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Lattice 9CD 101

§ Lattice QCD is an ideal theoretical tool for investigating the
strong-coupling regime of quantum field theories
§ Physical observables are calculated from the path integral

(0|o(¥, ¥, A)|0) = 1]23/1 DY DY eSBPA) 0 (1,1, A)
in Euclidean space
& Quark mass parameter

uark field
(described by m,;) G | —y——ip
& Impose a UV cutoff \ H"
discretize spacetime AT
& Impose an infrared cutoff gluon field L
finite volume X, Y,z
§ Recover physical limit | |
mn_)mphy a—>0,L— t ‘_’a
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Nucleon Matrix Elements

- Lattice-QCD calculation of (N|gl'g|N)

§ Control all systematic errors:
&» Finite-volume effects L — oo

& Chiral extrapolations to physical u/d quark masses m, — mghys

& Extrapolation to the continuum limit (lattice spacing a — 0)
& Nonperturbative renormalization using the RI/SMOM scheme
& Contamination from excited states

& Statistical effects

’ Q MICHIGAN STATE Huey-Wen Lin — The Proton Mass Workshop @ ECT*
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Precision Nucleon Couplings

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME)

a (fm) ‘ "4 ‘M,TL‘ M__ (MeV) ‘ teep ‘ # Meas.
0.12 243 X 64 4.55 310 8,10,12 64.8k
0.12 243 x 64 3.29 220 8,10,12 24Kk
0.12 323 x 64 4.38 220 8,10,12 7.6k
0.12 403 x 64 5.49 220 8,10,12,14 64.6k
0.09 323 x96 4.51 310 10,12,14 7.0k
0.09 483 x 96 4.79 220 10,12,14 7.1k
0.09 643 x96 3.90 130 10,12,14 84.7k
0.06 483 X 144 4.52 310 16,20,22,24 64.0k
0.06 643 X 144 4.41 220 16,20,22,24 41.6k
0.06 963 x 192 3.80 135 16,18,20,22 52.5k

r MICHIGAN STATE :
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Systematic Control

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDI\/IE)“ = 0.12 fm, 310- MeVplon |

14 ' ! !
& Move the '
excited-state systematic

1 33_ otwo- two  etwo- simRR -

_ g A «$ i *+ m%

into the statistical error 12F -
_ Or = YuVs

1.1:::}1:11=.~rrr}::::}1:11}:}}}}:::
C3Pt(tp, £, t;) = |Apl2(0]|Op|0)e~Moltr—t) ; :
Y B B e ==
"‘048041(1|0r|O)e_Ml(t_ti)e_MO(tf‘t) 051_ SO : i
+|dq1|2<1|0F|1>8_M1(tf_ti) | — i _I S I | :
1.2r 0.96fm 1.20fm 1.44fm -

& No obvious contamination :
between 0.96 and 1.44 fm 11| gr %t
separation Lo O =gy :

{].9:. e !y oo e ey sy e s s by
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Systematic Control

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDI\/IE)“ = 0.09 fm, 310- MeVplon

1.4 — I |
& Move the : 0- SII
oftwo- two  otwo- simRR

excited-state systematic 7| —
into the statistical error b 84 y P 3
1.1:::}1:11=.~rrr}::::}1:11=.~.l.l.l|l:::

C3Pt(tp, £, t;) = |Apl2(0]|Op|0)e~Moltr—t) . _
_|_dqodq;(0|0r|1)e—Mo(t—tz)e—M1(tf—t) Lof g + pam—
FeALAL(1]|Op| 0)e M (E=tD g =Mo(t5—t) ;

+]eA |2(1]0p|1)eMailErt) 0'5}_, ~ e s
&> Much stronger effect at k2 090m 1.08fm 1.26fm -

finer lattice spacing! 11F ) -
& Needs to be studied 10 5T ¢

case by case 0.9% 'el}' N '1|0l N '1|1' N '1|z' N '1|3l N '1|4' N
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UNIYERSITY



