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Particle physics - the quest for the fundamental theory
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Quantum Chromo Dynamics (QCD)

http://www.atlas.uni-wuppertal.de/
oeffentlichkeit/Quarks.html

Theory of strong interactions

Quarks Hadrons
name Charge mass in Mev
Swm s viesons - Baryons (proton ...
down -1/3 10

bottom 42000

Gluon

» coupling: @&strong (_)AQCD
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QCD and the Particle Data Group review

Summary table of Particle
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QCD and the Particle Data Group review

Summary table of Particle
Properties

Review of Particle Physics

r—— s Due G
R € e, 19000 O

> 150 pages of Mesons+Baryons
(QCD)

» 50 pages of the rest

> QCD needs to be understood well to find out what else is there
dark matter — CP-violation — (in)stability of the (EW) vacuum



QCD and the Particle Data Group review

The strong coupling

Review of Particleg Physics
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QCD, sketch

> Theory of strong interactions

> Quantum Field Theory with Lagrangian

N¢
1 —
[:QCD:_Z QtrFuyFuV—l_wa{D_l_mof}wf

iy

» Fields: gIUOnS and quark name Char mass in Mev

down -1/3 10

strange -1/3 100

> But particles: hadrons
p, N, m, K,... confinement!

> A theory which is mathematically consistent

at all distances (an exception for a QFT)
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QCD

> Theory of strong interactions

> Quantum Field theory with Lagrangian

Nt

1 _
[:QCD — _2902 tr F,ul/F,uV T wa {D + mOf}wf
f=1

> Fields: gluons and quarks name Char massin M
w235
down -1/3 10
‘charm 2/3 1000

> But particles: hadrons

bottom -1/3 42000

p, N, m, K,... confinement!

» Definition of coupling is not straight forward .%:

(we do e.g. not want the -t coupling)
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QCD coupling
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QCD coupling

» Theorists:  agg(p)

take D = 4 — 2e¢ dimensions
subtract polesin 1/e... « no physics
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QCD coupling

> Theorists:  agg(p)

take D =4 — 2¢ dimensions
subtract polesin 1/e... « no physics

» for QED: © ©
charged particle scattering at small energy
— 1.3 . 2
o = kinematics X o,
phySICS| kinematics = f(energy, scattering angle) € €
similar couplin 1
PIng Fpe(r) = Qem” 3 P °
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QCD coupling

Foe(r) = &emr_Q r=|x-—y|

X
Q with mg — oo o = {;
Q Q



QCD coupling

Analogous to Fe(r) = ttem — r=|x -yl

. X y
Quark as test charge ~ Q with mq — o0 o <%
Q Q



QCD coupling
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QCD coupling

Analogous to Fe(r) = ttem — r=|x -yl
. X y
Quark as test charge ~ Q With mg — o0 o <o
Q Q
4 1
force in PT:  Foo(r) = o)z 5 + O(asrs) _ time—s
define: ( () STQF ) 1 §
Qg (1) = Qo (r), 1= -
\ 4 A " () —> >

€1 = (471r)2 {335 —229p — (g - §7E)Nf} = 0(1)

[Billoire; Fishler]



QCD coupling

r=|x-yl
3r? 1 X y
aw(l) = T Foor), n=- &~ o
_ time —>
() —= -
then §
Qqq(p) = agg(p) +aogg(p) +.o0 o5 |
T \pertu rbatively defined
always by such relations
(non-perturbatively)
defined makes sense for a <1
physics!
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Energy dependence: Asymptotic freedom

> 0, independent of scheme(=definition)'s—— = Tog(u)

Taylor series in a; = g-/(47) is reliable at large energy 1
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Energy dependence: Asymptotic freedom

> 0, independent of scheme(=definition)'s—— = Tog(u)

» Taylor seriesin .z = g-/(4m) is reliable at large energy
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Energy dependence: Asymptotic freedom

> Reach large energy, with precision
> Determine &5 in some scheme s

» Use PT —> predictions for high energy processes
In terms of perturbative series
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A look at phenomenology, e.g. Re+e-

total cross section for eTe~ — hadrons at center-of-mass energy ()

o(ete™ — hadrons)
olete™ = utu™)

Re+ e (Q) —

o(eTe™ — hadrons, Q)
olete™ — utp=, Q)

determine as(pn = Q)

——
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Mark-I + LGW
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Non-perturbative “effects”

particle (= hadrons) — production
partial solution: go to Euclidean region (smearing, moments)
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Determinations of o,

> high energy experiment + phenomenology is
very challenging (as we just saw)



Determinations of «,

> high energy experiment + phenomenology is
very challenging (as we just saw)

