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The N-n’ system




N-N’ and the mixing

* |deal for studying:
- Symmetries

- Symmetry breaking in QCD

n,m — 3 > Quark masses

M, 77/ — 37 77/ — TT) - Chiral invariant EFT
1, 77/ — 2y OT T > The Chiral Anomaly
7, 77/ — ’Y€+€_ > E.M.Form Factors

Pere Masjuan CD2015, Pisa, June 30th



N-N’ and the mixing

°N-N’ mixing probes
e strange quark content of light pseudoscalar

* gluon dynamics of QCD
* Experimentally related to

* N, N’ decays

* Y*y—n,N’ Transition Form Factors
[P. del Amo Sanchez et. al. (BaBar Coll) ’I |]
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N-N’ and the mixing

°N-N’ mixing probes

e strange quark content of light pseudoscalar

* gluon dynamics of QCD
* Experimentally related to

* N, N’ decays

e y*y—1,Nn’ Transition Form Factors
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N-N’ and the mixing

* Intense experimental program on 1’ physics:
* At BESIIl (remember the talk by S. Fang):
e s 0 =31 0 —=dn >4y’ 0 = yeTe”
e At MAMI
e Goal I.5x10*h' n: ' = a0 = vy’ ' = yete

* From EFTs point of view, the mixing is always there: we need a
consistent approach to the mixing as well (intermediate result in a broader
context of our Collaborative Research Center CRC 1044 in Mainz)

* In this talk: only small portion (interesting by itself) related to the mixing
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N-N’ and the mixing

* A consistent description of the mixing:
* How!

*Use the Effective Field Theory of QCD at low energies (Chira

Perturbation Theory) [Weinberg 79, Gasser and Leutwyler '84,85]
*adding consistently the n’

* Construct the most general Lagrangian compatible with all symmetries

and establish a power counting to organize the infinite number of terms

*[f Nc — o0, U(l)-anomaly is suppressed and the singlet axial current
is conserved: a ninth Goldstone boson appears if muds=0 as well ()

*Explicit symmetry breaking (muds#0): massive GB + N-n’ mixing
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N-N’ and the mixing

*Power counting in Large-Nc ChPT: expansion parameter 0

p=03), m=0(@), 1/N,=0()

eDecay constant F ~ O(1/V9)

eFlavor trace ~ 0(5)
5(k—2)/2)

ek-meson vertex ~ O(
*GB propagator ~ (O(1/6)
2

*GB loop ~ % ~ (9(52) » loops are at NNLO

F2

Ready for constructing the Lagrangians
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Relevant Lagrangians

Building blocks:

8 ) + \%778 + %@D Vot V2Kt
)= Aadal@)= | V2 ol gy V2KS
a:O V2K~ V2K° ~Zs + 5o

U = exp (%)

DU = d,U —ir,U +iUl,

TM:quLaM

Y =2BM M = diag(m,m, my) m = M, = My
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Relevant Lagrangians

Expansion in the parameter O:

Log=LO 420 4 £@ 4

At LO: 0(6(0)) [Gasser, Leutwyler '85]
F? F? 1
£ = I<DMU(DMU)T> + I<XUJr +UX") - 5T+ 0)°
At NLO: 0(6(|)) [Kaiser, Leutwyler '00]

LY = Lsy(D,UTD*U (x'U + UTx)) + Ls (x'UX'U + UTxUTy)
2 2

F F _
+ 5 MDD + i A (XTU = UTy) -

v =1 +0, D, = 0,4 —2(a,)
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Relevant Lagrangians

Expansion in the parameter O:

Log=LO 420 4 £@ 4

[Herrera-Siklody et al *96]

At NNLO: 0(6(2)) [Kaiser, Leutwyler '00]
[Jiang, Ge,Wang ’ 1 4]
(9(1/Ncp2) O(p4) O(Ncp6) [Guo et al ’| 5]
—1, 2 F? —
r2N"p%) _IU§2)¢2<XUT 4 UXT>

£(2p") — Ly(D,U'D*UYXTU + U'x) + Le(xTU + UTx)2 + Ly (xTU — UTy)?
+iL1s Dy (D*UTx — D*UXT) + iLastp(UTXxU T x — XTUXTU) + . ..
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Relevant Lagrangians

Expansion in the parameter O:

