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Nucleon Charges

* Charges = Quark bilinears with current
(zero momentum)

(N(®HIOIN(p))

NgA' ng) gT
* g4 Benchmark Quantity

* gs, gr — Input for new physics searches

04 = qy,vsq, 0° = qq,0L, = iqo,,q
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Vector Form Factors

Dirac Pauli

(NGOlaralN @) = 760" |1 FQD) +i 22 g E1(0D)|uGp

Q

2

2y 2 (@) = (1—%(7‘5)0”-")

2 — lZ 2 4 ...
GM(Q)=F1q(Q)+F2q(Q)— (1- () @2 +-)

Gp(Q%) = F(Q*) -

= Electric charge,
=magnetic moment,

* (r£ /1 )= electric/magnetic radius,
* g=u,d,s
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Proton Radius

Discrepency (or not to discrepency?) between

* ep-scattering
1

(r?)? = 0.879(8)fm

1

(r2)2 = 0.831(14)fm

. ,u-onic hydrogen
(p) 0.84087(39)fm
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* Discretize Space Time

* Lattice action \ e ¢ -
stat[;) w ©] = Skat[1/] + Skat[1), W, 7]
(0 =2f Thepd ! ()0 Nymygsdet[D +mgle™Se | g | =

—

* (()) evaluated stochastically (Markov Chain) J S

* Challenges ; V
gluon qugrk

* Need to extrapolate to continuum
In lattice spacing
In lattice Volume
* Need to extrapolate to physical quark masses (Chiral EFT)

* Need to control excited states
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* Discretization not unique:
Wilson, DWF, HISQ

* Nf = 2+ 1(2 degenerate

* Gauge ensembles produced within CLS
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Landscape of CLS ensembles

383 AT 155 346 34 a0
T T ¥ ] T
850 -
i
c Q ol 103
) NNO 345
o on ™ H20 el 7 w
Nag
e ( Q
350 - a 2 Q J}“((l (LA 2 ")
“Jnn Nya Nao Hue 9
% 3%0 i
F k301 N Ul 101 = %m
% e . Nan Hue s
U = ;A %101 QM.HJ
. 1%
<100
220 Q. 1ol k h
Dan e D " - -
150 J L
P [l'f-"---l, - ‘-hl o
: E250 -
2 1 L Dl
0 0.0 (L0004 0.006 0. (0% Red = mn- L < 4‘
o |

Yellow=4 <m L <5

H IM HELMHOLTZ
Helmholtz-Institut Mainz

www.hi-mainz.de 23.04.21



Physics from the Lattice

* Physics contained in correlation functions

2 eP(y—x) (ON(x)ON(y)T ) — z an(p)e—En(p)(yo—xo)

1.6

Yo _xo)_’o‘; ay(p)eEo (Yo—%Xo) 15 | %éééggg % ’I
* Op: Nucleon interpolating operatc _ E
* Ground state dominates for large % 1:2 .
* Challenges: Ol
— Signal to noise deteriorates for large 0;

! ! !
0 0.5 1 1.5 2

— Need to control excited states t/fm
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Excited States for FF

* We actually extract the FF using ratios of correlation functions,

e.g. isovector vector FF
Cy (.t q) \/ Co(ts — t; ~q) Ca(t,0) Ch(t,; 0)

RJM ¢ ts. —
( ) 7q) 02(ts; 0) CZ(ts — 1 O) Cz(t; _Q) 02(ts; _q) 7

* Ratio such that for large t and (t;—t)

t,(ts—t)>>0 my + FE
RJO (ta tsa q) ( ) ? al 4 GE(Q2) 3
2F,
ReR” (1, t,; q) "% : Gm(Q%)eijag;
» Y8y 4 2Eq(Eq _|_ MN) M ng j 9

