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Physical point simulations

pion mass at (or close to) the physical value

Advantage  
No chiral extrapolation needed,  i.e. one systematic error eliminated 


Problems


Numerically demanding 
need large volumes too

Signal-to-noise problem


Multi-particle-state contamination in correlation functions 
Example: Nπ states in the nucleon sector 
Light pions  ⇒  small gap to the single nucleon ground-state 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Nπ excited states 

Nucleon mass


Nucleon charges  gΑ   gS   gT

Pdf moments  ⟨x⟩u-d   ⟨x⟩Δu-Δd    ⟨x⟩δu-δd

Axial and pseudoscalar form factors GA(Q2), GP(Q2), GP(Q2) 
“PCAC puzzle”, projection method
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Theoretical tool:  Chiral perturbation theory (ChPT)


Provides understanding for the Nπ-excited state contamination in many observables

This talk:   
Impact on electromagnetic form factors GE(Q2), GM(Q2)    

OB, PRD 99 (2019) 054506 
OB, PRD 100 (2019) 054507 
OB, PRD 101 (2020) 034515

OB and H. Čolić, PRD 103 (2021) 114514

OB, PRD 95 (2017) 034505

OB, PRD 94 (2016) 054505

OB, PRD 92 (2015) 074504

~

Gasser, Saino, Svarc, NPB 307 (1988) 779



Electromagnetic form factors 

Matrix elements of local isovector vector current Vμ
isospin symmetry assumed
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Alternatively:

<latexit sha1_base64="txJ96HTz803M5GTij1qDjr1p66o="></latexit>

GE(q
2) = F1(q

2) +
q2

4M2
N

F2(q
2)

<latexit sha1_base64="N+/UQlrVM8AKUjeyN/FbKc6+Fn8="></latexit>

GM(q2) = F1(q
2) + F2(q

2)

Momentum transfer
<latexit sha1_base64="eM6dRuWvytjUWDpERFmnblYT6nc="></latexit>

q2 = �Q2 < 0

Dirac and Pauli form factors

<latexit sha1_base64="WIxADXiquHN+DRJeGyF3FfS/nRA="></latexit>

hN(p0, s0)|Vµ(0)|N(p, s)i = ū(p0, s0)

✓
�µF1(q

2) + i
�µ⌫q⌫
2MN

F2(q
2)

◆
u(p, s)

electric

magnetic
(Sachs) form factors



Calculating the form factors 
Sketch

Compute the nucleon 2-pt and 3-pt functions involving current  Vμ

Form appropriate ratio 


Extract the effective form factors 
 
 
 
 
➥ contain excited-state contribution εX  and depend on t, t’


For given t consider estimators for the form factors, e.g.
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Rµ(~q, t, t
0) �! ⇧µ(~q)

Ge↵
X (Q2, t, t0) = GX(Q

2)


1 + ✏X(Q2, t, t0)

�

⟶  0     for    t, t’ ⟶ ∞ 

X = E, M

Practically the same  
for small Q2

‣ Plateau estimate:
<latexit sha1_base64="yEWKL5J5YfLEyYUy4qNN59bItxo="></latexit>

Gplat
E (Q2, t) = min

0<t0<t
Ge↵

E (Q2, t, t0)

‣ Midpoint estimate:
<latexit sha1_base64="PYVKVUFrfIC8IUfE52OZ+BCo8ms="></latexit>

Gmid
E (Q2, t) = Ge↵

E (Q2, t, t0 = t/2)



Note:  You follow the same steps in ChPT … 
 
… and obtain the Nπ-state contribution 
     dominant one for large time separations 
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✏N⇡
X (Q2, t, t0)

Calculating the form factors 
Sketch



Νπ contribution in ChPT
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a)

b) c) d)

e) f) g)

h) i) j)

k) l) m)

FIG. 1: Feynman diagrams for the three-point function. Squares represent the nucleon operator

at times t and 0. The diamond stands for the axial vector current at time t0. Circles represent a

vertex insertion at an intermediate space time point, and an integration over this point is implicitly

assumed. The solid and dashed lines represent nucleon and pion propagators, respectively.