Systematic Control

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
&= Statistical effect a = 0.06 fm, 220-MeV pion

gbare

2.6K r 41.6k

125 ————————————— 1.25 ———
Extrap tygp=22

120 ) tiop=16 = {sqp=24 —8— /| 1.20

{45 ] w0 T » 1.15

Y e \& a06m220 i S

1.10 [ ; “ {110 |

1.05 bl g T d B ] 105 M

1.00 !i'i'-"-i‘ pEB ] |

R

MICHIGAN STATE
UNIVERSITY

0.95
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Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME)

@ Statistical effect

R

1.8
1.5
1.2
0.9
0.6
0.3
0.0

a = 0.06 fm, 220-MeV pion

gbare
T T T 18 T T T I
Extrap =— tsep—22 ——t Extrap Sep—22 ——t
- E_ep_16 —t tsep_24 —_—a— 1 15 F Sep_16 M — tsep_24 . .
sep—20 tsep=20 ——
- a0ebmz220 4 12 :
[ - I eIl Ty X1 d 471 - 0.9
- FRE R R i Y
.!,l.,r = S g ‘L‘—!I!',I',‘.—“ =y 0.6
4 | , 1
i' ol 03 F a06m220 AMA -
] | 1 | | ] 00 | ] | | | | | 1
-8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8
t- tsep/ e Plots by Boram Yoon t- tsep/ 2

MICHIGAN STATE
UNIVERSITY
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Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME)
a» Statistical effect (worst case) ¢ = 0.06 fm, 220-MeV pion

bare

26k Y4

41.6k

IExtrla - t =|22 I-—x—-l
1.35 - tsep=1 —e——y t:zg:z-ﬁl —=—

1.40 1.40

1.35

1.30
1.25
1.20
1.15

1.10 [

1.05

s MICHIGAN STATE

UNIYERSITY

R

1.30 + tsep=20 —o—

1.25
1.20

| 1.15 |
AR Ty 1.10

1.05

206m220 AMA
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Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME)
a= Robustness of the 2-state fit @ = 0.06 fm, 220-MeV pion

gbare
2.6k A 41 6k
[ Exttap ——— 't 22 —s—~ ' l4130L 11
1.30 tse)p() Irap t§§E—24 1.30 " 206mM220 AMA o=11
lsep=20 +—6— 06m220 AMA
1.25 a06m220 125 ]
e
g il T — i
120 | "’"”.l‘ili l‘l'“} 41 1.20 ; i B s
115 B : % 0 < ,*' ‘-'}‘.i I 115 I p se =
AT POR | PRT:
110 @5/ 42 T fes A .

Plots by Boram Yoon
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Precision Nucleon Couplings

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
& Extrapolate to the physical limit

gT(a mn, L) = C1 + czmn + c3a + C4mne Mgl

115

1 |
i R T
- I : " I T
1.10F ; el ¥ JE EE
i~ + % ' : ﬁ i 1F . ﬁ/_/
. 105} ‘ £ ® P & { i 2+ — %
wp—b—+— L - = I— :
C | 101
0.95 ] 1H
'U.gﬂ: . !| ! | . | .|.|||||]F NE——
0 002 004 006 008 010 2 3 4 5 6 7 80 0.05 0.10 0.15
2 2
m_ (GeV?) m, L a (fm)

e e

i First extrapolation to the physical limit
of a nucleon matrix element!
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Precision Nucleon Couplings

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
& Extrapolate to the physical limit

S(a Ma, L) = Cy + c,m2 + c3a + c4mne ~Mrl

145

I Il
I ] -_i |
1.2- | . J__ - ]
1.0- 1 : ) = ) _1 | ) ]
— : _i_‘-h_‘—_‘__‘_—-— i .I 1L L =* { h
t f f I " 1 L1 e - SN
08 | ¢ i : R g
%) } t : % it 1 ‘l -
0.6¢ 1 Y ar sl 1 ]
\ ! - 13 1! ]
0.4r ; Ir 1k E
I:"2:_..._!....|...|...|...|._':...|...|..|..|......|i'f S S E R —
0 002 004 006 008 010 2 3 4 5 6 7 80 0.05 0.10 0.15
2 2
m; (GeV”) m, L a (fm)

e

i First extrapolation to the physical limit
of a nucleon matrix element!
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Precision Nucleon Couplings

