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A Tale of Two Scales

§ LHC strikes out onto the high-energy frontier (13 TeV)

& Direct production of Higgs and BSM particles
& Parton distribution functions for SM background

§ Many experiments refine low-energy measurements
& Discern small discrepancies from the Standard Model
Muon g-2, Q.0 CKM matrix...
& Probe small signals that are suppressed in the SM
dark matter, nEDM, Ovf33, neutron j decay...

‘“r MICHIGAN STATE
UNIVERSITY

Huey-Wen Lin — INT-18-2a: From nucleons to nuclei



New Physics in Te'V Scale

E

AB SM ~ TeV

' i Lgm + Lpsm
/\ /""""\

SN /LSM E: £BSM 5BSM
L
X &

AT gs = (n]ud|p)

k]
. ~
\ . ‘I
A ®AP) = - e
p S —~ R e —_
P T R ey Py — —
SR T r = (n|to,,d
G ,“v:';; 3 . A
€« - s o R 1 3
¥ o
~ ¥ A g
L N o !
7 r's = e
S Y :

Also see talk by Emanuele Mereghetti

’ Q MICHIGAN STATE Huey-Wen Lin — INT-18-2a: From nucleons to nuclei

UNIYERSITY



§ Lattice Nucleon Structure 101
&= All about systematics

§ Precision nucleon inputs for
applications in
& New interactions in beta decay
& Dark matter searches
&= Neutrino physics
& nEDM
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§ 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 Also see talk by Andreas Kronfeld
@& Quark mass parameter quark field
(described by m,;) e — —
& Impose a UV cutoff \ H

Iy N

discretize spacetime

& Impose an infrared cutoff gluon field L
finite volume XYz |
§ Recover physical limit ==
phys | 7 —
my—->m; " ,a—>0,L— oo t a
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Are We There Jet?

§ Lattice gauge theory was proposed in the

1970s by Wilson
& Why haven't we solved QCD yet?

§ Progress is limited by computational resources
1980s

i+
Bty -
# #
Bt

§ Greatly assisted by advances in algorithms
& Physical pion-mass ensembles are not uncommon!
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Successful Examples

§ Lattice flavor physics provides precise inputs from the SM
A. El-Khadra, Sep. 2015, INT workshop “QCD for New Physics at the Precision Frontier”

& Very precise results in many meson systems
Also see talk by Andreas Kronfeld

errors (in %) (preliminary) FLAG-3 averages

llllllllllllllllll

f[\'*/fﬂ LI L O e O B

fD,q/{fD+ -
fK = fD —
f= i O S S AR fp+ —

F570)  e—

BK |55 S s S el a-E N SR S |
| | | 1 1 | 1 | | 1 I 1 1 l 1 | | | 1 1 | 1 |
i N T il A R R AR A VBN [N L 2 - ol O 0 1 2 3 4
0 0.5 | 1.5 error in %
error in %

§ We are beginning to do precision calculations in nucleons
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The Trouble with Nucleons

Nucleons are more complicated than mesons because...

§ Noise issue

&= Signal diminishes at large ¢; relative to noise
& Get worse when quark mass decreases

§ Excited-state contamination

& Nearby excited state: Roper(1440)

§ Hard to extrapolate in pion mass

& A resonance nearby; multiple expansions, poor convergence...
& Less an issue in the physical pion-mass era

§ Requires larger volume and higher statistics

& Ensembles are not always generated with nucleons in mind
& High-statistics: large measurement and long trajectory
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The Trouble with Nucleons

LY

ﬁ
—_—

(o B 71\ -— )

num:

) I
& High-sti

PROCEED WITH CAU 'l‘l()\T
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Nucleon Matrix Elements

=

§ Pick a QCD vacuum
& Gauge/fermion actions, flavour (2, 2+1, 2+1+1), m, a, L, ...
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Nucleon Matrix Elements

Lattice-QCD calctulation of (N|glg|N)

ts '