Pluggin everything together we obtain

C3,a = igA2|↵̃|2e�Mt (31)

Obviuosly this is equal to igA times the LO result for the 2-pt function. Thus, taking the
ratio RLO = C3,LO/C2,LO we finally find

RLO = igA . (32)

B. Nucleon-pion-state contributions

1. Generalities

The nucleon-pion contribution to the 3-pt function stems from the diagrams in figure 1.
These diagrams are obtained if two NLO parts of either the interpolating fields (fig. d) or
the axial vector current (figs. b and c) is used. In addition there are diagrams involving one
or two vertex insertions.
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Perturbative calculation ➞ Feynman diagrams

a) b) c) d)

e) f) g) h)

i) j) k) l)

Saturday, May 14, 16

Saturday, May 14, 16

Saturday, May 14, 16

Saturday, May 14, 16

m) n) o) p)

FIG. 2: Feynman diagrams for the leading N⇡ contribution in the vector current 3-pt function. Circles
represent a vertex insertion at an intermediate space-time point, and an integration over this point is
implicitly assumed. The dashed lines represent pion propagators.

D
1(~q, ~p) gives the value if the nucleon mass were infinite, Dcorr(~q, ~p) the O(1/MN ) correction.

Both were calculated in Ref. [3] with the following results

D
1(~q, ~p) = 3g2A

p
2

E2
⇡,~p

, (4.4)

D
corr(~q, ~p) = 3gA

gAM
2
⇡(p

2 + 2pq)� E
2
⇡,~p(p

2 + pq)

E4
⇡,~p

, (4.5)

where we used the abbreviations

p
2 = ~p

2
, pq = ~p · ~q . (4.6)

The main new results of this paper are the coe�cients stemming from the vector current 3pt
function. For the index µ = 4 our results for the leading NR limit coe�cients read

B
re,1
4 (~q, ~p) = 4g2A

 
p
2

E2
⇡,~p

� p
2 � pq

E2
⇡,~s

!
, (4.7)

B̃
re,1
4 (~q, ~p) = 4g2A

 
p
2

E2
⇡,~p

� p
2 + pq

E2
⇡,~r

!
, (4.8)

C
re,1
4 (~q, ~p) = �g

2
A

p
2

E2
⇡,~p

, (4.9)

C̃
re,1
4 (~q, ~p) = 2g2A

(E⇡,~p + E⇡,~s)(p
2 � pq)

E⇡,~pE
2
⇡,~s

. (4.10)

Two di↵erent pion energies appear in these results, in particular the energies of a pion carrying
the sum and the di↵erence of ~p and ~q,

~r = ~p+ ~q, ~s = ~p� ~q . (4.11)
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3-pt function

2-pt function



Νπ contribution in ChPT

analytic but cumbersome results (not shown here … )

Fix five input parameters by (approximate) exp. values: 


finite spatial volume, extent L, periodic BC  ➞  assume value MπL 
➥  discrete momentum transfer


Note:  
LO results do not depend on LECs associated with nucleon interpolating fields! 
Drop out in the ratios (at LO, not true beyond) 

Q2
n

✏N⇡
X (Q2, t, t0)

8

X = E, M

Mπ MN fπ gA μp - μn

140 MeV 940 MeV 93 MeV 1.27 4.71

⇒Diagrams
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        overestimates, increasingly with Q2,  up to 5% 
εE = 0 for Q2 = 0, vector current conservation*

