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Why Lattice QCD 7?

* Well-estarlished non-pertureative approach to QCD

% Makes contact with well determined experimental
measurements

% Provides input for quantities not easily accessigle in
expriments

% Interpretation of experimvental data
* Tests of SM and New Physics searches

) (X1232), N'(ﬁ-to“i,_
511(1535), D;5(1520)




COMPASS

Investication of raryon and meson structure
Oriain of mass and spin

New physics searches:
scalar/tensor interactions, (g—2),, dark photon, EDMs

proton radius puzzle




add new hall
-

Continuous Electron Beam Accelerator Facility

*...to employ new methods for studying the basic properties of the building blocks of the
universe, how they are formed, how they interact and the forces that mediate these
interactions.” "expanding our knowledge of nuclear and particle physics
well beyond its current level. ”

- Spin/Flavor Structure of the Nuceon

Nucleon Resonance Studies with CLASIZ

- Oriains of auark confinement

Hich Precision Measurement of the Proton Charae Radius
Scalar and Tensor interactions

The Transverse Structure of the Hadrons

|



<72 > $rom muonic hydroaen up 1o smaller than hydrocen spectroseopy

Talk By C. Carison
Wed @ O9: 45

CREMA Collagoration

— Mmessured eneray difference setween the
2P and 2S states of muonic hydrocen

= up: lO times more accurate than other
measurements

— very sensitive to the proton size

— NO OBvious way to connect with other
measurements (+% diff)

. Lorenz et al, (2014, ar'#iv:1405.6582]
(). Bernauer et al. (20I0), ar#iv:1007.50761



A




M. Creutz

K. Wilson

15% numerical

formulation (I974)
computation

- Space—time discretization on a finite-sized 4-D lattice

V(z), ¥(x): Quark fields on lattice points

U, (z): Gauae fields (aluons) on links (Wilson lines)

Finite dearees of freedom

Construction of an action S '="Stermiont OBt

- Numerical simulations and pertursative lattice calculations



computationally fast
Broken chiral sywmetry & requires operator improvement
Employed By: ALPHA BMWw | CLS, LHPC, NPQCD, PACS-CS, QCDSF, RQCD

computationally fast & automatic improvement
Broken chiral sywmetry & violation of isospin
Employed By: ETMC

computationally fast &
4+ douelers & difficuit contractions
Employed By: MILC, LHPC

H * Fermion actions: O(a)-improved
exact chiral symmetry

computationally expensive
Employed By: JLQCD

* Gluon actions: O(a?)-improved

improved chiral symmetry
computationally demanding & requires tuning
Employed By: RBEC-UKQCD



- Generalized Parton Distrirutions (GPDs)

Introduced late '90s
Deep inelastic scattering (DIS)
Comprehensive deseription of hadron structure from first principles

- Parametrization of off-forward matrix of a eilocal
Quark operator (light-like)

N
d\ zz)\ ig [ dan-A(na)
Fr(o,6,¢) = 3 [ e Gll(-An/2) Pe YOm2lp)
> g=p' —p,P=(p +p)/2
»  n:light-cone vector (P.n = 1)

> t=-—n-A/2




Contain m.Porma-tlor\ 03
* Form ﬁactor‘s and par“tor\ dIS’t




Diaarams:

(e, t)

Connected Disconnected

Two-pt and three-pt functions:

2(1+70)

=TI v v

and other variations




Optimized ratio:

Ro(T.q.t) = G(—q,t;—t)G(0,t)G(0, tf)
2 G@.t;)  \ GO t;—1G(—4,C(—a tr)

tff?ﬂoo II(T",q) (Plateau Method)

t—t; —oo

R enormalization:

HR(Fv(j) 53 H(qu)

Extraction of form factors
ea. Axial current:

3
- — T ki)
A;i:wvaw:wN(p’){ Ve V5 +

e ==

disconnected contrigutions cancel out
Simpler renormalization

disconnected contrigutions
operator mixing



1 [ || L
Cortinuum limit a — 0 (v ) = = Q =
: : : : ; @
Simulations with fine lattices (a < 0.1 £m) 7 T B
ImpProve actions, algorithmic improvements <« £ =

INnfinite volume limit L — oo
Simulating hadrons in larae volumes (Rule of thune: Lm, > 3.5)