§ Construct correlators (hadronic observables)
& Requires “quark propagator”
Invert Dirac-operator matrix (rank 0(10%#))
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Nucleon Matrix Elements
Lattice-QCD calculation of (N|gTqg|N)

t

§ Analysis (extract couplings)
C3PY(tr, 1, 8;) = | A, |2(0]0p|0)e ~Moltr—t)
+AgA;(0]0p| 1)e~Mo(E=tDe=Miltr=0) 4 454, (1|0p|0)e ~M1(E-tD e =Molt—t)
+1eA,12(1]0p| 1)e M (b=t
C2PY(tf, t;) = |Ag|2e Mo(tr=td) 4 |4, |2e~Maltr=tiy
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Nucleon Matrix Elements

Lattice-QCD calctulation of (N|glg|N)
PN E |

§ Systematic Uncertainty (nonzero a, finite L, etc.)

& Contamination from excited states
& Nonperturbative renormalization
e.g. RI/SMOM scheme in MS at 2 GeV
& Extrapolation to the continuum limit
(m_— mPws [, -0, a—0)
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PNDME

Precision Neutron-Decay Matrix Elements (2010-)
https://sites.google.com/site/pndmelgcd/

Tanmoy Bhattacharya Rajan Gupta HWL Vincenzo Cirigliano

Saul Cohen Anosh Joseph Yong-Chull Jang Boram Yoon
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New Interactions

§ Neutron beta decay could be related to new interactions:
. lept quark BSM Alept Aquark
Hefr = GF A XJy_g T z & 07 X0,

& . and ¢, are related to the masses of the new TeV-scale particles
& Parameters sensitive to new physics )

ﬁ'ﬁ me me a{ﬁ
dll <« F(E,) |1+ A b— B B
( e)[ + Ee + Ee +< 0 + 1 Ee) Ev +

Fierz interference term:

Deviations from the
leading-order e~ spectrum

Energy-dependent part of the

with neutron spin

b B = foles Qs 1 l“ PreC|S|on LQCD input
[{ Josm = Jol g ) m _~140 MeV, a—0)
EST X A

Also see talks by Alejandro Garcia, Emanuele Mereghett
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New Interactions

§ Neutron beta decay could be related to new interactions:
. lept quark BSM Alept Aquark
Hefr = GF A XJy_g T z & 07 X0,

& £.and €, are related to the masses of the new TeV-scale particles
e RwieinlEl  Ongoing and Future Expected

Experiments Precision
dl' < F(E,)
_ _ UCNb & UCNB at LANL

Flerz Intel Nab at ORNL 103

Deviations f L,

leading-ord FRMII in Munich, ...

CENPA ®He(b;) 103to 10~* :
['TLJIDIBSM _jO\tS,TyS," T |\..\,|J|0n LQCD |npUt
) (m_ =140 MeV, a—0)

2
EsT X AgT

Also see talks by Alejandro Garcia, Emanuele Mereghetti
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Precision Nucleon Couplings

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME): 2016

a (fm) ‘ ‘ M, L ‘ M, (MeV) ‘

0.12 243 X 64 4.55 310 8,10,12 64.8k
0.12 243 x 64 3.29 220 8,10,12 24k
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 56.5k
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
We thank MILC collaboration for sharing their 2+1+1 HISQ lattices
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Precision Nucleon Couplings
§ 2018: 4 lattice spacings, 2 physical pion mass, M_< 320 MeV

R

M__ (MeV) ‘
0.15 163 x48 3.93 310 5,6,7,8,9 122.7K
0.12 243 X 64 4.55 310 8,10,12 64.8k
0.12 243 X 64 3.29 220 8,10,12 60.5K
0.12 323 X 64 4.38 220 8,10,12 47.6K
0.12 403 X 64 5.49 220 8,10,12,14 128.6K
0.09 323 x 96 4.51 310 10,12,14 114.9K
0.09 483 X 96 4.79 220 10,12,14 123.4K
0.09 643 X 96 3.90 130 8,10,12,14,16  165.1K
0.06 483 X 144 4.52 310 18,20,22,24 64.0K
0.06 643 X 144 4.41 220 18,20,22,24 41.6K
0.06 963 X 192 3.80 130 16,18,20,22 43.2K
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Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME)a = 012 fm, 310-MeV pion