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
& Extrapolate to the physical limit

gs(a mn, L) = C1 + c,m2 + cza + c4mne —Mgl

T I |||||
14+ . s
1.2- I 3
1.0F | [
2oa i it
£ 0.8- }

0.6-
04r
I:"2.'_...!....|...|...|...|....|...|..|..|.....
0 002 004 006 008 010 2 3 4 5 6 7
2 2
m; (GeV”) m, L a (fm)

oo -_|.|_|1 |_.|.|_..| ot |.|.|...|l—| .l.L.. —

f “Lﬂ%%ﬁ
5

Using conserved vector current relation:
)QCD

= (gs/gv)(my — mg)F ae = 2.59(49) MeV
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Precision Nucleon Couplings

FLAG rating system

PNDME, 1506.06411; 1606.07049

s MICHIGAN STATE
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S
O
New: excited-state ratlng S
LN
e W 42V g
‘\gﬁ‘;“'{"?&&. A o gv P 2
A QO
Collaboration Ref. o rfﬁ*’" @ gr
PNDME'15 This work P * * 1.020(76)*
ETMC'13 [30] C o * 1.11(3)®
LHPC’12 [28] A O * 1.037(20)°
RBC/UKQCD’10 [29] A * * 1.10(7) ¢
ETMC’13 130] C m O 1.114(46) *
RBC’08 [32] P = * 0.93(6) =
8r 8s

~ 0.50 1.00 1.25 0 15 2.0 2.5 3.0
I A T “[ L B I B .
& —.— PNDME °16 &
L 0.987(51)(20) s PNDME 1 3 0.97(12)(6) PNDME 16 (M~ — MP)QCD
o o LHPC "12 5 = 259(49) MeV
é_ —— RBC/UKQCD "10 < ——e&——1  LHPC '12
. —— ETMC "15 - PNDME "11
L s RQCD '14
= —e—t RBC "08
B Goldstein '14 ZLL RQCD "14
E —— Pitschmann'14
g Kang '15 .
g Anselmino'13 £ Gonzalez-Alonso "14
= Bacchetta "13 3
= | | | Fuyuto '13 z Adler '75
0.25 0.50 1.00 1.25 '1f5' — '2!0' ' '2!5' — '3‘0
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Beta Decavys & BSM

§ Given precision g, rand Ogg),, predict new-physics scales

Low-Energy . :
_ Precision LQCD input
Expt Oggy = fol€s,Tgs,7) (m,— 140 MeV, a—0)

8 TeV, 20.3 fb " ATLAS —2
- 13 TeV, 4 ﬂ)‘q_]_HC (Future): gS,T X AS,T
0010~ 14 TeV, 300 fb " LHC (Final)- : ..

- i Upcoming precision

low-energy experiments

L 005 LANL/ ORNL UCN neutron
w | decay exp't
ol | |By = blgswm <310_3
| Nucleat Exp + Model g 1- [Dlpsm < 10

| Nuclear Exp + Lattice gs71 CENPA: ®He(b;p) at 1073
-o00s  Future Exp + Future &s7 o\ bME. PRDS5 054512 (2012):
-0.002 -0.001 0 0.001 0.002 0.003 ]3065435, ]60607049 AS > 7 Tev
- Ap > 13 TeV
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Flavor Decomposition

§ Disconnected diagram

& Multiple ways to calculate this notorious contribution...

& Truncated solver, hopping-parameter expansion,
hierarchical probing, ...

f MICHIGAN STATE :
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Strange Contribution
§ (N|[sS|N)

& Purely disconnected contribution

gs(a,m,, L) = c; + c,m2% + cza + c,e”™rl
08— —— v ¥ & r [ v T v T
[ PRELIMINARY 427 ‘
- Bl 1 0.42(13) xQCD
- T ] oasts)Rao
°r T I ) T 0.33(9) ETMC
n W n : -
= : ; I & 209m130 : Yang this Monday,
04| f @ 206m310 1 1603.00827,1703.08788
i @ 206m220
- + al06m135 -
- g3 = 0.48(18)
0_2 . . . | L ] . R | . ! R L | .
0 0.05 0.10 0.15

M2 (GeV?)