Various methods for extracting information from lattice data

Chiral extrapolation
Simulations at physical parameters are now feasiele

Suetraction of lattice artifacts, utilize pertureation theory



Lattice artifacts: important!
Syneray of pertureative and non-pertureative resutts

RS
o0E -8 q-::e;g:,-i—-e:—-ﬁ’-‘{‘."_ ——-n
0 o006-@-0 90"

* Usage of momentum-source
method :

= Dirac equation solved with
momentum source

= # of inversion depends on
# Of momenta considered

— Application of any operator

— High statistical accuracy

Control of lattice artifacts
(Lorentz non-invariant):

M. Constantinou et al. (ETMC), ar'iv:1509.002131

4
. . . p
o Lattice artifacts computed pertureatively Lpz < 0.4 (empMgally)
o Sugtraction from non-pertureative estimates (Zp p%)






4 - T3
Nucleon Axial current: Ad =Py s T

(N@)OAN @) = n o) [ s+ qnj} un (p)

Spectrometer 02
ounter 01
PC 97
Counter 97
Spectrometer ‘86

[T Bhattacharya et al. (PNDME), ar 4ivi30O65SH4H35]

- related to the fraction of the nucleon spin carried By the Quarks
- On the lattice: requires the lowest moment and zero momentum
- determined directly £rom lattice data (o £it necessary)



. gi‘l’ = 1.2701(25) [PD&E]

Selected Works ® m g >200MeV: lattice results selow exp: ~O-I5%

Excited States

1

m,=3lI0 MeV

QCDSF/UKQCD '11 (Clover, Ny=2)
RBC/UKQCD *09 (DWF, N; QCDSF '11 (Clover, N;=2)
RBC/UKQCD ' 13 (DWF, N, QCDSF '13 (Clover, Nj=2)

ETMC 10 (TMF, CSL/MAINZ ' 12 (Clover, Ny=2)
ETMC 13 (TMF, CSSM "12 (Clover, 1)

ETMC 15 (TMF&clover, Ny=2 PNDME '14 (HISQ, N=2+1+1)
LHPC ' 10 (DWF/asqtad, Ny RQCD 14 (Clover,

LHPC '12 (Cloyer, Ni=2+1) X QCD ' 14 (DWF, Ni=2+1)

“one-one °two-simRR

.

[T Bhattacharya et al. (PNDME), ar Aivi3065435]

m =135 MeV
* Lattice data from ’plateau’ methods

% Latest achievement: lattice resutts at physical m,
* No necessity of chiral extrapolation

* Different strateaies for addressing systematic
uncertainties

(tins—ts/2)/a

LA Ardel-Rehim et al. (ETTMC), ar™iv:1507.04936]



Cut-off effects

Continuum extrapolation
requires 3 lattice spacinas

[C. Alexandrou et al. (ETMCO), ar¥iviOl2085T]
(G Bali et al. (RQCD), 20041

(R Gupta et al. (PNDMED), 20I4]

a < 0.1 #m is subficient

128 MeV < my < 300 MeV,

v NAOQAfm)
P N=0(3.66m)

2
1FUKQCD *11 (Clover, Ne=2)
*11 (Clover, N;=2)

(Clover, N=2+1)
> +1+

Lattice data for plateau method
No volume corrections



Non V — A structure of wesk interaction

Small contrirutions of scalar/tensor interactions in SM
(107

€s, €r: low-eneray couplings
Heff =Gp (J{A X J‘q,’4 4+ Ez’ EiC)é X Olq)

» related to masses of new TeV-scale particles
> require knowledae of gs: (pludin),  gr: (pluc"“d|n)

07 = 0" nucleon decays
radiative pion decay m — evry

Upcomina experimentts (TeV scale) that proee small sianals:
UCNB & UCNR at LANL, Nae at ORNL, ATLAS at CHES

! f UCN @ LANL ATLAS @ LHC



_ 9mpy

sensitivity of my to mg: (N|aq|N) s

NO direct experimental measurements

Indirect measurements: meson-nucleon scattering amplitudes (large system.)

related to nucleon o - terms:
o= % (mu+mg) (N|au+dd|N) os = ms(N|5s|N)

Stranae Quark content of nucleon: w2V S YR o)

N = (Nlau+dd|N) o

important for direct search of dark matter
LJ. Eliis et al.,, ar™iv:0801.36561

Lattice calculations

Direct Method Spectrum Method
(N|gg|N) (3pt Cl & DI Feynman-Helimann on 2N

Img
discussed in this talk R Young, LarMivi30IMES]



