o —> PAA— | kb Progress on HVP 10
P hep-1at/0608011
HLBL needs
02 QCD+QED e 0
@ ETM 11034818 B N i
P wisted mass Doaeosp i
1 ETM underway :-: wx| R
. 1% nf=2+1+1 = e e
500 600 700 800 T ey [AZHER FEHE ]
a,(HVP)x 10" Blum lattice2012:1301.2607 R

Tuesday, 25 June 2013

Slide from C. Davies review talk, 2013 Lepton-Photon Symposium, San Francisco



Conclusions



e Lattice QCD now a standard tool for strong interaction
physics, both theoretical and experimental.

- Most accurate strong-interaction calculations in history.

- Landmark in history of quantum field theory: high-precision
quantitative verification of nonperturbative technology (for a real

theory).

- Essential for weak interaction phenomenology, Beyond the
Standard Model physics, ... — QCD backgrounds.

e Problems that remain: hadronization of jets, quark matter,
axial gauge theories, SUSY ...

- Need methods that don’t rely upon Monte Carlo integration.

e Ready for strong coupling beyond QCD?



e Ken Wilson’s “Homage to Lattice Gauge Theory Today":

“The current knowledge base in lattice gauge theory dwarfs the state of knowledge
in 1974 and even ... in 1985. The accuracy and reliability of lattice gauge
computations is vastly improved thanks in part to improved algorithms, in part to
increased computer power, and in part to the increased scale of the research effort
underway today. The breadth of topics that have been researched is also greater

today ...”

(from “The Origins of Lattice Gauge Theory”, 2004)
e Ken Wilson’s contribution to nonperturbative QCD:
- Renormalization group makes lattice theories (& QCD) possible.
- Discretization that preserves exact gauge invariance.
- Strong coupling expansion and proof of quark confinement.
- Monte Carlo simulation/integration of path integrals.

- Supercomputers to do the Monte Carlo simulations.



