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MOTIVATION

QCD has small scales:
i) SChSB gives nearly massless GBs (small quark masses)
i) emergent small scale at large Nc: ma — mpy = O(1/N,)

All the small scales MUST be treated consistently in any EFT:in QCD we
need to combine ChPT with the |1/Nc expansion!

There is broad evidence that most aspects of the large Nc limit survive for
Nc as small as 3: phenomenological observations and LQCD at Nc>3.

Enhanced symmetries in large Nc: SU(3) to U(3) in mesons; spin-flavor SU(6)
in baryons.

meson-meson interactions suppressed; meson-baryon interactions can be

enhanced by a factor , /v

Very interesting case BChPT and the |/Nc expansion: BChPT x I/Nc



The need for combining BChPT and |/Nc

Ordinary BChPT (only S=1/2 baryons) has poor convergence
g-n 1s large: need for large CT's

Inclusion of S=3/2 baryons gives significant improvement
iIl COHVGI‘geIlCG [Jenkins & Manohar; many others]

QCD at large N,.:

Fr = O(VN,)
mp — O(NC)

3
ga = O(N¢) = gzny = O(N.?)
well defined large V. limit imposes constraints!

Ordinary BChPT violates 1/N,. power counting



e Ilmergent dynamical spin-flavor symmetry

[Gervais & Sakita; Dashen & Manohar]| last millenium

. K + .-t > O,
O(N) ON) T Nepraxio — o(/Ny)

Fr

9 N ia '
~ BRSO (B (X, X9 | B)

must be order N?

X axial current

[Xm, ij] = O(l/NC) key requirement at large Nc
{T*, 8% X%} generate contracted SU(2Ny) dynamical symmetry

classify baryons in multiplets of SU(2N;) with generators {T%, S*, G'*}
G'* = N X

Z

S: 7 T eround state baryons: tower with S = 3

(\V)
(\V)




1
N

expansion as spin-flavor operator product expansion
(B"| Ogep | B) =3, Cogon=r(B' | On | B)

O,, : tensor operator product of spin-flavor generators and momenta
vy, - spin-flavor n-bodyness of O,,

Example: mass operator in chiral limit:
Hoop = Nemo + Capa-S? + O(53)5* + - -

expansion is in 1/N?%, ma — my = O(]\lr )

A test: gas
NA
ggA_g — 1+ (’)(A}E) [Dashen & Manohar]

gy = —-1.27244+0.0023  g¥2 = —1.235 £ 0.011



® BChPT x |/Nc: brief basics

mp = O(N.) = HB expansion is a 1/N, expansion
Lagrangians built with chiral and spin-flavor tensor operators:

B T, ®Tsr B

/ Bs—1/2 \

Bg_3/2
B=1] . GS tower of baryon fields

\ Bsn.2 /

T, chiral tensor Tsp spin-flavor tensor product of SU(6) generators

chiral and 1/N,. power counting determined by operators
LECs: chosen to be O(N?) , have a 1/N, expansion themselves
each Lagrangian term has a well defined leading chiral and 1/N. power

need to link chiral and 1/N. expansions: small mass scale Agp = m3/5 — mq /o

¢ expansion: £ = O(1/N.) = O(p)



Lagrangians in £ expansion
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Loops and the non-commutativity of the expansions

k

/ddk i i + vertes fact
Y — . — vertex ractors
(27T)d k‘Q—M% p0+k0—(mB/ —mB)

\ . J/

O(1/N,)

contains non-analytic terms:

5 3 5 % 1 (ma—mp)
(Mﬁ (mA mN) ) , tanh <\/1/(—M7%—|—(mA—’mN)2>

link 1/N, and chiral expansions:
¢ expansion: £ = O(1/N.) = O(p)

equivalent to not expanding non-analytic terms

N
V§:1+3L+7+Zni (vo, + vp, — 1)




® Masses, sigma terms: SU(3)

WF renormalization factor is O(/N.) !
plays key role in N, power counting consistency in loops

mass corrections are O(N.) (terms proportional to Mg p)
SU(3) mass splitting of course CNJ%?)