The Sauiaaly One
gs = (N|au — dd|N)|g2—o

Challenaing caleulation:
— smallest sianal-to-noise ratio
= systematics are not well-controlled
— disconnected contrisutions not nealicigle

~ reQuires vacuum sugtraction

ETMC 13 (TMF, Ny=2+1+1)
ETMC 15 (TMF&clover,

n
* Severe contamination of excited stat

TMF&Clover: Ny=2m,=135MeV

® Increasina trend for plateau value for larae Ty

PNDME '13 (HISQ, N,
o ETMC’13(TMF,
m ETMC'15 (TMF&clover, Ni=2)

R® (t, tind)
1O oW st

(A Ardel-R ehim e TMO), ar¥iv:1507.04936]



o - terms

s
T
<

z
5

0
my, = 135MeV (tins—ts/2)/a
LA Aedel-Rehim et al. (ETMO), preliminaryl

Fukugita et al. 1995

Dong et al. 1996

SESAM 1998

Leinweber et al. 2000 ;
Leinweber et al. 2003 ; — Phenomenoloay:
o;=45 + 8 MeV

(). Gasser et al, PLB 253(1991) 2521

N, =2+1, Durr et al. 2012

N, =241, MILC 2012
N, =2+1, Engelhardt 2012 07=64 = 7 MeV

N, =241, JLOCD 2013 M. Pavan et al,, hep-ph/0111066]

Young & Thomas 2009 N, =2+1, Junnarkar and Walker—Loud 2013 | OB IE=IS 1 IS S g MeV
PACS-CS 2009
Martin—Camalich ez al. 2010
Diirr et al. 2011 .
QCDSF-UKQCD 2011 Np =xPT, Ren 2015
Shanahan et al. 2012
Ren et al. 2012

0 20 40 60 80 100

o (MeV)

N =2+1,xQCD 2013 LJ. Alarcon et al,, ar'’*iv:1110.3797]

N =2, This work 2015

(R Youna, Lattice 20121 LA Vaauero et al., Lattice 20I5]



gr = (N|o"|N)]q:

SIDIS resutts (HERMES, COMPASS) and

BELLE e+ e~ analysis

o 93P (0.8Gev?2)=0.7710-18
[MAnselmino et al., ar'*iv:0812.4366]

RBC’08 (DWF, Ni=2)
RBC/UKQCD *08 (DWF, Ny=2+1)
RBC/UKQCD ' 10 (DWF, Ny=2+1)
ETMC 13 (TMF, Ny=2+1+1)

LHPC 12 (Clover, N, 2+1)
RQCD '13 (Clover,

-06 -04 -02 0

LM Anselmino et al.,, ar'*iv:1303.38221

g4 input in analysis of

A ol O! i oi
* Aareement amona most lattice points B oA

* Mild m, dependence

* strona scale-dependence



Investication of Systemetics

[C. Alexandrou et al. (ETMO), ar}iv:1507.04936] (& Bali et al. (RAQCD), arMivil412.7336]
my=135MeV, a=0.093#M, Tink:0.93—1.31m my=290MeV, a=0.071#w, Tsink:0.5—1.28m

Tsink > 1 # is safe

« PNDME 4f clover/HISQ v LHPC3f clover © ETMC2f TMF ‘» PNDME 4f clover/HISQ
© ETMC 4f TMF v LHPC 3f DWF » R - * ETMC4{ TMF

= RBC/UKQCD 3f DWF v LHPC 3f clover

[T Bhattacharya et al. (PNDME), ar#iv:1506.06411]

Little sensitivity t0 my, a, Tsink



Implication of g7 to New Physics Searches

- New interaction at TeV scale :

» source of CP violation
> Mmay aive rise to NEDM (quark-photon coupling )

- gr related to the Quark contrirutions to the NEEDM:

do= gt+ g%+ g%
> LQCD may constrain the low-eneray effective couplinas
> individual Quark contrirutions =- disconnected contriButions
> current Best exp. upper limit:
ldn| < 2.9 x 1072% ecm (90 % CLD (ILL Grenoble)

d, <29x107% ¢ cm [90%
8r=0

XxPTto BSMeV, a—0, L— oo
9% ==+0.774(66)
5,%:70.233(28)

Include DI

E
o
v

N

<
=)
=
<

® assume Peccei-Quinn mechanism
® ianore 6—term contrigution to NEDM
contrigutions of hicher dim. operators nealicisle