        underestimates, decreasingly with Q2,  2 to 5%

Results: Electric and magnetic form factors 
for t = 2 fm

X = E

X = M

MπL 
6

5
4

small FV effect

for t = 2 fm 
<latexit sha1_base64="FW6aQQyVBdjG1aXfZG/tip86S/g=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4KkkpfewKLnQjVLAPaOuQyaRtaDIzJBmhDsVfceNCEbf+hzv/xkxbQUUPXO7hnHvJzfEiwbVB6MNZWl5ZXVvPbGQ3t7Z3dnN7+y0dxoqyJg1FqDoe0UzwgDUNN4J1IsWI9ARre+Oz1G/fMqV5GFybScT6kgwDPuCUGCu5ucNzN+kpCS+nN7MuuT+Fbi6PCgghjDFMCa6UkSW1WrWIqxCnlkUeLNBwc+89P6SxZIGhgmjdxSgy/YQow6lg02wv1iwidEyGrGtpQCTT/WR2/RSeWMWHg1DZCgycqd83EiK1nkjPTkpiRvq3l4p/ed3YDKr9hAdRbFhA5w8NYgFNCNMooM8Vo0ZMLCFUcXsrpCOiCDU2sKwN4eun8H/SKhZwuVC8KuXrpUUcGXAEjsEpwKAC6uACNEATUHAHHsATeHbunUfnxXmdjy45i50D8APO2ycQFpTz</latexit>

Gmid
M

<latexit sha1_base64="/fr25xiLUsHCzE79AmVsOjKBBSY=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4KkkpfewKIrqsYB/Q1iGTSdvQZGZIMkIdir/ixoUibv0Pd/6NmbaCih643MM595Kb40WCa4PQh7O0vLK6tp7ZyG5ube/s5vb2WzqMFWVNGopQdTyimeABaxpuBOtEihHpCdb2xmep375lSvMwuDaTiPUlGQZ8wCkxVnJzhxdu0lMSnk9vZl1yfwrdXB4VEEIYY5gSXCkjS2q1ahFXIU4tizxYoOHm3nt+SGPJAkMF0bqLUWT6CVGGU8Gm2V6sWUTomAxZ19KASKb7yez6KTyxig8HobIVGDhTv28kRGo9kZ6dlMSM9G8vFf/yurEZVPsJD6LYsIDOHxrEApoQplFAnytGjZhYQqji9lZIR0QRamxgWRvC10/h/6RVLOByoXhVytdLizgy4Agcg1OAQQXUwSVogCag4A48gCfw7Nw7j86L8zofXXIWOwfgB5y3TwOWlOs=</latexit>

Gmid
E

* GE computed using V4

ChPT is expected to work well …

✏
mid
X (Q2

, t = 2 fm)
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FIG. 4: The relative deviation ✏
mid
X (Q2

, t = 2 fm) for the midpoint estimates as a function of Q2. Results
for X = E, 4 in red, X = M in blue and X = E, 2 in purple. Results for three di↵erent spatial volumes
with M⇡L = 4 (diamonds), 5 (squares) and 6 (circles). Open symbols for the approximation with the
excited-to-excited state contributions c, c̃ ignored, see main text.

Naively we expect the excited-to-excited state N⇡ contribution to be significantly smaller than
the excited-to-ground state contribution. In terms of the coe�cients we introduced this expectation
says that the bµ, b̃µ contributions are the dominant ones in eq. (3.12) for t

0 ⇡ t/2. The reason is
the additional suppression by an exponential factor exp(��Et/2) in the cµ, c̃µ contributions.

Figure 5 shows the individual contributions to the relative deviations, e.g. ✏mid
X,b (Q

2
, t) denotes the

bµ contribution (red symbols), and analogously for b̃µ (blue), cµ (orange) and c̃µ (green). The N⇡

state contribution stemming from the 2-pt functions is shown by the brown symbols. Apparently,
the bµ and b̃µ contributions are significantly larger than the other three. Note the relative sign
between the bµ and b̃µ contributions in case of the X = E, 2 (bottom panel), which is responsible
for the sinh-like behaviour in the e↵ective form factor Ge↵

E,2, seen in fig. 3.
The sum of all individual contributions in fig. 5 gives the total results shown in fig. 4. Since the

cµ and c̃µ contributions are small we can ignore them and still obtain a very good approximation
for the total result. It is shown by the open symbols in fig. 4.

