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Nucleon mass

* Nucleon mass
* my, =938 MeV

* Ruler approximation: my = 800 MeV 4+ m,,
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A. Walker-Load PoS LATTICE2013 (2014), 013
« Works well over a large range

* Wrong pion mass dependence Wrong leading term, free of log M

 Lattice cannot approach chiral limit
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Chiral perturbative theory (ChPT)

« ChPT —— low energy EFT Steven Weinberg Physica A 96 (1979)

* Degree of freedom —— meson and baryon (pion and nucleon)

e Mesonic sector J. Gasser and H. Leutwyler Annals Phys. 158 (1984)

2 2 .
Ld = S Tr(9,U0*U) + - Tr(xUt + Utx), U =exp(i™?)

« Power counting -- consist with dimension

M, = 136 MeV « A, = 0(1GeV), |q ~ M/A,

0,~0(q), M;~0(q), x=Mz~O0(q?
e D = dimXNLoop — ZXNI + Zl NVi
dimx1—2x1+2 - 0(q")
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Baryon Chiral perturbative theory (BChPT)

° baryon sector J. Gasser et al. Nucl.Phys.B 307 (1988)

£ = 8 (19— m+ By p7-7) 1t

« Power counting breaking (PCB)

° M7T << AX’ mN"’AX
« d,m~0(q), M,~O0(q), | my~0(q°), 9,¥~0(q")

. i . .
lSF(p) :ﬁ_m_|_10+ ‘ D = dlmXNL _ZXNI,TC_]‘XNI,N-I_ Zl NVi
q
dimx1—2x1—1x1+2 - 0(q>) P N
— PCB terms / N
/
2m [log <W>] + 2mM; [1 + log (W)] kp k, +q ky
T o o) ’ Power counting breaking

2 . .
{1Og (%;r) M4 4+ 203 /Im? — M2 arccos (%) } A new scale get involved in
m 2m /) ) the Feynman Integral
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Renormalization

« PCB - ill-defined cutoff of Feynman diagram

« Heavy Baryon ChPT (HBChPT)
p=mv+k, v=(1000), m - o

V. Bernard et al. Nucl.Phys.B 388 (1982)
E.E. Jenkins and A.V. Manohar Phys.Lett.B 255 (1991)

i . 1+
Jomrior o oy ktie

* Infrared Regularization (IR) 1 echer and H. Leutwyler EurPhys.J. 9 (1999)

« Non-relativistic iSr(p) =

» Discard the contribution near the pole p? = m? (regular part).

* Introduce un-physical cut, poor convergence
J. Gegelia and G. Japaridze

Phys.Rev.D 60 (1999)

« Extended-on-mass-shell scheme (EOMS)

T. Fuchs et al. Phys.Rev.D 68 (2003)
 counterterms absorb only the divergence and PCB terms

 Keeps the relativity and analyticity | purand and P Ha Phys Rev.D 58 (1998)

L.S Geng et al. Phys.Rev.Lett. 101 (2008)

 Phenomenological success
L.S Geng Front.Phys.(Beijing) 8 (2013)
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Nucleon self-energy

 Nucleon mass:
2 3 4 ]k[ 4
my = m+kiM*+ koM?® + ksM*In — + ky4M* <= Tree and one loop
7!

M M
— k5M51n%—|—k6M5 + k7M6ln27—|—k8M61n7—|—k9M6 == Two loop
7

 HBChPT:
J.A. McGovern and M.C. Birse Phys.Lett.B 446 (1999)
« Up to 0(g®), the correction can be absorbed by g,4.