Log=LO 420 4 £@ 4

[Herrera-Siklody et al *96]

At NNLO: 0(6(2)) [Kaiser, Leutwyler *00]
[Jiang, Ge,Wang ’ 1 4]
G 1’15
O(]-/NCPQ) O(p4) O(Ncp6) [Guo et al ’15]

E(Q,Nch) — 012<X—|—h/u/h'uy> + 014<UMU“X3> + 017<X+U;LX+U“>
+ Cro(x) + Cs1 (X x4) + - -

hyw = V,u, +Vou,,
Uy =1 {uT(ﬁu —ir,)u — u(0,, — ilu)uT} :
X+ = u]tqu m uXTu.

VMX — a,uX + [FIMX]a

1
I, = 5 {u' (0, — ir,)u+u(d, —il,)u'}.
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N-N’ mixing

1 J 1 J
e @ P @ -

L_,_+_j i+\/+_j

Parametrize first the mixing:

L = —

Pere Masjuan

1
2

1
WMEKO 15 — SnpM*np ns = (ns, M)

(now, relate bare fields to physical n, n’)

CD2015, Pisa, June 30th
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N-N’ mixing

Mixing Lagrangian: L L) o
1 " 1 9 //« N
L= 9 WK np — 5773/\/1 "B | \

P ® — i_,l/_/,__j

in terms of

P B R e (MEOM
5(1) + 5<2> 1+ 6 45 Mg, M7

Then, diagonalize K:

~ M2 M2
= Zl/2T. h o—— M2 = 712 A2 g1/20 V8 181
" ! N2 AT
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N-N’ mixing

Mixing Lagrangian: L) -
1 N 1 5
L= WK ns — 5773/\/1 nB
L (D) -
in terms of

P e et A (Mg
5§1) + 5<2> 146 453 Mg,

Then, diagonalize A2 ——— A2 = RT . M% - R

> (M7 0 _ [cosh?
M = ( 0 Mﬁ,) = (sin9(2)
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1 J
O

- =@ -

Mg,
M7
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—Sin9(2))

16



N-N’ mixing

Mixing Lagrangian: L L) o
L= Lot Kors — —nh M2 T

/ :
i 1N Y J
L@ L@
A ]\[2
From M2 =RT - M2, - R with M2:< n O>

0 Mg,
M2 = Mg cos? 9?4 Mg, sin? §(2) QMQ
2)]\%12 = Mg sin? #(?) 4 Mg, cos? %) sin26’(2) — 5 31 >
T2 2 2\ ain 9(2) (2) Mn’ - Mn
3) Mgy = (M, — M) sin ' cos ¢
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N-N’ mixing

Mixing Lagrangian: L L) o
1 1 9 //« N
[: = 2 IunBICﬁ'UJ nNB — 5 ./\/l "B | )

@ L@

Using the Lagrangians, calculate the self-energy diagrams

(at LO)
288(192) _ _(5(1) 4 (5(2))]?2 n ]\427 o
2 82 8 o (S) ; . (0) 4\/§ M2 M2
Ys1(p?) = T1s(p?) = —(6g) + g7 )p* + Mg, sin 20 = — 2 >
1 2 3 M”’ B Mn
Y11(p?) = —(8y" + 61 )p? + M},
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Numerical analysis




Strategy

A word on convergence

eLarge-Nc ChPT (using input from Bijnens and Ecker ’[4):

LO NLO  NNLO NNLO
Frg/Frm~1+0.15+0.03, where 0.03 ~ 0.05 —0.01 — 0.02
N N i
loop C; L;L;

\ 0.05 = 0.01+ 0.04

= =~ =~

*SU(3) ChPT (from Bijnens and Ecker ’[4): loop n mE

LO NLO NNLO

Fr/Fr~140.18 + 0.02

Pere Masjuan CD2015, Pisa, June 30th 20



Strategy

A word on convergence

eLarge-Nc ChPT (using input from Bijnens and Ecker ’[4):

LO NLO NNLO NNLO

M7 /M ohys = 1.06 — 0.04 + 0.25  where + 0.25 ~ o\gw\g 0.03 — 0\9;

05 = 010+ 005
*SU(3) ChPT from Bijnens and Ecker ’14: oo ek

LO NLO NNLO

M7 /M shys ~ 1.11 = 0.07 — 0.04

Pere Masjuan CD2015, Pisa, June 30th 21



Strategy

A word on convergence

eLarge-Nc ChPT (using input from Bijnens and Ecker ’[4):