14— | I |
@& Move the 1.33_ otwo- two  etwo- simRR -
excited-state systematic g4 0 " 4 % 5
" . [} 1.2-_ —

into the statistical error  Or =Y,

1.1:::}1:11=.~rrr}::::}1:11}:}}}}:::
C3PY(tp, t,t;) = |A0|*(0]0p|0)eMoltr=ti) ; :
+cA o A;(0 ~Mo(t=t;) o —Ma(tf~t) 1.0p PO — ﬂ -
+ Ay (1[0r O e -0 | | ES 1 -
. =l Or =1 7]
+|Cﬂ1|2(1|0r‘|1>e ) 0o i ' A I | ]
& No obvious contamination “*f ~ 0-96im 1.20fm 1.44fm 7
between 0.96 and 1.44 fm 11| gr %t
separation Lo0- Or =gy, :
.D.g'. PR I ST SR T [T SN T TR T SN SR N N N S NN SR S NS S R B R
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Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME)a = 0.09 fm, 310-MeV pion

14— | I |
& Move the 1.33_ otwo- two  otwo- simRR E
excited-state systematic g4 : PR—
into the statistical error Lar 4’ E
1.1:::}1:11=.~rrr}::::}1:11=.~.l.l.l|l:::_
C3PY(tp, t,t;) = |A0|*(0]0p|0)eMoltr=ti) : :
+cA oA (0 R 4 4+ -
A5 (1]0p[OTRRQEE D~ | -
+|A4 [#(1]0r|1)e ‘) l.::l{:;:l:u'['=:=I4:;:I=-r-r'r'r=::_
& Much stronger effect at k2 090tm 1.08m 1.26fm —
finer lattice spacing! 11p . N E
. L 5T ™. ¢
& Needs to be studied 10} &
IR NI S T ISR SR TR S NN SR TR N N N ST T AT T NS S T S N S
case by case 097 10 11 12 13 14
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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
PNDME, 1606.07049

0.95

gbare

2.6k I 41.6k

1.25 T I T T T T T 1.25 T T I T T
Extrap tygp=22

120 ) tiop=16 = {sqp=24 —8— /| 1.20

{45 ] w0 T » 1.15

Y9 \& a06m220 i Sl

1.10 [\¢ ; “ H 1,10

1.05 bl g Tadd B ] 105

1.00 !i'i'-"-i‘ pEB ] |

R
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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

gbare
I T I T 1.8
Extrap — tsep_22 ——
- sep_1 (SR — tsep_24 _—— . 1.5
=20 —e—
| fser a06m220 4 1.2
[ - I eIl Ty X1 a4 - 0.9
'y ' FEEEEL R pic Y
!,l.,r = S g ‘L‘—!I!',I',‘.—“ =y 0.6
L | | 1
i' 1D H O mY 03
1 1 | | | 00
8 -6 -4 -
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a = 0.06 fm, 220-MeV pion

PNDME, 1606.07049

41 6k

Extrap —_—

sep

_16 _t tsep_24 [ — n
=20 —e—

sep_22 ——




Systematic Control

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

&~ Statistical effect (worst case) %~ 0.06 fm, ZZP(L_[I;/[N?;/ ]F;L%nom 49

41.6k

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

bare

26k Y4

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)

&~ Robustness of the 2-state fit @ = 0-06 fm, 220-MeV pion
PNDME, 1606.07049

bare
41.6k ga 41.6k
I 1 1 1 1 I 1 I 1 .40 T T T ! ! T T T [
1.30 a06m220 AMA 6=11 - | Extrap —— 1ggp=22 r—¢—
.35 tsep=16 —o—1 15p=24 —B—
30 - tsep=20 —a—i

125 ¢ = | 206m220 AMA

?W MICHIGAN STATE Huey-Wen Lin — INT-18-2a: From nucleons to nuclei
_ UNIVERSITY



Systematic Control

g My Two Cents \l

91 & J4 1s not a gold-plated quantity

Early impressions that g4 would be easy underestimated systematics

& You can still trust lattice g4

...from groups who do due diligence for every ensemble
\ and carefully study systematics )
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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