 However we see deviations from a plateau
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Example of Excited States in R

e Ratios for D200 at two different momenta

$  ts=16 I t,=18 ¥ ts=20 ot =22

3.8

3.6

—~

>
1?: 3.4 4
=

O 3.2

3.0

2.8
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Excited States

* Ways to deal with excited states
— Summation method
— Include higher terms in spectral representation explicitly
 Summation method
— Write any correlation function generically as
C(t,itr))=a+be 81 4 ¢ e~ (tr=t)AEL 4 .
— a = ground state matrix element accesible for large t and (ts—t)

— b-and c-terms are contaminations due to excited states
tf—l

z C(t, tf) = a(ty — 1) — be trifr — Ge~lf
t=1
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Summation Method

tf—T
z C(t,tr) = a(ty —1) —be U™ —ce™l

t=1

* Fit linear term to get ground state matrix element a

16
60

m14_
n

S

50
12 1

T T T T 40 15 T T T
16 18 20 22 16 18 20 22
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* Keep more than ground state terms and fit multiple states

z an (p) e _En (p) (yO _xO)

e Typically for the ratio

R*(t,t,, Q%) = r00{1 MuCY e @@t _ ~Blar] +@ e €@ _ -E0D] }

2
+ Tolet + Tloe(ts_t) + T11€_t6 (ts—t) + ...,
* Typically need priors to stabilize the fits or fix the gap

* For the charges there is only one gap at zero momentum
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Isovector Nucleon Charges from lattice

* |sovector — only connected contributions
* Extract charges from ratio

0,3pt
P n(q= 'tfrtirt)

O — U U
Rﬂlr'"uu'n (tf’ t' tl) o CZpt(q= ,tf—ti)

* Not only charges but higher-dim. Ops

N, ty)

e Several source sink separations
|tr — t;j| < 1.5 fm
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Isovector Nucleon Charges from lattice

R(ts.t.t

channels

PO

* Excited state is the sameinall /

* Do not fix gap but fit
simultaneously for all charges

SRty toti)

* |n total 6 charges

0 (2) = q(@)ysa(z),  O%(x) =qx)a(z), Oy (x) = q(@)ouq(a).

O = (Vi Bu} q, 0% = @y By} q, OlF = a0 Bp} q, 0 | | | | | b ‘ ‘ ‘ ‘
o Il R S TTTIVONT
* On the right example of such - S ol
tr uu@:‘tl“.é v 0.05 £
a fit on N203 )
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Isovector Nucleon Charges from lattice

e Chiral and continuum extrapolation using different fit ansatze

Q(My,a,L) = Ag + BoM? + CgM? log M, + Dga™?) + Eg \/A]%LeMwL :
* n(Q) =1 for unimproved quantities, n(Q) = 2 for axial and
scalar charge
* Rather flat chiral dependence R L
large cancellations between L1 f
B and C o.; fit (a =0, ]Wﬂ:_]\/{ﬂ',physl)
» [Lattice artefacts in general 09 e e

non-negligible
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Isovector Nucleon Charges from lattice

Final estimates - o
FIRG 2019 5T
[ J Local Charges { i :I’;»TDGszle;agefoer=2+1+1
g4 = 1.242(25)stat (—06) (—30)cont (+00° [ S
g6~" = 113(11)sta (+07) 5 (=06) cont (—O1 § C—
gy~ = 0.965(38)stat (—37)x (—17)cont (+ 115 =, mu
* Lowest moments of parton distribution ¢ T
(hu—a = 0.180(25)stat(—06)y (+12)eont (+07)p Lo rwanomni

<x>Au—Ad — 0-221(25)stat(+01)X(+10)cont<+02)]?8 )
<x>(5u—(5d — 0-212(32)s‘cat(_10)X(+19)cont(+05)FS .
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Isovector Vector FF

* |sovector FF = only connected diagrams
* Recent results from Mainz Lattice Group:

1.0

& 0.5 1

Gr(Q

0.0 1

T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Q? [GeV?] Q? [GeV?