‘“r MICHIGAN STATE -
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Up/Down Contribution
§ (N|uui + dd|N)

& Including the disconnected contribution

gs(a,m,, L) = c; + c,m2% + cza + c,e”™rl

—m ® * I * *t & ¢ [ & *t+ =& 7T [ 7

I A a12m310 1
121 PRELIMINARY i
v a12m220 |
4 a12m220L

9.3(1.8) RQCD
~9.5(6) ETMC

T
|

1603.00827,1703.08788

u+d

¢ a09m130 il
@& a06m310
® a06m220
* a06m135 .
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e

My = %(mu + my)

il
-l

FLAG average for N,=2+1+1
ETM 14

Ni=2+1+

——

Ne=2+41

&

—lH

)_
——
=

|—Q:<>

1Y

FLAG average for Ny=2+1

RBC/UKQCD 14B
RBC/UKQCD 12
PACS-CS 12

Laiho 11

BMW 10A, 10B
PACS-CS 10

MILC 10A

HPQCD 10
RBC/UKQCD 10A
Blum 10

PACS-CS 09
HPQCD 09A

MILC 09A

MILC 09

PACS-CS 08
RBC/UKQCD 08
CP-PACS/JLQCD 07
HPQCD 05

MILC 04, HPQCD/MILC/UKQCD 04

N¢=2

FLAG average for N¢=2

Durr 11

ETM 1
JLQCD/TWQCD 08A
RBC 07

ETM 07
QCDSF/UKQCD 06
SPQcd
OCDSF/UKQCD 04
JLQCD 02

CP-PACS 01

pheno.

Dominguez 09
Narison 06

PDG '78
Maltman 01

MICHIGAN STATE
UNIVERSITY

6 MeV

Sigma Term

§ Convert to sigma term using FLAG 2+1+1f m
35.5(2.2) MeV

— FLAG2016

Myqd = 3.70(17) MeV

Mg = 3.373(80) MeV

Myqd = 3.6(2) MeV

Huey-Wen Lin — The Proton Mass Workshop @ ECT*




§ Using Feynman-Hellman Theorem to get sigma term

My(a,m,, L) = c; + c,m2 + coms + cza + cymze”

My (GeV)

I

PRELIMINARY

—
A 312m310

v al2m220
<« al2m220L

¢ a09m130
e a06m310
® a06m220
* a0bm135

MICHIGAN STATE
UNIVERSITY

0.05 |
M? (GeV?)
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0.15

OnN =
63(8) MeV




Nucleon Mass

§ Using Feynman-Hellman Theorem to get sigma term

/ —_
My(a,mg, L) = ¢, + c,m2 + comi + cza + c,mae”Mrl
BMW-c (2012 N—o —m
Shanahan et al (2012 NfA:fQ_i_i o
QCDSF (2012 Np=2+1+1 2
Ren et al. (2012
Alvarez-Ruso et al. (2013 O-TL_N —

Lutz & Semke (2013
Lutz et al. (2014
ETMC (2014
ETMC (2014
BMW-c (2015

63(8) MeV

(2012)
(2012)
(2012)
(2012)
(2013)
Alvarez-Ruso et al. (2013)
(2013)
(2014)
(2014)
(2014)
(2015)

1
Feynman-Hellmani—

QCDSF (2012
xQCD (2015
ETMC (2016
RQCD (2016

Direct
1 1 |

30

— - L)L wa—pa

Overall trend: Direct calculation has smaller o,
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§ Sea-flavor dependence: 2f vs 2+1f

M, [MeV]
139 300 400

1200F
- M= _ 52(3) (8) MeV
L 1100f
= —
= o 1= = 41(5) (4) MeV
Z
=

1000F

00T 1 L. Alvarezz-Ruso et al,
0.0 0.65 0..1 0.I15 0.2 ]402'399]
M? [GeV?]
(4)(ag2) — 2 c?M,‘% ClM4 M2 (3+4) (42 5
My’ (M2) = My — c;4M2 + 53 2 ln + Zloops (M%) + 0(p®)
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§ Sea-flavor dependence: 2f vs 2+1f vs 2+1+1f