As stated before, the results shown so far are obtained with a finite number of N⇡ states
in eq. (3.8) and (3.17). The spatial momentum of the pion in the N⇡ state was restricted to
|~pn| . pmax with pmax/⇤� = 0.45. We have checked that for t = 2 fm these low-momentum N⇡

states essentially saturate the sums in (3.8), (3.17) i.e. the contribution of the high-momentum N⇡

states is negligible.
Two examples are shown in figure 6. The lower panel shows the relative deviation ✏

mid
M (Q2

, t)
as a function of t for M⇡L = 4 and the smallest accessible momentum transfer, i.e. with nq = 1.
The black line corresponds to our canonical choice pmax/⇤� = 0.45. In addition, the results for
two other momentum bounds are shown, a smaller one with pmax/⇤� = 0.3 (blue) and a larger
one with pmax/⇤� = 0.6 (red). In terms of the integer np these bounds correspond to np,max = 2
(blue), 5 (black) and 10 (red). For t = 2 fm and larger the di↵erence between the black and red
curves is tiny and negligible, and this does not change if pmax is chosen even larger. However, a
spread of about 25% is seen between pmax/⇤� = 0.3 and 0.45 (for t = 2 fm).

17

about times 2  for t = 1.6 fm 
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                  shows flat Q2 dependence 


Underestimates by about 6% for t = 2 fm

Electric and magnetic form factors 
for t = 2 fm

MπL 
6

5
4

G
mid
M (Q2

, t)/Gmid
E,4 (Q

2
, t)

�
�

� �
�

�
� � � � � �

� � � � � � � � � � �
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FIG. 7: The ratio G
mid
M (Q2

, t)/Gmid
E,4 (Q

2
, t) for t = 2 fm and M⇡L = 4 (diamonds), 5 (squares) and 6 (circles).

The dashed line shows the value µp�n = 4.71.

The upper panel in figure 6 shows the analogous result for ✏
mid
E,4 (Q

2
, t), but for nq = 5, cor-

responding to Q
2 ⇡ 0.225GeV2. We find the same result, the low-momentum N⇡ states with

pmax/⇤� = 0.45 essentially saturate the sum and capture the dominant part of the N⇡ excited-
state contribution

Finally, fig. 7 shows the ratio G
mid
M (Q2

, t)/Gmid
E,4 (Q

2
, t) as a function of Q2, again for t = 2 fm

and various M⇡L values. To a very good approximation this ratio is constant, it varies by less
than 2 percent over the range of Q2 displayed in figure 7. This mild Q

2 dependence is anticipated
since the slopes of ✏mid

E,4 (Q
2
, t) and ✏

mid
M (Q2

, t) are similar, see fig. 4, and essentially cancel in the

ratio. However, this flat Q2 behaviour should not be misinterpreted as the absence of the excited
state contamination. The ratio is about 6% below µp�n, the value it assumes without the N⇡

contamination at vanishing momentum transfer.7 Since ✏
mid
E (0, t) = 0 this underestimation stems

dominantly from the N⇡ contamination in the magnetic form factor estimate G
mid
M (Q2

, t).

C. Impact on the charge radii

The N⇡ contamination in the form factor estimates is Q
2 dependent, and this a↵ects the

extraction of the charge radii. Estimates for the charge radii are obtained by eq. (2.8), with the
midpoint estimates on the right hand side,

r
2,mid
X (t) ⌘ �6

d

dQ2

✓
G

mid
X (Q2

, t)

Gmid
X (0, t)

◆ ����
Q2=0

. (5.3)

7 Appendix F in Ref. [32] reports results of linear fits to lattice data for the ratio to extract the magnetic moment
µp�n. For almost all ensembles the extracted value is found well below the experimental value, including an
ensemble with physical pion mass. However, for this ensemble the maximal source-sink separation was t ⇡ 1.4 fm.
A similar finding is reported in Ref. [33].

