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G. Bali, V. Braun, P. Bruns, S. Collins, A. Cox, M. Diehl, M. Engelhardt, B. GlaBle, M. Gockler, M. Gruber, F.

Hutzler, P. Koreyl, B. Lang, B. Musch, E. Scholz, J. Simeth, P. Wein, T. Wurm, J.-H. Zhang, C. Zimmermann, ...

@ RQCD, CLS and SFB/TRR-55

@ Standard objects: masses and decay constants, e.g.,
DZ,(2317) and Ds1(2460); GPDs; ...

@ Coordinate space methods and DAs (Ji 2013, Braun &
Mueller 2008)

@ TMDs and DPDs

@ QCD in strong magnetic fields

@ Conclusion
RQCD
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RQCD: The Regensburg (& associates) lattice group

CLS: The main systematic uncertainties are meanwhile due to
discretization errors. Rapidly increasing topological
autocorrelation times for decreasing a = Lischer and Schaefer
suggested simulations with open boundary conditions = CLS
is an international collaboration pooling its computer resources.
Regensburg and Wuppertal are members.

SFB/TRR-55: An interdisciplinary research center of
Regensburg and Wuppertal University focused on LQCD,
Applied Mathematics and HPC plus many external lattice
collaborations (e.g. TMDC)
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half of QPACE 3 (developed together with Intel and Fujitsu)




Standard observables I:
Moments of GPDs

h(P1) +T*(q1) — h(P2) +T(q)

With A, = o, — Q1 t = A2, P, = (Py, + P2,)/2
and ¢ = —Q?/2P - q

Spin % - the nucleon (modulo gauge links)

dz~ ixptz- ~ ] oy ]
| o™ Pl 520 a2 1Py

z+=0, zL—O

_ A

Ha(x.€.t) N(P2)y " N(Py) + Eq(x. £, 1) N(P2) ™

| “N(P)
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(PNOU Ay = P ((72) Aao()

b P (0% A, Bao(t) — (26 Cao(1)

1
H®) (e 1) = / (e, 1) = An(1) + (22Can(1)

1
E@( 1) = / | OE(XE, ) = Bao(1) ~ (26)°Can(1)

olmrzt  — goyrim; B”Z} q(0)

rm — 7#1 , 7#175
1 .
F = 2Ny e P AT F(A
(b7) )2 /d Te (A7)
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M. Diehl and P. Hagler, hep-ph/0504175
parton density, expressed in terms of GPDs

1 2 ibLAL/dZ_ ixPtz~ = 1 + 2 o 1 2.=0
o | Foe e (Pal 3~ 52)7 1 + 8- Mslaz2) 1P|
1 o
= é[FJrs'/-"T}
_ MNy_sdple gyl (e 428
= g|H- S E - I (2
+ s’S’(HT SN HT) + (26 — 5T\ S
amz P m2 T

has a simple interpretation:

S'éib/ coupling of proton spin to quark angular momentum
s'élb/ coupling of quark spin to quark angular momentum
s'S"  coupling of quark spin and proton spin
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x10~10 Comined fit to 2pt/3pt function with different fit ranges (2pt fits not shown).
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results for the different correlators
R. Rodl et al.
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distribution of extrapolated results many fits, defining the
systematic error R. Rédl et al.
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Standard observabels II:
D;,(2317) and Ds1(2460) masses and decay constants

N; = 2; physical masses; large statistics; QPACE 1;
S. Collins and A. Cox et al. 1706.01247

These resonances couple strongly to D + K. Therefore one has
to work with mixed states, meaning with a matrix of correlators.

Aim:
(i) FLAG corrected QCD masses: mpe® = mp; — smp:”
(i) decay constants
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charm, strange, light: red, blue, black lines

stochastic propagators: lines with filled arrows

sequential stochastic propagators: two lines with open arrows
stochastic source: black dot
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ot ot 1+
fs fv fa

This work 241(4)(2)(+12)(10) 114(2)(0)(+5)(10) 194(3)(4)(+5)(10)

LQCD hep-lat//0604001 340(110) 200(50)

B-decays+HQS hep-ph/0410301 74(11) 166(20)

B-decays+HQS hep-ph/0305038 67(13)

B-decays+HQS hep-ph/0605073 58-86 130-200

QM hep-ph/0107047 440 410

QM hep-ph/0312232 122-154

LF QM hep-ph/0310359 71 117

LF QCDSR hep-ph/0505195* 225(25) 225(25)

DK-molecule 0705.0892 67.1(4.5) 144.5(11.1)
+10.4 —36

LF QM 1103.2973 7447505 159 a5

QM 1203.4362 119 165

QCDSR 1506.01993 333(20) 245(17)

* Colangelo et al. “.. favours D} (2317) and Ds,(2460) as
ordinary mesons”
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Other approaches to calculate hadron structure:
1.) Large Momentum Effective Theory (LaMET) X. Ji et al.