M, dependency from LQCD (Mg ~ 500 MeV):
poor convergence above M, ~ 250 MeV
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Mass relations

GMO
2
Acrro = Th: (9g gﬁ%o)) 44 4+ 5 MeV vs Exp: 25.6 & 1.5 MeV
A
Naro = —(sa) (F (MG — 102 — Z (M — vy

20 (M3 log M + 1MZlog M2 + (M3 — }M2)log(303 — 1M2)) ) + O(1/N?)
= 37 MeV + O(1/N?3)
in large N., Agymo is O(1/N,)

ES
Aps = mz+ — 2mMyx +ma =
N 2
Th: — (gAg%m) 6.5MeV vs Exp: — 44 7MeV = O(1/N..)
A
GR

Acr =m=« —myx — (m= —my) =0, Exp: 21+ 7 MeV,
Agr = 212 (M2 M?2)+ O(1/N.) UV finite no-analytic terms)

~68 MeV x (%)5

A




7TN O-_t erm Feynman-Hellmann Theorem

04(B) = gr-Mp =my(B | qq | B)

. _ - _ 2m

6(B) =my(B | uu+dd — 25s | B) OxN =0+ —0y
m

ornN ~ 60 MeV from m — N analysis
Mg — M 6 3 § ) \(
@N,=3: ~23MeV
o) 2.3 x 10°MeV? x &4 ~ 40 MeV

40 % from & in loop and 60 % from 10

® Aiifo ~ —13 : independent of g4/F,
virtually independent of Cyr,
mild dependence on Mg, M,
° ﬁ changes little if one turns off decuplet!
but g4 from Aguro too large, clashes with axial couplings
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(Quark mass dependencies of o terms
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Historically misleading statement:
"o terms gives the quark mass contribution to the baryon mass"
only true in the linear regime o0 X My



8a Mo

Fr N. Cur C 2 hy h; hy % B
Fit MeV™! MeV MeV MeV  MeV
1 0.0126(2) 364(1) 166(23) —1.48(4) 0 0 0.67(9) 0.56(2) —1.63(24)2.16(22)

2 0.0126(3) 213(1) 179(20) —1.49(4) —1.02(5) —0.018(20) 0.69(7) 0.56(2) -1.62(24)2.14(22)
3 0.0126" 262(30) 147(52) —1.55(3) —0.67(8) 0 0.643) 0.63(3) -1.63* 2.14"

phys A
Aciro o Aoy o O N O 03 Oua(p—n)

MeV MeV MeV MeV MeV MeV MeV MeV

I 25.6(1.1) —583(24) —382(13) 70(3)(6) - - -1.03) -1.6(6)
2 25.5(1.5) —=582(55) —381(20) 70(7)(6) 69(8)(6) —-3(32) -1.04) -1.6(8)
3 25.8% —-615(80) —384(2) 74(1)(6) 65(15)(6) —121(15) - -

NNLO tree level relation between o terms
GMO, ES and Gursey-Radicati should be very good
additional ones not suppressed in 1/N.: need test-- LQCD some day...

ms
Onm, = o (—4(Ne = Doyy + (Ne + 3)ops +3(Ne — 1)osy)

(=4(N. =3)oys + (N.=5)ops +3(N. = 1)oss)

| =

Osm. = o (—4(Ne = 3)own + (Ve + 3)ons + (BN, — 11)oy;)
(=4(N.=1)opsm —5(N. = 3)(06papn — Osi) + 4N 055)

— (=(N.=3)(40rp + S0prp — 5054) +4(N. —2)055).



1/N. power counting for currents at one-loop

/ N /

——L— 31> —_ ! Q?"" — @; L |
A A

OV div = gl ()2 S0+ ME G (G, T

+ L0+ )G, T, (01, (0700, G])) + ([T, (G2, G2, (0w, GP2]) |

e Individual diagrams violate N, power counting
e WF renormalization key for consistency

e Diagrams where current couples to GBs or vertices baryon-GB
do not violate NN, power counting



[R.Flores-Mendieta & JLG; I.P.Fernando & JLGJ]
Vector Currents

/ N\ Py s N
| \ I )
\ // \ ) 4
DR b
A g.a A g.a
SU(3) breaking corrections to the vector currents: LA B
Ademollo-Gatto theorem at (O(&?) S ot N
. . D, : D,
non-analytic calculable corrections to AGTh O(N?), 0 Ada Ada
C
different spin baryons in loop give O(/N.) terms! | |
. R R 4 \\ P, \ /
key cancellations give N, consistency =g ’ N
Aas Aaa
' b : E
SU(3) breaking to vector charges
fi J1
Charge ) 503 1
1 1
[Flores-Mendieta & JLG:2014] [Villadoro:2006] [Lacour et al:2007] [Geng et al:2009]
HBChPT X1/N¢ HBChPT with 8 and 10 HBChPT only 8 RBChPT with 8 and 10
Ap 0.952 —0.048 —0.080 —0.097 —0.031
2 n 0.966 —0.034 —0.024 0.008 —0.022
=" A 0.953 —0.047 —0.063 —0.063 —0.029
== 50 0.962 —0.038 —0.076 —0.094 —0.030



LQCD

-15

[Shanahan et al, (2015)]

=7N0) = —0.9662(43),  fi > (0) = 40.9742(28)
[S. Sasaki, (2017)]



Charge radii

Two possible counter terms
x 1 needed to subtract UV div

x S'G* finite renormalization

fix LECs with p and n charge radii

gF =1.48 g¥ =0.74
Baryon {(r?)ry[fm?] Exp CT
p 0.7658 0.7658 + 0.01068  0.66

n —0.1161 —0.1161 +0.0022 —0.049
2T 0.74 0.61 = 0.16 0.61

Baryon (r?)rn[fm?] (r?)cr(u = m,)[fm?]