20

<latexit sha1_base64="BMPC8PJAypUkmMin8BkBF3KG2Xc=">AAACEnicdZDLSgMxFIYz9VbrrerSTbAIuqmTUnrZFUR0I1SwF2hryWTSNjSZGZKMUIZ5Bje+ihsXirh15c63MdNWqKIHQn6+/xyS8zsBZ0rb9qeVWlpeWV1Lr2c2Nre2d7K7e03lh5LQBvG5L9sOVpQzjzY005y2A0mxcDhtOeOzxG/dUamY793oSUB7Ag89NmAEa4P62ZOLftSVAl7Ft9NbMDeGp3N4vgj72Zydt20bIQQTgcol24hqtVJAFYgSy1QOzKvez350XZ+EgnqacKxUB9mB7kVYakY4jTPdUNEAkzEe0o6RHhZU9aLpSjE8MsSFA1+a42k4pYsTERZKTYRjOgXWI/XbS+BfXifUg0ovYl4QauqR2UODkEPtwyQf6DJJieYTIzCRzPwVkhGWmGiTYsaE8L0p/F80C3lUyheui7lacR5HGhyAQ3AMECiDGrgEddAABNyDR/AMXqwH68l6td5mrSlrPrMPfpT1/gVURZ09</latexit>

Gmid
M /Gmid
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Comparison with lattice data

11

Compare with PACS data in Ishikawa et al, PRD 98 (2018) :

✔︎ simple plateau estimates 


✔︎ almost physical pion mass:  Mπ ≈146 MeV
✔︎ large volume:  MπL ≈ 6.0   ➞   many small Q2

✘ one small source-sink separation:   t ≈ 1.3 fm

✘ large statistical errors


✘ one lattice spacing  a ≈ 0.085 fm 



Comparison with lattice data

G
plat
E,4 (Q

2
, t)

PACS data

PACS data, N� removed

Kelly
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G
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FIG. 10: PACS data G
plat
M (Q2

, t) (orange symbols) for t = 1.3 fm and Q
2 smaller than 0.25GeV2 [14]. The

Kelly line (dashed) represents the experimental data [41]. Removing the N⇡ contamination with eq. (6.2)
results in the corrected data points (blue symbols), see main text.
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FIG. 10: PACS data G
plat
M (Q2

, t) (orange symbols) for t = 1.3 fm and Q
2 smaller than 0.25GeV2 [14]. The

Kelly line (dashed) represents the experimental data [41]. Removing the N⇡ contamination with eq. (6.2)
results in the corrected data points (blue symbols), see main text.
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✏
plat
E,4 (Q

2
, t)

N� contamination (ChPT)

PACS data deviation
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FIG. 11: The relative deviations ✏
plat
M (Q2

, t) of the ETMC data [15] from the Kelly line (orange symbols)
compared to the ChPT prediction (blue).
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FIG. 11: The relative deviations ✏
plat
M (Q2

, t) of the ETMC data [15] from the Kelly line (orange symbols)
compared to the ChPT prediction (blue).
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‣ LO ChPT works surprisingly well (large statistical errors in the data …) 
12



Comment 1

The total Nπ contamination is the cumulative contribution of many Nπ-states:

✏
mid
E,4 (Q

2 = Q
2
nq=5, t)

1.5 2.0 2.5 3.0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

t/fm

✏
mid
M (Q2 = Q

2
nq=1, t)

t/fm

FIG. 6: The relative deviations ✏mid
E,4 (Q

2
, t) (top panel) and ✏

mid
M (Q2

, t) (bottom) for the midpoint estimates as
a function of the source-sink separation t for three di↵erent upper limits for the pion momentum, np,max = 2
(blue), 5 (black) and 10 (red), see main text. Results for M⇡L = 4 and Q

2 obtained with nq = 5 (top) and
nq = 1 (bottom).