. az irr,  —
(0. p7) = [ 4@ pli(0,0,,2)17L(z,0)0(0)|p

gauge link L(z,0) hadron momentum p* = (p°,0,0, p?)
UV cutoff A
Results are plagued by artefacts for p* < 1GeV.

ldeas for improved formulations are needed. Two suggestions:
(i) modified definitions
(i) momentum smearing
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A Gaussian weight suppresses long distance artefacts but does
not require recalculation of the matching functions
Jianhui Zhang et al. tbp

Gow(x, A p7) = / 92 g2/ (p[i(0,0.,, 2)7*L(2, 0)(0) o)

47
1
AN O AN et
- /1|U| dyZ(u’pz’pZ)[Zﬁe 4 q(U)

+  O(Njen/P2, M?/p2.1/ap?)

This is only an illustration. Other modifications can be more
effective but will require recalculation of Z.
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resulting quark pdf. For p* — oo all have to agree
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Whatever you do, reaching large momenta is the key

momentum dependent smearing: B. Musch et al., 1602.05525
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Results

e modified smearing works great

T T T 4.5
Wupp. S5 —6— cont. disp. ——
Mom. S5 +—&— lattice disp

T T T T
Wupp. S5 —o— cont. disp. ——
3 (2,22 4 Mom. S5 +—&— lattice disp.  ©
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This improves also the moment method, e.g., for the pion DA
F. Hutzler et al. 1705.10236

in the continuum

(0[d(z2n)flzen, z1 nlsu(z1n) | (p))

1 .
— if(p-n) / dx e Gz (—0png x| 2)
0
1
€ = / dx (2x — 1)"6(x, 1)

o(x,12) = Bx(1—X) 1+Zan )C'*(2x — 1)
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on the lattice:

Cou(t.p) = &) e PX0,,(x.1)J'0)

J(x) = d(x)ysu(x)
N LR SRS
O;_,u,u(x) = d(X) [D{,u, Dl/ +2 D{,u,BV + B{,U,Bl/] /Vp}IVSU(X)
_ - < &< —
Op,ul/(x) = d(X) {D{u Dl/ -2 D{,LLBI/ + B{,U,BI/] "}/p}”)/5U(X),
o Catp)
4 C4(t7 p)
(€ = G1R™ + G2R* renormalization
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¢ Wuppertal smearing
0651 & Momentum smearing
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03004 & Wuppertal smearing
02751 ® Momentum smearing
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The improved errors for R~ on H105

27/70



0.24

0.23 4

0.22 4

~ 4

|
[\
= °-21‘:$?:*:
X

0.20 4

0.19 4

0.18 L T T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
2

My

The resulting on H105
Note: No continuum extrapolation yet

28/70



(2) We have invested most effort into a formulation other than
LaMET:
V. Braun nad D. Muller EPJ C55 (2008) 349; arXiv:0709.1348

advantages:

@ physical current operators; no renormalization of Wilson
line needed

@ avoids lattices axes, large discretization errors
@ controle of higher twist effects

@ no matching function needed

@ no unclear systematic uncertainties

disadvantage:

@ more work is needed to obtain suggestive results. The total
amount of work needed to get reliable and
phenomenologically relevant results is probably the same
for all variants.
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Start from non-local correlators to analyse, e.g., the pion
distribution amplitude

, , 5i xPp”
OTGOMRE) = ~htwwgzg T(E-xx)

1
T(p x,x%) = /0 du RDPX  H(u, (ux)2, as(i)) (v )
+ higher twist

H short distance coefficient function, pQCD

It is completely sufficient to study x° = 0, X # 0 IF |X| is small
enough for pQCD to apply.
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Three model DAs for the pion
Oy =6u(t —u), ¢Pw)=28/uld—u), ¢Pw) =1
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The real part of T < pion distribution amplitude:
u=0. 95 GeV = 2/|z|

: i Ipl = 1.08 GeV

LS 107 o TR $ Ipl=1.53GeV
) ' % Ipl = 1.88 GeV
101074 f . .

Na\

N

£ 050107 e A NN
3 | | 5 r

~ ool NN Y .

p-z

solid/dashed: with/without HT corrections; not yet continuum
extrapolated
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TMDs M. Engelhardt et al.