M, [MeV]
139 300 400

1200
- M= _ 52(3) (8) MeV
U 1100F
= —
= o 1= = 41(5) (4) MeV
Z
=

1000F

00T 1 L. Alvarezz-Ruso et al,
0.0 0.65 0..1 0.I15 0.2 ]402'399]
M? [GeV?]
(4)(ag2) — 2 c?M,‘% ClM4 M2 (3+4) (42 5
My’ (M2) = My — c;4M2 + 53 2 ln + Zloops (M%) + 0(p®)
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“b” Term

§ On Monday, Jianwei mentioned

<> Quark mass contribution:

. (P|Hm|P)
— 3_. {y 1)y Mm — — b M
Hm N [d Py <P|P> at rest g
<> Trace anomaly contribution: 1
90 (P|H.|P)
H,= | &*7=(E*-B?) M,= =(1-0)- M
/ * 167 ( ) <P|P> at rest 4 g

§ bM,, = Zmud(N‘uﬂ + dcﬂN) + m (N|sS|N) =
80(16) MeV
= b = 0.086(17)
& Quark-mass contribution to proton mass: 8.6%

§ Trace anomaly contribution: 22.8%

’ Q MICHIGAN STATE Huey-Wen Lin — The Proton Mass Workshop @ ECT*
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How about Nuclei?

§ Only A<4 light nuclei are calculated on the lattice
NPLQCD, 1306.6939

—E Mn 4 g
(e dM, N
& Express in terms of the nuclear binding energies E = AMy — B

(z,N(gs)|uu+dd|z, N(gs))
A(N|uu+dd|N)

& Assume isospin symmetry

OzN = m(Z N|uu+ dd|Z N)

@ Impulse correction is 6oz y =

§ Lattice + physical data suggest effects are O(10%) or less

(my) ~ 325 MeV of I (mx) ~ 658 MeV
OF 2}
S S
=z —1 =
S 4
sl
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Backup Slides
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§ Importance of g
& Strange-quark intrinsic-spin contribution to proton
& Astrophysics application: the CCSN “problem”

3D explosions require g; = —0.2

§ Global fit: g3 = —0.1

Janka, Melson, & Summa (2016)

assumptions often used: | ‘ B
A"( Qz) A‘( Qz) w-oses | PRELIMINARY
S(x, = Aulx, | |
= Ad(x, Q? | % AR i
= Ad(x, Q) I
1 g ~005 ‘| 1
= —As™(x, Q? | r
2 ( ’ Q ) . « ETMC 4f TMF
-0.10-* PNDME 4f clover/HISQ v LHPC 3f clover u
§ Lattlce Status " 4 Englehardt 3f DWF/asqtad Do 2t W
¢ETMC 2f TV
_ _ | % CSSM 3f clover x QCDSEF 2f clover
More players since the last Spin -015,————— o
M? (GeV?)

Lighter pion masses

’ Q MICHIGAN STATE Huey-Wen Lin — The Proton Mass Workshop @ ECT*
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Fundamental Questions

Advanced computing makes it possible!
§ How does QCD bind (hyper)nuclei?

=
@
=3
1

R

0

—

1+ s=—1 8 =2
—20F 1t L -
—A40 1+
1+ 1t 3+
2 2 3
— G0
it
2 {]+
—3&0 at
2
— 100
ot ot o

—120
—140
—160L 0+ |

2-body
_1s0f 3-body

4-body
—200 1 1 1 1 1 1 1 1 1 1

d nmn  *He *He nX 31H iHE SEHE' iHe H-dib n= A;{L He

MICHIGAN STATE
UNIVERSITY
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I NPLQCD, Phys.Rev. D87,

034506 (2013)

SU(3) flavor-
symmetric
quark masses




oQuark EDM

§ Extrapolate to the physical limit ~ PNDME, 1506.04196; 1506.06411
g% = —0.233(28),9% = 0.774(66), g5 = 0.008(9)