19

Example:

➥ total contamination ≈ sum of lowest 5 non-zero momentum states for MπL = 4

13

nmax

10 
5 
2

12 6



Comment 2
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Comparing the Nπ contribution in various form factors:

<latexit sha1_base64="GFHspUXB2oQo8dgWA2hfm33oExM=">AAACBXicdZDLSgMxFIYzXmu9jbrURbAIrsqklF52BTcuK9gLtGPJZDJtaDIzJBmhDLNx46u4caGIW9/BnW9jpq2gogcCH/9/Difn92LOlHacD2tldW19Y7OwVdze2d3btw8OuypKJKEdEvFI9j2sKGch7WimOe3HkmLhcdrzphe537ulUrEovNazmLoCj0MWMIK1kUb2yZDGinGDaTqUAvaz7GYOgvnZyC45ZcdxEEIwB1SvOQaazUYFNSDKLVMlsKz2yH4f+hFJBA014VipAXJi7aZYakY4zYrDRNEYkyke04HBEAuq3HR+RQbPjOLDIJLmhRrO1e8TKRZKzYRnOgXWE/Xby8W/vEGig4absjBONA3JYlGQcKgjmEcCfSYp0XxmABPJzF8hmWCJiTbBFU0IX5fC/6FbKaNauXJVLbWqyzgK4BicgnOAQB20wCVogw4g4A48gCfwbN1bj9aL9bpoXbGWM0fgR1lvn4gamTU=</latexit>

✏mid
X

Νπ contribution in ChPT

axial vector current or 
pseudoscalar densitya)

b) c) d)

e) f) g)

h) i) j)

k) l) m)

FIG. 1: Feynman diagrams for the three-point function. Squares represent the nucleon operator

at times t and 0. The diamond stands for the axial vector current at time t0. Circles represent a

vertex insertion at an intermediate space time point, and an integration over this point is implicitly

assumed. The solid and dashed lines represent nucleon and pion propagators, respectively.

Pluggin everything together we obtain

C3,a = igA2|↵̃|2e�Mt (31)

Obviuosly this is equal to igA times the LO result for the 2-pt function. Thus, taking the
ratio RLO = C3,LO/C2,LO we finally find

RLO = igA . (32)

B. Nucleon-pion-state contributions

1. Generalities

The nucleon-pion contribution to the 3-pt function stems from the diagrams in figure 1.
These diagrams are obtained if two NLO parts of either the interpolating fields (fig. d) or
the axial vector current (figs. b and c) is used. In addition there are diagrams involving one
or two vertex insertions.

7

Loop diagrams:
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Analogously for the 3-pt function.  Nπ contributions stem from

‣ Tree diagrams are expected to give large Nπ contribution  
not 1/L3 

‣ vanish for Q2 = 0  →  do not contribute to gA

axial vector directly creates/destroys a pion at t’ !

Alternative for pseudoscalar ff: Use PCAC relation to get Nπ contribution (→ later)

…:             dominated by tree diagrams
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FIG. 1: Feynman diagrams for the three-point function. Squares represent the nucleon operator

at times t and 0. The diamond stands for the axial vector current at time t0. Circles represent a

vertex insertion at an intermediate space time point, and an integration over this point is implicitly

assumed. The solid and dashed lines represent nucleon and pion propagators, respectively.

Pluggin everything together we obtain

C3,a = igA2|↵̃|2e�Mt (31)

Obviuosly this is equal to igA times the LO result for the 2-pt function. Thus, taking the
ratio RLO = C3,LO/C2,LO we finally find

RLO = igA . (32)

B. Nucleon-pion-state contributions

1. Generalities

The nucleon-pion contribution to the 3-pt function stems from the diagrams in figure 1.
These diagrams are obtained if two NLO parts of either the interpolating fields (fig. d) or
the axial vector current (figs. b and c) is used. In addition there are diagrams involving one
or two vertex insertions.

7

Loop diagrams:

Tree diagrams:

Analogously for the 3-pt function.  Nπ contributions stem from

‣ Tree diagrams are expected to give large Nπ contribution  
not 1/L3 

‣ vanish for Q2 = 0  →  do not contribute to gA

axial vector directly creates/destroys a pion at t’ !