PNDME, 1606.07049

gT(a; Mmy, L) =1c + czm,ZT + c3a + c4e‘mﬂL
1.10F | : it .
| 1 b | {{ ; f {L,,
TR S — XA I ,EL% -
1001 G | S H {LHE—
0.95:
{].9(]: R T U PRI TSV ST I SRR PR NSRS | i R
0 0.0Z2 004 006 008 010 2 3 4 5 b 7 80 0.05 0.10 0.15
m? (GeV?) m, L a (fm)

e e

i 2016: 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 PNDME, 1806. 05006

— 2 —MyL
gr(a,m, L) =cy +coms + cza+cpe”n
a%gmgig v aggmgégm ad6r7t7135.i'
2+ 1 1.2F 4L a”mm =74 a g; s &l 72; ED‘ ]
| Gray band: ;=0 (RS M euh

al2m220S w= a06m220 =

4 L1F
E l.O-L

09 F 1 09t

0.02 0.04 0.06 0.08 0.1 0.1: 3 4 5 6 7
M2 [GeV?] M, L

e e e

| 2018: Still the only collaboration that
has a full continuum-extrapolated gy

Yong-Chull Jang
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1.6

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,m,, L) =c; + c,m2 + cza + cye

15 F

13 ¢
1.2 F

0.7 F
0.6 |

~ Gray band: ¢3=0

1.1 F T :
é.‘;j %f AL

08 L

R

1 1 1 L 1
0.02 0.04 0.06 0.08 0.1
M2 [GeV?]

0.12

PNDME, 1806. 09006

1.6 ¢ ‘ ‘ ‘ — 16 . ‘ ‘
E ] E al5m310 v a4

L5 i 15l 312m310 re—
F bl 3 al2m220L +&+

L4k 1 14k 212m220 -
5 ] 3 al2m?220S &~

13| ! =
r ] 13 r

L2t 1 12f

1.1F ] 3

1.0 ] i %T ’Iﬁ .

0F T + 1 10f

0.0 E]]{ ﬁ, N

0 3 1 s

1 07t
0.6 F 1 o06f

08 [
0.7 [

m =gl
a09m220 r@~ extrap. =¥ 4
a09m130 - l-extrap. =é&
a06m310 A~
a06m?220 &+

| Il Il Il Il 1 |
3 4 5 6 7 0 0.03 0.06 0.09 0.12 0.15

e e e e

| 2018: Still the only collaboration has
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Precision Nucleon Couplings

FLAG rating system PNDME, 1506.06411;

1606.07049

> @V
u;"\:!l-* \rg,i\\ 431‘3'? . .;;.’.\.
(8] o : @ e ’i'?-"
New: excited-state rating«" o T o e
A e _ Oy X © e av
Collaboration Hef. % P Ny R 0 G < 1@ gr
PNDME™15 This work P 24+1+1 »n * * * * 1.020(76)"
ETMC'13 [30] C 2+1+1 o | * 1.11(3)°
LHPC 12 28] A 2+1 * * * 1.037(20)°
RBC/UKQCD’10 [20] A 2+1 o _ * * * 1.10(7) ¢
ROCD’'14 [31] P 2 * * = 0 * 1.005(17)(29))°
ETMC'13 [30] C 2 * n n 1.114(46) °
RBC'08 32] P 2 3 _ * ] * 0.03(6) ®
PNDME, 1806.09006 T
- 0.50 0.75 1.00 1.25 - — — — ]
s "'-""'."'-""IIII'I s A , . )¢ . 38
31 0.989(32)(10). = PNDME 18 X e pnoMEc181.022(80)(60)
Zt ) e PNDME 16 L . .
—e— PNDME °15 = . PNDME "16
o] s LHPC *12 = . 1
= —8— RBC/UKQCD "10 T ¢ LHPC 12
=z = PNDME "11
~ e ETMC *17
S How RQCD "14
RBC "08 T & ETMC "17
B Goldstein’14 = e RQCD "14
e —— Pitschmaninil4
£ . Kang 15 :
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Beta Decavys & BSM