* Comparison of E250 (m,= 130 MeV) to pheno parametrization
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Isovector Vector FF-Excited States

 Deal with excited states

— Summation method S s i
— Two-state Fits
* MUItiState ﬁtS use %Z; ?‘ _,,,..,....n:":‘:
R*(t, 1, Q2) — Too{l 4 @ [e—A(q2)(ts—t) _ e—A(qQ)ts] + @ [e—A(O)t pEN() ts}
-+rme—Am%t4_rme—AmHu—ﬂ_+71§£f«ﬁﬂe—AmMu—w_%_”’ gf: o
p and A come from C, B
and are the same for G
and Gy

 Perform simultaneous fit

T T T T 1.0 L - T T
-5 0 5 10 ~10 -5 0 5
(15 (=5
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Isovector Vector FF

* Blue points summation

* Red point two-state flts

* For the Q% dependence
— Use z-expansion
— Directly fit FF using Chiral EFT

1.0 A

& 0.5

0.0

Grm(Q?)

2(Q%) =

J

= > aMAQH,

k=1/0

V tcut + Q2 -V tcut

V tcut + Q2 + V tcut .
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|sovector Vector FF

5.0 5.0 1

* Conventional analysis jiii%“ﬂ% # P @Lﬂ% %
* Z-expansion (blue points) and i 3

T T T T T T T T T T T T
0.02 0.04 0.06 0.08 0.10 0.12 0.02 0.04 0.06 0.08 0.10 0.12

subsequent chiral extrapolation " ]
using HBChPT (blue band) M} g :5323%% %

L]
* Red points = PD B TR T
- 0.02 0.04 0.06 0.08 0.10 0.12 0.02 0.04 0.06 0.08 0.10 0.12

* Green point = Mainz/Al only EEZM% ‘;Z;N
* Grey band = Determination from - B o L .

0.4

) [fm?]
) [fm]

(
(

I

) [

T T T T T T T T T T T T
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direct fit using Chiral EFT G o
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Isovector FF — Direct method

3

* Instead of intermediate z-
expansion directly fit Chiral
EFT expression of )

= 3
Tiq ¢7 i38g

Gu(@Q)
Gu(Q?)
21 j
7 <]

e Expressions include explicit
vector degrees (p-meson) of
freedom £

Q
Gu(Q%)

Ge(Q%)
° ° :
& & g
(@)
N - o o
’ ; : ; 1 1
o o o]
g g g
o o o |
o | < | o |
o [T a v 9
5 g 5] g
o | a o | o
& b b
° ° o
2 - 2 2 .
s o # - H
2 g g

* Improved description for _
larger Q° o

0.2 0.3 0.4 5 0 0.1 0.2 0.3
Q*[GeV?) Q*[GeV?]
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* The following systematics are included in the final result
Gr(Q?) = Ge(Q*)* + *Q*GY + Q*Gre """,
(@) = Gul@) + Gy + e (1 - 2

* As a checkinclude lattice artefacts multiplicatively

)6—MWL X Q2G§46—M7TL.

Ge(Q%) = Ge(Q*)X (1 +d*Q*GL + Q*GRe M)
Cu(Q?) = Gar(QY)* (1 + a2GY + Q*GLe™) 4 ke M, (1 .

* Variations to assess systematics

— Summation vs Two-state data as input

Mzl term

— Include a? or e
— Pion mass cuts

— Q%cuts

www.hi-mainz.de
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* Comparison

— Magnetic moment is
reproduced rather well

— Our result favors smaller
electric radius

— However magnetic radius
comparatively small

* Using the value for the
neutron from PDG we get

0.827(20) fm

(1272 =

(r

2
g
(ry

=371 +£0.1140.13,

> = 0.800 & 0.025 4 0.022 fm?,
= 0.661 4 0.030 4 0.011 fm?*,

ETMC20
ETMC18
PACS18 4
LHPC17
PNDME20
Phenomenology -
This work
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Summary — Nucleon FF from the Lattice

e Lattice determination of hadron observables
— precision is picking up also for nucleons

* With increase in precision, control of systematics becomes
important (e.g. excited states)

e Have not discussed:

— Individual FF for proton and neutron (disconnected diagrams)
— Axial FF
— Strangeness in the nucleon

Thank You For Your Attention!
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