Talks By G. Schierholz & T Bhattacharya on Thu

Rhattacharya et al. (PNDME), ar™iv:1506.06411]



Conseaquenses in split SUSY models

LJ. Wells, ar™iv:hep-ph/0306127]
(&G Giudice et al, ar™Miv:hep-ph/0406088]
[N. Arkani-Hamed et al,, ar™fiv:hep-ph/0409232]

all scalars much heavier than electroweask scale (except one Hiaas douslet)
Preserves Gauge couplina unification

there is a dark matter candidate o
Talks By V. Cirialiano
avoids constraints related to flavor & CP proelem & T. Bhattadharya

on Thursday

QEDMs leading contrirutions

Gauaino (M3) and Hiaasino u masses, their relative phase ¢ and Hicas vacuum
expectation value tan(3)

de=8.7 x 10729 ¢ cm(90% CL) (ACME)

10000
7000
5000

3000
2000

2000

1500
1000 £

1000

500
dn=5x10-% ¢ cm

dy=10-7 ¢ cm|
N \

00
200 500 1000 2000 5000 1x10]

500 1000 2000 5000 1x10*

M, (GeV) M, (GeV)

[T, Bhattacharya et al. (PNDME), ar»iv:1506.041961
Not overlaping Bands due to precision of lattice results!

dn<4 X 1072% ecm for split-SUSY to hold  Thanks to V. Cirialiano for msterial






Understandina of nucleon spin has evolved:

=3
Simple Sea quarks & Gluons Parton oreital
parton model are polarized anaular momentum
S Au, = Ady) =12 5 (Ag+Aq) +AG =3 3 (Aq+Ag) + AG {HEEEES

Where does the nucleon spin come from? Exper. Status

- Quark Contrirutions

» Spin (DIS)
» Orgital anaular momentum

- Gluon Contrisutions

» Spin (STAR, PHENIM, COMPASS)
> OrBl'ta' anGular momentum [S. Brodsky et al., hep-ph/0608219]

There is 8 need to £ind the missing contrigutions to the spin !



Gluon pa
LY

Stranae Qua

Sy

Total Spin
(J% ~0)




Disconnected diaaram i

- Direct lattice com




Lattice Results

Feynman-Hellmann Eneray-Momentum tensor

T,(%) and Ty(q?) for glue

005 01 015 02 025
(am))’

[R_ Horsley et al. (RCDSF), 2012, ar“iv:1205.64101 M. Deka et al. (xQCD), 2013, arHiv:1312.4816]

N;=0 Clover, m,=314—555 MeV Ny=0 Wilson, m,=478—650 MeV

A
»
v
=

2
=

o~

[C. Alexandrou et al. (ETMC), 20IS]

Ny=2+1+1 ETM, m,=375 MeV Nj=2 TMF & Clover, m,=135 MeV

Smearina: improves sianal



Challenaes with Reenormalization of Gluon operator

- Mixing with Quark sinclet operator: 01 = §4 DIy

- Mixing with other Operators: o Gauce invariant

e BR S-variations
e vanish By the eom.

* Quenched case: Zgg =1 — Zgq, Zgqg =1 — Zgq



q9 *

9q *

g9 *

Perturrative computation

Aqq 2 <Q|Oq‘Q>

Agg o <9‘0g|9>




= MukHiplicative renormalization

= ldentification of mixina

— General action parameters

= (wide applications)

= Stout smearing (action & operator)

Clover fermions, lwasaki aluons, 2 stout smearing steps for O,

2
g —13.5627 2 Ny 2.2
Zgg= 1+ T (1 0574 Ny + N Tlog(a )
92 1
Zgq=" 0+ o 5 (0 8114 + 0.4434 csw — 0.2074 CSW SF log(a i )
!]2 2 8 2042
Zgq= — | —1.8557 4 2.9582 csw +0.3984 coyy — = log(a™ i)
1672 &)
g2 Ny 2 4 2,282
Zign— R0 T <OA2164 + 0.4511csw + 1.4917 cqyyr — 5 log(a™f”)
T

M. Constantinou et al. (Cyprus Group), 20I5]
Application for Ny=2 TMF & clover, m,=135 MeV:
(@E, , = 0.587(18) (@)F = 0.283(41) =25 (@, + (@B, = 0.870(43)

Missina quark disconnected contrisutions
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e Control of s-ta-tls-tlcal uneer
techniques cruelal

WAV Y
<
&
®
o
o
(0]
-
o
RY
c
&

MOMer\-tuM

° Beeoer\(: #easusle ,f









Cor\mcqura—ttor\ C’ae_r\era‘tlor\ Physics!