LO NLO NNLO NNLO

M7 /M ohys = 1.06 — 0.04 + 0.25  where + 0.25 ~ 0.15+0.14 - 0.03 - 0.0L

loops Cils L4, Le L;Lj

) ’ 0.14 = +0.29 —0.15
*SU(3) ChPT from Bijnens and Ecker ’14: o o o
;S 19 12,14,17,31

LO NLO NNLO

M7 /M shys ~ 1.11 = 0.07 — 0.04

Pere Masjuan CD2015, Pisa, June 30th 22



Strategy

Results: the mixing angle
General result at NNLO:

M2 = Mg cos® 9?) + Mg, sin? §(2)
2)M? = Mg sin? 02 + Mg, cos? (%)
3) M2 = (Mg — Mgf) sin 62) cos 6%

Pere Masjuan CD2015, Pisa, June 30th
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Strategy

Results: the mixing angle
General result at NNLO:

M2 = Mg cos® 9?) + Mg, sin? §(2)
2)M? = Mg sin? 02 + Mg, cos? (%)
3) M2 = (Mg — Mg,) sin 62) cos 6%

M2 + M2 = M2 + M2, M2 — M2 = \/(Mg — M2)2 + 4N,

2M821 Vy

C

sin20(2) =

Pere Masjuan CD2015, Pisa, June 30th



Strategy

Results: the mixing angle
At LO:

M2+ M2 = M2 + M2, M2 — M2 = \/(Mg — M2)2 + 4ME,

4/2 M2 — M?

sin 20(0) = > 90 = _19.6°

Pere Masjuan CD2015, Pisa, June 30th
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Strategy

Results: the mixing angle
At LO:

M2+ M2 = MZ M2, M2 — M2 = \/(MZ - MP)? + 40T},

sin 200 — —AV2AME — M)

— 99 = _220°
\/(2 M2 —2 M2 —M@)? + 32(M2 — M2)?

©)
M? = M§+ M? > M = M, 2”>< 4"7 it M) (0.820 GeV)?
M?’]/_gM%(—i_M?%
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Strategy

Results: the mixing angle

At NLO:

*We need Low-energy constants from O(p?*) Lsg and OZI A »

* Two strategies:
* NLO I: Constrained analysis: calculate M, My, M,, My, F, Fx
* NLO II: Use SU(3) values from Bijnens and Ecker ’14 + M,,, M

(after matching to U(3) and at u=0.77 GeV)

Pere Masjuan CD2015, Pisa, June 30th 27



Strategy

Results: the mixing angle

At NLO + loops:

*No new LECs (Lss and A 2)

* Two strategies:
* NLO | + loops: calculate M, My, M,, My, F, F;
* NLO II: Use SU(3) values from Bijnens and Ecker '14 + M,,, M
(after matching to U(3) and at u=0.77 GeV)

Pere Masjuan CD2015, Pisa, June 30th 28



Strategy

Results: the mixing angle
At NNLO:
e NLO + loops + LECs O(p*) L4gz1825 + LECs O(p®)
Ci2.14.17,1931 and OZI A2

* Many strategies. Here only one:
e NNLO II: Use LECs Li and Ci at O(p®) from Bijnens

and Ecker ’14 + M,, M

* (lattice fits) [Guo et al,"I 5]

Pere Masjuan CD2015, Pisa, June 30th
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Strategy

Results: the mixing angle

NNLO IT¢
NLO II + loops

NLO I + loops
NLO II

NLO I/

LO -

Pere Masjuan

CD2015, Pisa, June 30th
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Strategy

Results: mixing in the octet- smglet basis

NNLOIIF @ = ' — @
NLO II + loops | A = : —A—
NLO I + loops - —hA— - A
NLO II| | A = i —h—
NLO I —hA— i A
LO- | H i -~

04 222 220 —18 —16 —14 —12 25 —20 —15 —10 -5 0 5

O A,
NNLO IT¢ @ I , Py
NLO II + loops - A - —A—
NLO I + loops+ A - —h—
NLO IT} £ 3 i —hA—
NLO I/ i i —A—
LO" H - N