* IR:
« Upto 0(q®) M.R. Schindler et al. Phys.Lett.B 649 (2007)
« EOMS:

« One Loop T. Fuches et al. Phys.Rev.D 68 (2003)

« Two loop N.D.Conard et al. PoS CD2021 (2024)
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The expansion of nucleon mass

[ J mN
/d"’x (QT(x)1h(0) |Q) eP® =

« 1Pl self-energy
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Absorb the contact terms into propagator mass m = mg + X,
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The expansion of nucleon mass

S (g, m)
. 72 FON
(D) (1)
/ \/ / o/
Three scales (my, 7, M) = Two scales @
2 2« O O
WS (my,m) = B?S® (7 + O(h), m)
S3 (g, m)

=n’S®(m,m)+om* 7 T
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* Method of region (MOR) o o
two regions for each integration &
: Om® O—O
| ~ M, == soft ~ IR singular part e
|l ~ my == hard ~ IR regular part — =
_ ) A
Contain PCB <+ O—0 O—0
,@.
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Analytic feynman integrals

 Modern technology

- .
- Sy

« Using IBP reduce to Mls ‘ \
« DEs for Mls ‘ . . .

« AMFlow for numeric check

=} et = ‘ o Differential equation method
” " " A.V. Kotikov Phys.Lett.B 254 (1991)

_ A.V. Kotikov Phys.Lett.B 267 (1991)
Numeric check: AMFlow

L. Xiao and Y.Q. Ma
Comput.Phys.Commun. 283 (2023)

J.M. Henn Phys.Rev.Lett. 110 (2013)
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Renormalization (EOMS)

« Bare perturbative theory
« Substitute the bare quantity

lig = lip + daivli, ] mesonic sector

TjiB = TjR + 5div$j - 5eomsxj7 T; € {Cja dja ej} bawon sector
Mg = M + 0divM + deoms,

ga.B — £a + 5ding + 5eomsgA;
« Use 6,4;, to cancel the divergence

* Find out PCB terms for each diagram, and use 6,,.,,s to cancel

» TN scattering v.s. Nucleon self-energy

\ 4 S % D.L. Yao et al. Phys.Rev.D 87 (2013)

\ - N 7
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EOMS counterterms

« Bare perturbative theory

tree diagram one loop diagram
h h? h? h
Oaiy = () 2+ )z + () Oaiw = ()7
Seoms = ()h + (---)hz Seoms = ()h + (._.)hg
—O—O— + -O-Q-0-0-
T _______
94 = 9ar T Oaivda + Ocoms9a N Coupling and

N — N need to be

h lculated to O
;x(---)he + Finite PCB term (...)A? . (€)

loop X counterterms

« All PCB terms can be removed by counterterms which free of log M

A non-trivial check 12/18



* Tree level and one loop

M
my = m+ ki M?+ ko M3 + ksM*In — + k,M*?
jus

M é1M4
+ ksM?®In — + kgM?
o

i, e , vk m2 M k1 M,
fy — OB Z p
32F27’
L . 3gA2 3(861'—'02'—'463)
’ 32m2F2m 32m2F2 " T Fuches et al. Phys.Rev.D 68 (2003)
o = 3gA2(1-+-4clrn) 3Co 5

3212 F2m N 12872 F2
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Result

M
my = m—+kiM? + koM3 + ksM*In — + k,M*
* Two loop " 1 ’ R
IR VCINEL AN YL e M*
ke | = 38 (16g,% — 3) £
i 102473 F4 ?A ’ + k- M%1n? M + ks MS1n M + koM,
T 17g,* 3d168a N 3ga? [T2F? + 2m? 4+ 8m?7m? (214 — 3l3) | a o ]
6 = 51273F1  SnE2 25678 FAm? ) 9M
3
k’? = —m I:gAQ — m(6C]_ — Cy — 4C3):| y
ks = m [ClgA2 +m (CzlﬁgA — 20102) + (8e14 + 2e15 + €16 + 2€20 + 4é36 + 4€33) mz]
1
114g,* + (51 — 57672 (213 — 1 :
Ty - ™ (2 —la)) &

+36c1m (—6 — 25g2* + 10gs® + 1287 (I3 — ly)) — com (5767 (25 — I4) + 23g4”)