> alternative:
low energy experiment + “simulation”
= MC-evaluation of
discretized path integral

hadron masses / properties

47'('05 20 ! .. l
continuum limit
15| = step scaling parameters of theory
Ngg 10 | step scalin;g - l
IS r < 0.45ry, 2
sp : ~3r 1
T Qlgq () = A FQQ(T)a H = -
0 | l ’r'
0 0.5 1
rlro o<1/

recent example: pure gauge theory, very fine lattice; Husung, Koren, Krah, S. 2017



Determinations of o,

> high energy experiment + phenomenology is
very challenging (as we just saw)

> alternative:
low energy experiment + “simulation”
= MC-evaluation of
discretized path integral ||\ .-

_ gauge
hadron masses / properties
theory
41 o 20 t.l | limit l
15| = step scaling parameters of theory
ngé; 10 | step scalin;g . l
> r < 0.45ry, 9
sp : ~3r 1
o Qgq (1) = A FQQ(T)a = —
0 — ‘ r
0 0.5 1
rlro o<1/

recent example: pure gauge theory, very fine lattice; Husung, Koren, Krah, S. 2017



Lattice gauge theory

U(x,0)
x, ¥
> Discrete space-time, spacing a,
hyper-cubic lattice P
o ® a .
> Quantization by A .
Feynman path integral @ Xy
» Euclidean time: +
\% 1t
ez —t H’ eit E, N e—t Ef
> Numerical treatment by MC Ep =Mz, Mprot 5 - - -
“simulation” also
0|0
0= [  pElsow o
folds @ N—— form factors
>0 :
N are the same in
probability

Minkowski and FEuclidean space



Lattice gauge theory
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A lot of In recent years

> a lot of progress in recent years

concepts
 algorithms Cost to generate one 96x483
year . .
configuration [hours on 512 cores]
2001 17000 “Berlin wall”
2015 ) Hasenbusch preconditioning, multigrid/deflation,
open BC
computers

> precise results are possible

> but a(u) is a challenge
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Challenge

large volume:
a>0.04 fm
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Challenge

@@? large volume:
. :

I\ | a>0.04 fm
arypg (1) : Y-
0.5+ al | | — a=0.04fm
0.4+~
L
<03
3
0.2+
0.1~
O I I I I I I
0 0.1 0.2 0.3 , 0.4 0.5 0.6
2 2 2 2
(@ p) MaNﬂ/Acut
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Challenge
|

@@? arge volume:
- S a>0.04 fm
Orypg (1) @

0.5F al | | — a=0.04im

0.4 )
<30.3F
S

0.2

0.1

O I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6

(a 'u)z M2 CL2 N Iu2 /A2

cut



Challenge

@ @_ large volume:

arrs (14 : @ _,,_ a>0.04 fm

0.5+ = — 3=0.04fm

0.4 -
L

0.3

Al

continuum limit

0.2 -

0.1

0 0.1 0.2 0.3 , 0.4 0.5 0.6
(a 1) M2CL2N,M2/A2

cut



Challenge

@@ large volume:
\ * a>OO4 fm
ayps (1) D
0.5k a | —— a=0.04fm
0.4L L
~§03‘ continuum limit
020
0.1L . .
@ - e e e ettt et et Contlnuum Ilmlt’?
O | | | | | |
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cut



Challenge

@ @— large volume:
" a>0.04 fm
aps (1) @ -
05l a | — a=0.04im
0.4+
L
§°'32 continuum limit
0.2+
0.1F . .
D PP Contlnuum Ilmlt’?
O | | | | | |
0 0.1 0.2 03 04 0.5 0.6
(@ p) :u2 2 /Acut

a”11* < 1 or strong assumptions to take continuum limit



Solution: finite volume u = 1/L
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Solution: finite volume u = 1/L

» L4torus or cylinder

£(2,u,1/6)

> Finite volume is part of the

definition of g(u), not one of its errors T T

(g? AW

> Iteratively connect L and 2L
“step scaling”

— L=2-10 fm perturbative region, running of coupling

(g9)?