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

Precision LQCD input

Expt OBSI\/I =f0(55,7'95;7') (m_— 140 MeV, a—0)
—2
0.004f | | ] ES,T X AS,T
Upcoming precision
Vo low-energy experiments
¥t LANL/ ORNL UCN neutron
A ( / - decay exp’t
| |B1=Dlgsy < 107
| _\“,Currentﬁdecays | |b|BSM < 10—3
| — sy - CENPA: ®He(b,;) at 1073
S owr e oooo  oooi o%z  Also see talk by A. Garcia, E. Mereghetti

T

Plots by Vincenzo Cirigliano PNDME, PRD85 054512 (2012);

1306.5435; 1606.07049; 1806.09006
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WIMPs as Dark Matter
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WIMPs for Dark Matter

§ WIMPs dark-matter (DM) searches

& Certain candidates (e.g. SuSy neutralinos) exchange Higgs
& Spin-Independent (SI) or Spin-Dependent (SD) cross-section
& Interactions with nucleon mediated by Higgs exchange

P
[Hill & Solon, PRL112, 211602 (2014)]
H -® | ,’-"“_"’" t

§ Errors on DM cross-section are 7 /
10731

dominated QCD ‘
110 115 120 125 130 135

§ Wanted from lattice QCD mn(GeV)

& Nucleon (nuclear) sigma terms, strangeness
& Quark spin contribution
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Input to SI Cross Section

§ Tensions in nucleon sigma o,,, determination

]:einweger et al.
weber et a).

T | T T T
| Ny=2 8

— Jl‘\ll_fzz—l_l —e—
» | Np=2+1+41 A

:200 0 T T | T T T | . | T T T T T
HEH

TOCUra et al. |-
Procur :2006

Thomas u 2009
Martin- Camaﬁ}%é%(g 5000
Sh h ﬁ 2071
ana t 201
l:{en%e?:}:1 ‘20_
A]\'alez uso et a 20

valfut De a(i 58
ZR a 2

EH Et

Orny = Mo —

™ Om?

-~

|

|

}

~ Latt. Feynman-Hellmann

(N|uti + dd|N)

Latt. Direct

ﬁﬁ jf

avan_ et a

7-N scattering

asser et a{ {

Radvas- -t
FTTT

Ch t
Hofericht?:}l]“ gt 21 | | I I I

20 40 60 80 100 120

Plot by Sarah Collins 0N [MeV]
@ Lattice 2016
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& Require the disconnected contribution

u+d

R

Input to SI Cross Section

§ We first calculate the matrix element of (N|uti + dd|N)

gs(a,m,, L) = c; + c,m2% + cza + cue

12

I

| g ’ >
A a12m310

PRELIMINARY

v a12m220
<4 a12m220L

¢ a09m130

& a06m310
T a06m220
BT ) ®

I

1 9.3(1.8) RQCD
~9.5(6) ETMC
1603.00827,1703.08788

| Convert to sigma term

_lusing FLAG 2+1+1f

& ol
6
_ q'gﬁd =96(4) *
| |
0 0. 05 0 10 0.15
2 2
M? (GeV?)
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Input to SI Cross Section

§ (N|sS|N)
& Purely disconnected contribution
gs(a,m,, L) = c; + c,m2% + cza + c,e”™rl
0.8 —=—] ¥+ & &+ ] v "]
PRELIMINARY ~°”m™"
i e 0.42(13) xQCD
06 i < a12m220L | (preliminary)
Sk N 0.35(15) RQCD
T 09m130
aal " o 1 0.33(9) ETMC
| | e 1603.00827,1703.08788
g3 = 0.48(18)
02— e |
0 0.05 0.10 0.19

M2 (GeV?)
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§ Results by PNDME (arXiv soon) ‘
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Input to 5D Process

§ Strange E the most poorly known quark spin
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Neutrino Physics Application

Nucleon axial form factors

For more complete review on LQCD
contributions to neutrino physics, please see
talk by Phiala Shanahan
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Axial Form Factors

§ Controversial axial form factor determinations from v data
& Inconsistent determination of M,