+degm (=9 + 41gy? — 57612 (20 — L)) — deam (21 + 13g,?) — 18], * m, é, and g, are

c1 (7681 7) — 4 (96c¢3l 12¢51 @ 225¢ 4eqg)m + 6 .
ko Jar 2B +Y) 102(47#;2 i el i), g 1212;&4‘;247; undetermined
gx? (T04¢3 +361)  ga% (1441 (12815 — 12814 — 3) + 83co + 512c3 — 928¢4)  ° Leading logarithms
322 2 + 2457672 4 consist with IR and
B (6210c; — 1147¢co + 616¢3 — 948¢4) ga? B ga2 HBChPT
1228874 F4 12872 F2m3
gn? (—1+ 18I3 — 12ly) N c1g23(9672 In 2 — 144(3 — 16472 + 1779) N 3cld16gA
64m2Fim 409674 F4 222

gA2(18 — (417T2 + 145)gA2) n 6615 + 5616 + 6é20 —24C%gA2 + 66516gA — 36162
204874 F4m 32m2 F2 16m2F2m ’ 14/18



Sigma term

* ogy = (N|Hgp |N)
 Directly related to the chiral symmetry breaking

_ = 7 _ g2 9m
* OpN = <N|mq(uu + dd)|N> =M aMIZ (Hellmann-Feynman theorem)

200 - ,-' i
: O(q4) ’ g my :m_4C1M2+...
I e == 2 ; il A A .
_ 1901 o) B |  m, é; and g, are undetermined
S O(¢°) : 7t ’ « Use o,y tofité, and g;
= 100 ) :
S 2
ol
i ad :
50 - i! . n
: \ . | i C1~4> A1gs €14~161 €20,36,38
L Mo BHETERHET - from one loop N scattering fitting
0 100 200 500 400 D.L. Yao et al. Phys.Rev.D 87 (2013)
M /MeV

Lattice data points and A :
A. Agadjanov et al. Phys.Rev.Lett. 131 (2023)

B Roy-Steiner equation:
M. Hoferichter et al. Phys.Rev.Lett. 115 (2015) 15/18



Nucleon mass

. 2 3 4 M -
« BChPT vs lattice my = Mot kM kM ks M In S+ kM

M
+ ksM?®In — + kgM?®
e m=856.6+1.7MeV ° po
+ ks MO 1n? M + ks MC1n M + koM,
% 1%

|
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Lattice data points:
Y.B. Yang et al. Phys.Rev.Lett. 121 (2018)
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 Analytic two-loop calculation of my,
* Verify the validity of EOMS scheme
* The most precise prediction of nucleon mass in chiral limit

* Pion mass dependence consistent with lattice prediction
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Thank you for your attention
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The expansion of nucleon mass

« Lagrangian -
J J Lpchpr = L(Z) LM) zﬁfgz
Baryon sector
« upto 0(g*) N.Fettes et al. Annals Phys. 283 (2000)

« upto 0(g°®) cC.Q.Song et al. [2404.15047 [hep-ph]

High order lagrangian contribute a tree level term g, M°

L8 = Q@NN = 25w YND DN + he) + 5@ u,)NN = ZNY"y s, IN
9 - ﬁ{ DD (1D, ] + (#0110 + ) ]
([ Dy, uﬂ]](D“D"D”+sym)+hc)+z—([X_ w D" + h.c) M> = mg, not analytic
i %(M«Dﬁ ity = 1L Dy 1 DD + hc) in quark mass x

d
ﬁy”y Qi + —7“7 [Dys x- ]}

LR = V{ewthah™y = 25 (' YD + he) + 22 (G )DV + )

1617

+ = e ] - Z“S o5 ([hae V,,]aWD*P+hc)+e19m><u 1)

€20 (

<x+><u,,uy>DW+h ¢)+ SOt w107 + e Dy [0, )]
2 (T D +hc)+ze36<uﬂ[D“ F-D = S (Do T-110* + e350¢)x)

6'115<X2 2y 614_16 ((X% -+ - <X+>2)} 20/18


https://arxiv.org/abs/2404.15047

Result

M
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