-0.5 0 0.5 1.0 1.5 2.0 2.5
‘Illlr]|r1||r||r[1lr|||r||[1|lr] 10000

. > PNDME '15 7000

5000

———t s Bacchetta '13 3000

—— e Anselmino '13 ; 2000

y— Kang 15 < 1500

—y— A Sum Rules '00 = 1000
v e DSE '14

500 1000 2000 5000 1x10*

Observation of a neutron EDM between M, (GeV)

the current limitand 4 x 107%8e-cm
would falsify the split-SUSY scenario with gaugino mass unification
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PNDME

Precision Neutron-Decay Matrix Elements
https://sites.google.com/site/pndmelgcd/

Tanmoy Bhattacharya Rajan Gupta HWL Vincenzo Cirigliano

Saul Cohen Anosh Joseph | Bo'fafn Yoon

Yng-CuII Jang

’ Q MICHIGAN STATE Huey-Wen Lin — The Proton Mass Workshop @ ECT*
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The Trouble with Nucleons

CMS Preliminary 12.9 fb' (13 TeV)

= ¢ Data

= EBEB —— Fit model
J+ 1s.d.

B + 2 s.d.

I

+ —— J=0 o = 3.6fb

40

Events / 20 GeV

R ns W b

650 700 750 800 850 900
/ m,., (GeV)
4

N O N A DO

(data-fit)/o,,,

|

A signal with cross-section as the largest

P High-statistics- excess in 2015+8TeV would look like this

The disappearance of X(750)

’ @ MICHIGAN STATE Huey-Wen Lin — The Proton Mass Workshop @ ECT*
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The Trouble with Nucleons

LY

ﬁ
—_—

(o B 71\ -— )

num:

) I

l’l{()(‘l* ED WITH CAU 'l‘l()\T
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§ Summary

1.25

1.50

24141

1.195(33)(20)

241 Np

N

2

Ny

Other

PNDME '16

LHPC ’12
LHPC "10

RBC/UKOQCD 08
Lin/Orginos *07

R
%DSFIUKQCD 13

ETMC 15
CLS "12
RBC "08

AWSR '16

COMPASS ’15

Nucleon Axial Charge

§ Implications?

& 20 might go away with
greater statistics

Lattice 2016 Prelim.

& RBC* 2+1f 1.15(4)
| @ PACS* 2+1f 18(4)

Neutron Expts

Mund *13

Mendenhall "12
Liu’1

iu ’10
Abele "02

Mostovoi '01

Liaud '97

Yerozolimsky 97

Bopp, 86

GAN STATE
ERSITY

9“‘ MICHIGAN STATE
“ UNITV

1.300

§ New physics?

A =ga/ 9gv [np
—2(A% —

0= T 1y 31

§ Stay tuned...
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n-Lifetime Discrepancy

§ Neutron lifetime discrepancy?
& 7, = 980(50) s Using lattice g, and V4

The Situation...Toda
S y Slide by Geoff Greene
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A.Yue, et al, Phys Rev Lett, 111, 222501 (2013)

plot courtesy K. Grammer
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§ Isovector form factors
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Others’ Results

Plots by Yong-Chull Jang
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§ Flavor-dependent couplings, 15t moments of PDFs, ...
& EDM by Cirigliano (this afternoon)
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§ Updates from Lattice 2016

Quark and gluon momentum fraction
First moment of gq/g parton distribution function: (x)q/; = | dxx Fg/¢(x).

t, ( | ) t . .
‘ Connected insertion: u, d.
.—. ! Disconnected insertion: u, d, s, g

ETMC: [Vaquero,Thu,17:30] Nf = 2 twisted mass with clover term,
Sara Collins,

m; = 131 MeV, Lm, = 3, 04 I ! Lattice 2016

a = 0.093 fm. § i

Stout smearing to reduce noise. , B -
Approx: 2000 (cfgs) x 100 (sources) NS el i

Renormalisation: mixing between Y~ (x)q4 and (x),: 1-loop to MS at 2 GeV.
(x)bare = 0.318(24) — (x)M5 = 0.320(24),  ({x)u + (x)q + (x)s)™® = 0.72(11)
Momentum sum satisfied: » (x)q + (x)g = 1.04(11)

Consistent with YQCD quenched calculation [Deka,1312.4816].

Also computed: gj'd, g#’d, gg'd
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