(difficult or uncontrollable experlmental systematlcs)
L et e— [ AaNL'so

ANL 73
ANL 77

ANL 82

Hills, et al — BNL 81

BNL 90
—e— Fermilab 83
NuTeV 04
CERN HLBC 64
CERN HLBC &7
CERN SC 68
P — —— CERN HLBC 69
® CERN GGM 77
CERN GGM 79
e CERN BEBC 90
——— IHEP 82
—— IHEP 85
— E———— IHEP SCAT 88
IHEP SCAT 90
K2K 086, SciFi
K2K 08, SciBar
MiniBooNE 07
NOMAD 08

—— MiniBooNE 10
—— MiniBooNE 10 NC

1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0.5 1 1.5 2

M, (GeV)
§ Lattice can provide SM inputs for event Monte Carlo
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Axial Form Factors

§ Nucleon isovector axial form factor PNDME, 1705.06834
& (V@) |4, (0)| NGo) = 7(57) [64(0*) i + 4 oy vsuB)

0.8 ¢

s MICHIGAN STATE

e

0.6 |
0.4

0.2 |

2
G4(Q%)/94
N ' ' - ' ' Exp. Fits done using z-expansion
\s , _
N Ma = 1.026 GeV — . (and dipole)
L i?'i! o} MA =1.39 GeV —
ET\EL NG al2m310 =~ _ ‘ —
3 : ""-.-_“ 212m220L &~ | 2 Eq. (23) E;q. (23) with ¢y =0
3Tl R =‘ a09m310 (‘)“A> TA My (‘)“A> 7 My
SR a09m220 dipole| 0.24(3) 0.49(3) 1.41(08)] 0.23(2) 0.48(2) 1.42(06)
N J: it ol 2 019(4) 0.44(5) 136(18)] 0.17(3) 0.42(4) 1.63(16)
N 206m220 +o+ ] AT 10.24(7) 0.49(7) 1.39(19) 0.18(5) 0.43(6) 160(23)
3 a06m135 =+ |
\ ‘%‘ % c1 + coa + caM? + qﬂfﬁe_M"L . (23)
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Plot by Yong-Chull Jang
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Axial Form Factors
I PNDME, 1705.06834

§ Nucleon isovector axial form factor

- = - —f > G QZ -
P <N(pf) 4,(Q)|N (pi)> = u(pr) [GA(QZ)V/,L + q, ’;,E,N) ] ysu(B)
I & | 1 | r : = :
N v,y Scattering
. 5*-‘; g; Electroproduction
O T 2N IR - 1
L0k Deuterium
MiniBooNE
s 00F \,‘i\ 1
\<[ \ £ ‘,:\\,
O O\ TR
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NEDM
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Electric Dipole Moment

§ Why do we care?
& CP-violating effect = Key ingredient for baryogenesis
= Why matter exists
& Extremely small in SM: = 10731 e-cm (expect to probe 10728 soon)
& Good candidate to constrain BSM models

10"

| | B ORNL, Harvard
'g' 10 ® MIT, BNL
8 pet A LNPI
= L8 v Sussex, RAL, ILL
= 10% a
— 10” n
() ]
.24 A
% 10 A "
; 10% VA A v
QO 10 A 4
'-'é ,, 1 Supersymmetry Predictions
5 10
=
g 1025
Z 107 {Standardmodel Predictions
10
I " 1 ¥ I o | ¥ 1 ¥ I " |}
1950 1960 1970 1980 1990 2000 2010
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§ Lattice community are working on various contributions
§ Lagrangian L = Ly 57" + Le + Lgiurgr + ngp(;ngo_quafk 4.
A Y

Induced by a variety of )
BSM scenarios
m; .:
dl “ A_Zl Sln (pCP g BSM particles
N/

RBC, J/E, CP-PACS(2005), \- —

CP-PACS(2006, 2010), QCDSF(2011), ... _ A A
GO YsA“GHY g + -

CP-odd QCD vacuum 1502.02295 ,

A few works in progress

with dynamical quarks by QCDSF I. Bhattacharya et al, 1502.07325,
-0.0038(2)(9) 0 e-fm

CP-even QCD vacuum
with f-term expansion; noisy

i ™
- Qq OuvVsqF*
This talk focuses on the quark EDM,
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oQuark EDM

§ Quark EDM (d,) in nucleon comes from
dy = dygy™ +dagy™® + dsgr™®
& Hadronic contribution: (N |q0m,q|N ), q € {u,d,s}