Quuark Propaaators

TN
| I

. "'Irr,

JOIYUIUROS,

(CPUSs, GPUs)

Contraction of propaaators




2, = (5 0) TSP,

27t Zo 450G (o) (T2 R (o)A IS

Conversion to MS(u = 2GeV):

via RGI 2-loop

via RGI 3-loop

[M. Constantinou et al. (QCDSF), ar'#iv:1408.60471

o Systematics due to conversion to MS under convtrol

e Scalar Operator: 3-loop expressions necessary



my=149—356MeV my=220MeV
LJR_Green et al. (LHPCO). ar¥ivi1206.45271 [T Bhattacharya et al. (PNDME), ariv:1501.07639]

* Mg =149MeV: 093 fm (T;p (139 #m * mp=149MeV: 09 #n (Tgip (126 fm

m, (MeV)

Increasing trend for the plateau value for laraer values of
m,=150MeV

(G Bali et al, (RQCD), ariv1412.7336] Ni=2& csw, mx=135MeV
LA ABdel-R ehim et al, (ETMC, ariv:1507,04936]
* OLH #n (Tyipni ([OT m 0 093 tm (Tyipp (13 $m

® Tyink >IS #m: sareement with SM

g
R’ (ts, tins)
o O N




Input from Lattice QCD

I—. Quark oreital anaular momentum
; 1 . el y 1 q el
Spin Sum Rule: =2+ :Z(L1+§Az’>+,l
q q
Quark Spin .—I

1
2

Gluon part
Extraction #rom LQCD:  J? = = (A%, + BY,), L7=J9-x7, n¢=g%

Individual @uark contrigutions: disconnected insertion contrieutes
Status of proper Zg "9 let: Pertureatively, Feynman-Hellmann

* We need to compute all-to-all propaaator

* extremely difficutt to compute

% very nOisy and very expensive conputationally

* We've come far in development of techniQues:

Tr [(’)G(yz; x)}



Disconnected Contrigutions Collected results

. b oo g O LHPC (DWF/asatad, Ne=2+1)
N g Tﬂl g o B | 8 uPc DWE Np=241)

¢ QCDSF 11 (Clover =) 1 L DETMES QCDSF (Clover, Ng=2)

s 1%43 Q%ENN,E*% y : ' v S OETMC (TME, Ng=2)

4 CSSM/ SF/UKSFJ% B, N2 B ETMC (TMF, Np=2+1+1)
Bhatt arya 15 (HISQ, Ni=2+1+1),bar

bl M * ETMC (TME& gy, Np=2)
Fowo @’ oM 0 F o,
5

m. ('GeV)

B s 0 0.05 0.1 0.15 0.2 0.25
E

m? (GeV?)
» Engdhardt '12 DWF/asqtad, N
ool ey EMGRERT A
. ™ % T Bhatt alya‘l.‘S(HSQ 1 241+1) it @ Y
0.20 0.25 . 045 0.50

m N (GeV)

Aareement of various results

DI for g, lower the total value

Extray fsep=9 —o— lsep=11 —5—~
toep= o toop=10 —8— ;sepJZ e

Most results: only Cl
TMF: include ZSA‘!—Z"S af %O h wroo

7 1aze
mag =131 MeV:
0J%m0.25, Jhm0 : Vi D ETME)

eATY A9 screes with exp.
rLutd. o




Experimental Status

- Spin (STAR, PHENIM, COMPASS)
= Oreital angular momentum
- Glue helicity (STAR, COMPASS)

0 01, 02 03
[ dx Ag(x)

Lattice Caleulations (disconnected diaaram)

O;qu/ =-Tr [G;A,/»Gup]

(N®)|Oss — § 3, 035IN®) = (11 + 5725°) (@)

i _ 1 _ijk [ 43, 0k . 0j .k
Ji o= Eej fd T (7—(1’91-777:1,‘(]1 )

“4q,9

2 ] o = = = — E g
T{(L)}q:*ﬁ vy ["!4 D; +vi D4 =74 Di % D4} vy T{(M)}g:*% > 2T [GupGri+Gik Gral
4 (=