TMDs are related to correlators of the type

~ 1 _
Ol uon (b P.S....) = 5(P.S|G(0) U0, qv.nv-+b, b] q(b) |P. S)

We simulate for spatial, not light-like separations, but the limit

¢ — oo of
v-P

NN

reproduces the light-cone behavior.

=
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We used RBC/UKQCD (domain wall) and W&M (Clover)
ensembles, Ny =2 + 1

ID Clover DWF
Fermion Type Clover Domain-wall
Geometry 323 x 96 323 x 64

a(fm) 0.11403(77) | 0.0840(14)
m;(MeV) 317(2)(2) 297(5)
# confs. 967 533
# meas. 23208 4264

only connected diagrams, i.e. u — d
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I r
ol (b.P.S..) = ol (bP.S. ) S Zwp Z
d?br [ d(b-P)
I _ T ix(b-P)—ibr-kr gl
2 (XakT7P587"') /(27T)2/ o1 P+ € cI)subtr b+—0
k;S;
ol = f _ CiRiOj e
1— m 1T
q)['YJr’YB] = /\g1 + kT i STg1T
i 2k:k; — k25;)S; Ak; iK;
olic™°1 _ Sihy -|-( ! /2m2T i) Lhiy + mlhf‘L—i-E” Lhi
N N my
Ammp2,..) = nl <_ab2) / axx™- 1/d2k ePrkrf(x, k2)

i[ﬂ
- (6%
(k)u(bii...) = my W
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the generalized tensor charge

~ 1 ~
RO BE; /B R;. )
g9 = / dx Pk by (x, k2) = AINO(B2—0)
limits:

nvl — oo
br > a
{5
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Double Parton Distribbutions and MPls at LHC

M- Diehl et al.
Full use of discovery potential requires a better of the
“underlying event”, example: Double hard interactions

Single parton interaction Double parton interaction
Naive (?) assumption

dospsdosps

dopps = 200r
e
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Two plots from Alioli, Bauer, Guns, Tackmann 1605.07192
mean charged particle pr as function of N,.

Events with large Ng, have a higher MPI contribution. MPlIs
produce many particles with pr of O(1 GeV).

Z — ptu”, 7 TeV, Transverse region, dressed level Z — pt T, 7 TeV, Away region, dressed level
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Quark-quark correlations in the pion; RQCD; N; = 2,
Clover-Wilson fermions, down to nearly physical mass
(m; =150 MeV).

Many direct Tests of naive factorization, e.g., Integrals based on

/ 4pt — correlator L / (formfactor)?

oo 1 oo
|7 @70 AR e o [T T eIV OV mIney
J—oo P J—oco

d?r VT
- / (277;2 e VL TL Ry ()

y+=0

Q=

[ denAafo?.m
—oo

Quark-quark correlations in the pion are sizeable. On
theoretical grounds they should be stronger in nucleons.
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Direct tests of naive factorization: Test 1 VV case

Comparison for AYS,: 3pt«3pt to 4pt (L = 40, p free)

0 E T T T

AP (Iy)[1072GeV?]

—8 F 4pt data |
E 3pt#3pt error = J
| | gpt*3pi convolution 3

4 5 6 71 8
lyl[GeV ™)

E |
0 1 2 3 1

™o,
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Direct tests of naive factorization: Test 1 SS case

A (ly)[1072GeV?]

3.0

2.5

2.0

1.5

1.0

Comparison for ASS: 3pt+3pt to 4pt (L = 40)

E T T T T T T T
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E 1 El
o ]
: — ]
= | | 1 L
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4 —1
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Spin correlations

AA: longitudinal spin correlation u'd" + utdt — utd* — utd?t
TT: transverse spin correlation S, - Sy
VT: }7 : §a

.
1e03 | ., Ama —— | 1603 F . |

le-04 * - le-04 +

1le-05 ¢ 1le-05 ¢

Iylia
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QCD in a magnetic field; G. Endrodi et al.

Key question of relativistic heavy ion physics:

S L 30.40%

g,

Bt
S
~

A} LAY

3 i
[

(*
....

OI”*

E' ALICE Pb-Pb s, =276 TeV

I . \ | | | | |
2 a4 6 8 10 12 14 16

18

0

pr(GeV/ci;
In HICs one produces the strongest magnetic fields in the
universe

@ Does this influence thermalization ?