Alternative for pseudoscalar ff: Use PCAC relation to get Nπ contribution (→ later)

…:  dominated by loop diagrams
<latexit sha1_base64="N2I1+4vES17Bc18JQtVJs+wBggo=">AAACM3icZVDLSgMxFM34rPXV2qWbYCm4KGVGi7oRKiK4ESrYB7SlZNJMG5pJhiQjDEO/xa1+gB8j7sSt/2CmLaXTXkg4nPs4h+MGjCpt21/WxubW9s5uZi+7f3B4dJzLnzSVCCUmDSyYkG0XKcIoJw1NNSPtQBLku4y03PF90m+9Eqmo4C86CkjPR0NOPYqRNlQ/V4i70oftye1DuVuGT8l3188V7Yo9LbgAzioognnV+3kr0x0IHPqEa8yQUh3HDnQvRlJTzMgk2w0VCRAeoyHpGMiRT1QvnrqfwJJhBtAT0jyu4ZRd3oiRr1Tku2bSR3qkVnsJueiVUlLau+nFlAehJhzPlLyQQS1gkgUcUEmwZpEBCEtqzEI8QhJhbRJLmWYmLu4s3UoJxa4QY41cNcma7NaSWgfNi4pzVbl8rhZr1XmKGXAKzsA5cMA1qIFHUAcNgEEE3sA7+LA+rW/rx/qdjW5Y850CSJX19w9/PqgG</latexit>

X = E, M, A
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✏mid
P̃⇒           is much larger than the others  

Note:  Analoque of the tree diagrams  
          for vector current form factors : …

Nππ contribution 
expected to be small 
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Conclusions

Nπ-states result in a non-negligible contamination in GE(Q2), GM(Q2) 


O(±5%) for t ≈ 2 fm 


twice as large for t ≈ 1.5 fm


For t ≳ 2 fm: Use ChPT results to analytically remove the Nπ-contamination 
                    (similarly to removing FV effects)


For t ≲ 2 fm: Exercise caution when analyzing lattice data 
                   ??? usage of two-state-fits even though many more Nπ-states contribute ???
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Comparison with ETMC data
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FIG. 9: The relative deviations ✏
plat
E,4 (Q

2
, t) (top panel, orange symbols) and ✏

plat
M (Q2

, t) (bottom panel,
orange symbols) of the ETMC data [15] from the Kelly line compared to the ChPT prediction for the
deviation due to N⇡ states (blue).
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‣ LO ChPT describes the data reasonably well  (within expectation)

‣ Suggests that Nπ-states are at least partially responsible for deviation with experiment
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Comparison with data - alternative form

lattice results

ChPT prediction

➥ Remove analytically the anticipated LO Nπ contamination from the data:

If higher order and other excited-state contributions are negligible:

<latexit sha1_base64="0hLravqXRwo86WS8TwVJT5z1hpc="></latexit>

Gmid
X (Q2, t) = GX(Q

2)
h
1 + ✏mid

X (Q2, t)
i

<latexit sha1_base64="dESbG8jwtQg5ws7a4uviVhMtEI8="></latexit>

Gcorr
X (Q2, t) ⇡ GX(Q

2)

<latexit sha1_base64="CkdGhtcAxi9tPSRPckHzwg2Cztg="></latexit>

Gcorr
X (Q2, t) ⌘ Gmid

X (Q2, t)

1 + ✏mid,N⇡
X (Q2, t)

phys form factor
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Comparison with ETMC data
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FIG. 8: ETMC data G
plat
E,4 (Q

2
, t) (top panel, orange symbols) and G

plat
M (Q2

, t) (bottom panel, orange sym-

bols) for t = 1.6 fm and Q
2 smaller than 0.25GeV2 [15]. The Kelly line (dashed) represents the experimental

data [41]. Removing the N⇡ contamination with eq. (6.2) results in the corrected data points (blue symbols),
see main text.
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‣ Same conclusion as before 
LO ChPT eases discrepancy with experimental data (here given by Kelly line)

19