Running from Observables in finite volume

a(u) T T TTTTT T T TTT1T1 T T TTTTT
L E —
1.2 — —
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0.8 —
| ® _
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Running from Observables in finite volume

SSSSS

"N
L.
a(“) Il IIIIIII Il IIIIIII Il IIIIIII
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Step Scaling Function: Connects L — 2L

ALPHA

g°(n/2,a/L) = g*(1/(2L),a/L)

T

1/4

same L

<

same
>

g°(n/2,a'/L) = g°(1/(2L),a’ /L)

1/6
same
A extrapolate
a = e

72 (1/2,0) =o(g*(w))

o = continuum step scaling function



Step Scaling Function: Connects L — 2L

ALPHA
Lacp = —3 L S tr FlF, + gf:% {D +moy}iby _9 _2
90 = g-(n/2,a/L) =g~(1/(2L),a/L)
1/4
g°(p) = g°(1/L)
g (U g same
a
g°(p/2,d' /L) = g*(1/(2L),d' /L)
same L T
1/6
g°(pn) =g°(1/L)
g (U g same
1 extrapolate
a = e

72 (1/2,0) =o(g*(w))

o = continuum step scaling function



Challenge is met by finite volume couplings

oxrs(4) /

- take continuum limit

T take continuum limit

a1

2
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» 2017 N=3 coupling [BriBruFrKoRaSchSimSinSo] with good precision

» 2008 - now study of technicolor candidate models by many groups
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Overall strategy

u)‘ 1. hadronic glow energy) scale

: K — v
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Overall strategy

AD)

fK - K — v .
hadronic (low ener scale
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Overall strategy

fK . K — v _
NG s hadronic (low energy) scale
N _
C
0.6 %,
S
Cr
0.4
0.2




Overall strategy

a (1) \ |

fK . K — (v
fr:im— b

N\

0.6 |

0.4

0.2




Overall strategy

0.8
06
0.4
0.2
o . 3 runningto high energy

10'1 100 101 102,u [Gev]
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Overall strategy

1) 1. hadronic (low energy) scale
0.8+
2. running to intermediate energy
0.6
QNS
0.4t
0.2+
3. running to high energy

107" 10° 10’ 10%,, [GeV]



1. Determination of hadronic scale: Ensembles

» CLS Ensembles

» Large volume, large scale simulations, with
theoretically well founded improved Wilson action

» coordinated between

CERN

MADRID

MAINZ

MILANO + ROMA
REGENSBURG

DESY, Standort ZEUTHEN

coordinated by S. Schaefer, Data management H. Simma
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1. Determination of hadronic scale: Ensembles

) Bruno et al, 1411.3982
> finite L -1 Iarge |  Bruno, Korzec, Schaefer, 1608.089000

SSSSS

simulated at common go & common lattice spacing a

fK : K — v
000 .
fm Q ey =0
= frim— Ly
] g Py P‘“’C\'
b(g:@"‘g\ s S;Mmﬂv? @
Coteﬁ@ x e
Loaf """"" - NLOCHPT |
Lo2}
%1.00: *>|<- B ,m%=(mot
= 0.98f ; ‘#
0.96F i
ooabl o o
0.0 0.2 0.4 0.6 0.8




2. Running to intermediate energy

gor(n=1/L) = # x (E(t))

a (@) . -
S Coupling definition
0.8 smoothed
action density E(t) VBt =03L
smoothing by GF
0.6 f 9Py
heat equation
for gauge fields
0.4 r
homogeneous Dirichlet
boundary conditions
0.2
O Loy | |
10” 10° 10’

10%,, [GeV]



2. Running to intermediate energy

a (1) . -
Coupling definition
ger(p=1/L) = # x (E(1))
0.8 smoothed
action density E(t) VBt =03L
smoothing by GF
0.6 - 9Py
7 heat equation
this Is for gauge fields
0.4 - dn error
band homogeneous Dirichlet
boundary conditions
0.2
0




2. Running to intermediate energy
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E Fit ---------
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3. Running to large energy

a (1)

0.8

0.6

0.4

0.2

Coupling definition

chromo-electric
field strength
at boundaries E3

— N\

N\ /

In-homogeneous
boundary conditions
(colored boundaries)

§§F(/L — 1/L) — <E2>

similar to Casimir
effect

\\

10° 10’

10%,, [GeV]



3. Running to large energy

a (1) . -
Coupling definition #
QSF(:u — 1/L) — <E8>
0.8 chromo-electric k
field strength
at boundaries E® similar to Casimir
06 F / \4 effect

0.4 AN /

In-homogeneous
boundary conditions
(colored boundaries)

high precision at small coupling

107" 10° 10’ 10%,, [GeV]



The g-function from the step scaling function

> smooth fit function for B(x)

9l
> determine parameters in fit fct

from the data points o(u)




The non-perturbative -functions

loop = order in g2

| | | | | |
0 | — 1 f l-loop A~ _
T 2-loop — —
Schrodinger Functional mmmms
0.5 radient Flow . _
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_ ]_ [ Collaboration
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The non-perturbative 3-functions

loop = order in g2

| | | | | |
0 - — f ! 1-loop AL
TT—— 2-loop — — -
) Schrodinger Functional mmmms
< radient Flow . _