D 0.7658 0.655

n -0.1161 -0.049
)N 0.801 0.655
>0 0.029 0.024

> -0.741 -0.606

A -0.029 -0.024

—0 -0.016 20.049

-0.606

(1] [

-0.692



Charge form factors at low Q-
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Interesting lesson:

d2
dQ2?
Correct signs, but too small!; cancellation between diags B and E

GY(Q?)) from loop non-analytic terms

Curvature of FFs (

Detailed long distance (peripheral) charge distribution
consistent with V. power counting
[Alarcon, Granados, Weiss]



Magnetic moments

LO: only one operator : &k unG™

Ratio Exp LO
p/n —1.46 —1.5
Yt /3T —2.12 —3.
AT —0.25 —~1/3
p/ST 1.14 1.
=0 /=" 1.92 2.
p/=Y —2.23 —~1.5
ATT /AT 1.37 2.
Q= /AT —0.75 —1.
p/AT 1.03 1.

SU(3) breaking is important

NNLO Counterterms

1 BzaSzTa {A2 (/{ X+BmG7,a + K3 dabc Bﬁ)Gw T /{4XE|L_B;L"ELS7L)
+ K N2 Bza{sQ Gza} + kg ]\}2 BzaSZSJG]a}



NNLO Magnetic moments: 1-loop

LECs Octet  prnlpn]  HExp[N] Decuplet  prn[pn]  pExp[n]

K 2.00 D 2.724  2.79285 A*: 5.1 3.7
ki 3.36 n ~1.92 —1.91304 io 2-51 2.7
o 0 S+ 2457 2.458 o —_02- 83 i
ks 1.69 50 0.717 _ et e )
ki 0.61 - —1.02 —1.16 = . )
ks —5.67 A —0.60 —0.61 e Yy }
K 0 =0 ~1.99 —1.95 =40 0.3 -
=- —0.65 —0.65 oE— 929 _

0 —2.0 —2.0

Magnetic radii

Ko — 10.5

Baryon < 7?2 >p.p [fm®] <72 >pp [fm®] <72 >poep (4= m,)[fm?]

D 0.78 0.86 0.28
n 0.87 0.86 0.32




AXxial-vector currents

A. Calle-Cordon & JLG]

[Flores—-Mendieta, Hernandez & Hofmann; Fernando & JLG] [SU(2):

Definition of axial couplings

/ ia 6 aBB’ / 1a
(B 4| B) = Cqip" (B'| G| B)
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in large N. persist at N, =3



Fit to SU(3) LQCD ga’s

Key observed feature:@ fixed Mg, ga’s have little dependence on M;

SU(3) calculation by Cyprus Group [Alexandrou et al, (2016)]

3BB SBB
g and g

s _—— - .- - - -

Fit ot I 5 i c5 3 i Dj D) Dj D
LO 3.9 1.35
NLO Tree 0.91 1.42 —0.18 0.009
NLO Full 1.08 1.02 0.15 —1.11 0. 1.08 0. —0.56 —0.02 —0.08 0.
1.13 1.04 0.08 -1.17 0. 1.15 0. —0.59 —0.02 —0.09 0.
1.19 1.06 0. —1.23 0. 1.21 0. —0.62 —0.03 —0.09 0.
[I. Fernando & JLG (2018)]
1 . 1
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Mild M, dependence of axial couplings cannot be described
without the cancellations of N, violating terms
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Observations on axial couplings

e show most prominently the need for theory consistent
with 1/N. expansion

e natural fit at one-loop of the axial couplings from SU(3) LQCD
e impossible to fit gas of octet when turning off decuplet
e in SU(3): g% (LO)/g% ~ 0.8 from fit to axial couplings and from Agaro

e numerous relations among axial couplings with calculable corrections



Summary and comments

e BChPT x 1/Nc improves convergence by eliminating
large Nc power violating terms from loop corrections.

e In baryons it requires implementing a dynamical spin-flavor symmetry,
broken at sub-leading orders in 1/Nc: use to implement BChPT x 1/Nc

o It affects every observable

e Convergence improvement is especially important in SU(3).

e New insights on o terms.

e Axial couplings are particularly important tests of the approach.
o New results for the vector currents.

e Need for more LQCD results at different values of my 4.

e Works in progress:

i) Compton scattering [with Ishara Fernando and Cintia Willemyns].
ii) m — N scattering [with Dulitha Jayakodige].