PNDME, 1506.04196; 1506.06411
§ Need “disconnected” diagram contributions

& Multiple ways to calculate this notorious contribution

& Truncated solver, hopping-parameter expansion,
hierarchical probing, ...
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Electric Dipole Moment

§ Quark EDM (d,) in nucleon comes from
dy = dugy™ +dagi™® + dsgi™”
& Hadronic contribution: (N |c70m,q|N ), q € {u,d,s}

§ Need “disconnected” diagram contributions

§ Extrapolate to the contmuum limit PNDME. 1506.04196; 1506.06411
gr = 0.774(66), gT = —0.233(28), g7 = 0. 008(9)

003 | 0.03 e
0.02} 0,02}
0.01} _5 0.01 1«}\ :
’ : ] S i &
0.00} | gt 000] + m
_001t ~0.01} o
z | ~0.02¢ ' ' '

YT T S 0 003 006 009 0.12

000 005 010 015
a(fm)  First time in LQCD M« (GeV9)
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Electric Dipole Moment

§ Quark EDM (d,) in nucleon comes from
dy = dygi™ + dagi™® + dsgr™®
& Hadronic contribution: (N |c70m,q|N ), q € {u,d,s}

§ Need “disconnected” diagram contributions
§ Extrapolate to the contmuum limit PNDME. 1506.04196; 1506.06411
gr = 0.774(66), gT = —0.233(28), g7 = 0.008(9)

. . 5 Wells, 2003;
§ ImpI|cat|onS for new phySICS Arkani-Hamed and Dimopoulos, 2004;

§ Take split SUSY for example Giudice and Romanino, 2004

& Using our lattice inputs, we can derive an upper limit for the
neutron EDM in split SUSY
|d,| <4 % 107%8e - cm

using |d,| < 8.7 X 107%°¢ - cm with 90% confidence
ACME Coll., Science Vol. 343 no. 6168 pp. 269-272 (2014)
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§ Exciting era using LQCD to study SM nucleon inputs

& Well-studied systematics — precision inputs
& More nucleon matrix elements with physical pion masses

§ Precision low-E experiments to probe BSM physics ¢V
& Combined effort from experiment and theory sides
& More work devoted to the intensity frontier, e.g. nEDM
§ Overcoming longstanding obstacles eV
& Address neglected disconnected contributions (e.g. g7)
& Bjorken-x dependence of parton distribution functions
§ Stay tuned for many more exciting results from LQCD
anicl < - Titan
Bl @ORNL
WIC@LANL

Thanks to I\/IILC coIIaboration for sharing their 2+1+1 HISQ lattices
The work of HL is sponsored by NSF CAREER Award under grant PHY 1653405
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Nucleon Axial Charge

§ Summary
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1.300 1.325

§ Implications?
& 20 might go away with

greater statistics

Lattice 2016 Prelim.

2+1f 1.15(4)
& PACS* 2+1f 1.8(4)
\_

& RBC*

§ New physics?

A =ga/ 9gv [np
—2(A% —

A1)

O:
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§ Isovector form factors
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Others Results

Plots by Yong-Chull Jang
1 .

" SmasAMA o .
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o a09m220 @ 306m368é%%
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2 Q?

§ Flavor-dependent couplings, 1°" moments on PDFs, ...
& EDM by Cirigliano (this afternoon)
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oQuark EDM

§ Extrapolate to the physical [imit ~ 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 10™%8e-cm
would falsify the split-SUSY scenario with gaugino mass unification
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Juture Prospects

§ A first joint workshop with global-fitting community to

address key LQCD inputs
& http: //www.physics.ox.ac.uk/confs /PDFlattice2017

Parton Distributions and Lattice Calculations in the LHC era
(PDFLattice 2017) 22-24 March 2017, Oxford, UK

“The goal of this workshop is to bring together the global PDF analysis and lattice-QCD
communities to explore ways to improve current PDF determinations. In particular, we
plan to set precision goals for lattice-QCD calculations so that these calculations,
together with experimental input, can achieve more reliable determinations of PDFs. In
addition we will discuss what impact such improved determinations of PDFs will have on
future new-physics searches.”
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