ArLrPHA

Collaboration

—2.9

3-loop is accurate
In this scheme

— —0.2 \

—0.25 \




The non-perturbative 3-functions

loop = order in g2

~ M ~ M ~ 200MeV
| | | | | |
0 b ——e—__ 1 f l-loop A~ _
TT—— 2-loop — — -
- Schrodinger Functional s
< radient Flow s

ALPHA

Collaboration

| 0
—1.5 3
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Q.
—2.5 — | i
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Adding in ¢, b, t - quarks by perturbation theory
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Adding in ¢, b, t - quarks by perturbation theory
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Adding in ¢, b, t - quarks by perturbation theory

Weinberg (80),
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Adding in ¢, b, t - quarks by perturbation theory

Weinberg (80),
Bernreuther&Wetzel (82),

add charm > 4-loop PT available

.(ilhetyrkin, Kihn & Sturm;
Schrdder, Steinhauser;
Kniehl, Kotikov, Onishchenko, Veretin
(06) . . 7" 9
a (u) | > adding fermion loops, “only
S 5-loop p-fct: (16-17)
¥ Baikov, Chetyrkin, Kiihn;
04 — '-\ Luthe, Maier, Marquard, Schroder;
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Error budget

error budget of our computation
(contribution to err?)
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The result iIn comparison
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Be aware

[N = D
o o ) s}

» fr, fx depend on V,q, Vis, and the SM

> perturbation theory for decoupling, Ni=3 — Nt=5 |
looks great. S

can it be entirely misleading? /

then 0.0002 error would be wrong.

this (unlikely, | think) possibility is a motivation
to do also N+=4 non-perturbatively.

| consider that step necessary in order to reduce
the error further (e.g. factor 0.5)

JN|¢ Rainer Sommer | DESY | December 2017




A small warning about PT
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A small warning about PT

> The A-parameter
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A small warning about PT

> The A-parameter

)~/ (260) ,—1/(2b03* (1))

N——"

A =p x (b0§2(,u

i)

QJ
~~

1 1 b
o | 3+ s~

* P T B(x) = box3  biw

O\

> 1S a renormalization group invariant (constant)
d
—A =0
M Ay

> With perturbative, truncated, B-function
Acr(a) = A x (1+0(a"™) for 2 4+ n - loop B-fct

it is constant up to inaccuracies of PT



Test where A is constant

Acr(a) = A x (1+0(a™)

!

2+ n - loop B-fct



Test where A is constant
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Test where A is constant

Acr(a) = A x (1+0(a™)

!
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Test where A is constant

Acr(a) = A x (1+0(a™)

!

2+ n - loop B-fet s > V=05
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Test where A is constant

Acr(a) = A x (1+0(a™)
2+ n - loop f-fet [ V=05
SE i 0.032 -7 1 1}% 0
o coupiin - BT V=U;
Ping E: 0.031 M I__ ]ﬁ%ﬁ " ° :
(v-dependent schemes) 0.030 -
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<
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058 %

a needs to be small!
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Conclusions

> Lattice QCD, finite size techniques & high order PT
— Control over strong interactions from lowest to highest energies

> Agreement with experiment = QCD valid at all energies
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Conclusions

> Lattice QCD, finite size techniques & high order PT
— Control over strong interactions from lowest to highest energies

> Agreement with experiment = QCD valid at all energies
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Conclusions

> Lattice QCD, finite size techniques & high order PT
— Control over strong interactions from lowest to highest energies

> Agreement with experiment = QCD valid at all energies

> Below 1% accuracy for a(mz)
— precision input for LHC, vacuum stability, BSM searches

» at a=0.1: PT is accurate

» at a=0.2: examples where PT is not accurate (not discussed here)

more generally, this may be a reason for differences
in determinations in a(m;)

also a reason for caution in some phenomenological

uses of PT, eg. in flavor physics
JMNI% Rainer Sommer | DESY | December 2017




Thank you
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Very high precision quantity: w

~2 ~2
9, 9
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i ~ (cont. limit)
3 0.13 |
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deviation from PT at « = 0.19 :
(w(§%) —v1 —v28%) o1 = =3.7(2) @
not small, does not look perturbative

statistically very significant



Very high precision quantity: w

1 1
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a "
o Errors of asymptotic
deviation from PT at « = 0.19 : series are difficult to

(W(7%) — v1 — v2g%) o1 = —3.7(2) @ ASSESS.

This is an explicit
example.

statistically very significant A lesson to keep in mind!

not small, does not look perturbative
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Methods used on the lattice and main challenges

finite L, step scaling = gstatistical errors
observables at the lattice spacing = perturbative order,
scale behavior of PT

(non-universal)

potential

vacuum polarisation compromise:
discretisation errors

current two-point functions vS.
perturbative error

QCD vertices

FLAG2013
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