@ Does this lead to novel effects like the CME ?
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relevance of QCD & magnetic fields for astrophysics

arXiv:0801.4387 gravitational wave signal from neutron star
merger

4.0

y [km]

rh, (m)

-4.0, | 1 1 |
0 5 10 15 20 25
time (ms)

% [km]
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Lee, Fukushima, Kharzeev et al.: The QCD chiral anomaly
Garv G,u, ~ Ecolor - Bco,o, can induce an electromagnetic E

parallel or antiparallel to B. STAR 1404.1433 :
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Magnetic field on the Lattice
QCD is contained in the generating functional:

zg2 i) = [ oW
exp <1/ d*x [»CQCD — JIAL -y — 77i1/1i]>
Discretized space time = e.g. the Wilson action

b

Ulh) = exp (—igAb(h) % a>
WD = TI‘{U I1)U(/2) (/3)U(/4)}
> 32(3 —~Re Wn) = / d*x FjVFjl, (a2))
O

Q
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Magnetic field on the torus with surface area LyL,

e phase factor for a charged particle transported along path
C:exp(iq $ X, Au)
o Stokes theorem: [, dx,A, = [ [,doB=B-A
but also
=— [ [;z_4doB=—-B-(LLy — A)
e equality of phase factors gives quantization condition
[Hashimi, Wiese *09]

exp(igBLxLy) =1 — qBLxLy=271-Np, NpcZ



Transition characteristics

@ chiral susceptibility .| ?’&\‘w ]
(~ specific heat) s | 4 \\& ]
X 15 r /m/ ]
_ gz gy L "
X B amz 1 ? | I I SR | ‘\s;i
120 14OT (MEL?O 180

@ transition temperature: peak maximum

@ order of transition: volume-dependence of height
h(V) o< V©
1st (¢ =1),2nd (0 < a < 1) or crossover (o = 0)
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e magnetic catalysis at zero temperature is a robust concept:
xPT, NJL model, AdS-CFT, linear o model, ...

AZ, +Z) /2

0.5

ST T T T [ T T T T[T T 11T

& 0=0.29 fm
B 0=0.215 fm
a=0.15 fm
a=0.125 fm
X 0=0.1 fm >
D cont. limi

0.2 0.4 0.6 0.8
eB (GeV?)
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e magnetic catalysis at zero temperature is a robust concept:
xPT, NJL model, AdS-CFT, linear o model, ...

|l IO lattice cont. limit
— NJL model

0.2

AZ, +Z) /2
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Inverse magnetic catalysis

e lattice QCD, physical m,, continuum limit [Balietal '11,"12]

C d} I’I’ L I L I T L I T L I L I_
2 =
C D eB=1.0 GeV? 1
N sk ” B eB=0.6 GeV? -
~ Tk % eB=0 E
I N R ]
s 1r E
= C ]
05 F ]
O -_ I I’I’ 11 I 11 1 I 1 11 II 11 I_-

0 120 140 160 180

T (MeV)

e at T ~ 150 MeV the condensate is reduced by B
dubbed ‘inverse magnetic catalysis’
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Phase diagram
e inflection point of 1¢)(T) defines T,

e significant difference whether IMC is exhibited or not:

]
Z Uur+dd"

165
%
= 150
—
135
1" n |
" n _eary |

i i universe
i | w1 | |
0.2 0.4 0.6 0.8
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lattice QCD, physical m,., continuum limit [Bali et al '11]

64/70




Matter in magnetic fields (linear response)
e paramagnets: attracted by magnetic field
e diamagnets: repel magnetic field

paramagnet: liquid oxygen diamagnet: frog

@ is thermal QCD as a medium para- or diamagnetic?
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fermions give paramagnetic behaviour, bosons diamagnetic
= Expectation for the susceptibility

A

X,-(T) free
quarks

pions ~T, T
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Susceptibility from the lattice

e comparison to Hadron Resonance Gas model (low T)

| lattice
F continuum g
| estimate |
_IE ....................................................................................... -
_I 1 I 1111 I I|-|IRIGI I 11 11 I 1111 I 111 I_
100 150 200 250 300
T (MeV)

and to perturbation theory (high T)
e The quark gluon plasma is paramagnetic
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Other results: Gluon anisotropies 1303.1328
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The correlation between topological charge and electric current

1401.4141

lattice results:

J)(x)

Dr(A)

= &f’)’uwf(x)
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Conclusions

@ RQCD investigates a very broad spectrum of problems
with large computer resources

@ PDFs, GPDs, DPDs, TMDs, ...

@ The frontier is the continuum limit = CLE open boundary
conditions

@ No solution yet for (x(u — d))
@ encouraging results for alternative lattice approaches
@ QCD in a magnetic field is a fascinating topic
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