0.08 009 0.10 0.I1 0.12 0.13 008 0.10 0.12 0.14 0.16
Fg FO
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Strategy

comparison with phenomenological determinations

L+ ] ]
FKS| —— —
BDO - —l— —l-
EF - il il
EMSP - | H ]
NLO I —A— ——
NLO I + loops - —h— —h—
NNLO I+ | ® ®
—-30 —25 —20 —15 —15 —10 -5 0
08 %

L: Leutwyler 97

FKS: Feldmann, Kroll, Stech ’98

BDO: Benayoun, Del Buono, O’Connell,’00
EF: Escribano, Frere '05

EMSP: Escribano, PM, Sanchez-Puertas,’ |5
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Prospects

Study of anomalous decays including mixing

()5t e
(") = y(x)mm "QQ{

Pere Masjuan CD2015, Pisa, June 30th
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Prospects

Study of anomalous decays including mixing

(") = v(x)y(%)

Pere Masjuan CD2015, Pisa, June 30th

34



Prospects

Study of anomalous decays including mixing

n(") — v(x)

AN
\
\ \
SN SO
‘ J \ )
N AN
- — o> — - - — > —
NS \\\\
X X
\ \
\ \
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Conclusions

*The N-n’ systems allows to study symmetries and symmetry breaking

in QCD, and is a test of EFTs as well
*Today we explored the n-n’ mixing at NNLO in the Large-Nc ChPT
framework:
ewe discussed about the relevant Lagrangians
ewe explore the convergence, the role of loops and LECs
ewe provided with preliminary numerical results
ewhile including loops is OK, the proliferation of LECs enlarges

the numerical results

*With this tool at hand, we are now exploring anomalous N(’) decays
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 Notation for the mixing angle:

mixing of mass eigenstates

octet-singlet basis

quark-flavour basis

| mixing angle

) = cosOp|ns) — sinOp|no)
n’) = sinfp|ns) + cosOp|no)

with 78) (uit + dd — 253)

(uii + dd + s5)

Q=S

[70)

Im) = cos @p|ng) — sindp|ns)
7') = singp|ng) + cos dp|ns)

ond fng) =y (uti+ dd)
ns) = 8

Op = ¢op — arctan V2 ~ ¢p — 54.7°

Assumptions: e no energy dependence
o Ly <my

e no mixing with other pseudoscalars (T1°, N, glueballs)

Pere Masjuan CD2015, Pisa, June 30th
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 Notation for the mixing angles of the decay constants

mixing of decay constants

octet-singlet basis .
2 mixing angles

(0|ALL|P(p)) = ifpPu / \

ith A% =@ A” f?? fr? _ fscosfls — fpsin by
Wi L qf}ll-l'f}lo \/§q 3 f?(;’ f8 i 98 fo o 00

e — 1) ' ~_

2 decay constants

quark-flavour basis

(0|A},|P(p)) = ifppu
with
AZ, = %(ﬁ’m'}’su"‘(i’}’u’)’sd) ( fg f,,'? ) _ (fq COS¢q —fs Sind)s)

q s .
! ’ S1Il COS
and AZ = 8YuY5S fn fn fq Pq fs Ps

fb G=g,9P=n,1)
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N-TFF

Fit to Space-like data: CELLO’91, CLEO’98, L3'98, BABAR’ I |+ 1"/~

[R.Escribano, PM,, P. Sanchez-Puertas, ’ | 3]

201

1.5¢

e SRS N

: P/ (Q%) Lol
. 0.251 . L RN -
> i (Q°)
S 0.20f p6(02) 1] .
— . i 1 (Q ) : P11 P21 P31 P41 P51 Pol CELLO
S 015) ] o
9}\ ! ] 3.5;—
> [ ] 3.0F
= 0.10f ] : |
& ! ] 25F ' i
Q i ] S
0.05} . $ ool l l il
f ] 1sb |
ool :
40 1.0:'
0.5§— .

P11 P21 P31 P41 P51 P61 CELLO

im  Q°Fyyryury (Q%,0) = 0.254(4)GeV

Q2 — o0
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N-TFF

Fit to Space-like data [CELLO'91, CLEO’98,BABAR'I I]+]"

s , , , n—YY
+ Time-like data [NA60’09,A2°| |, A2’13]
N 2 —
[R.Escribano, PM., P. Sanchez-Puertas,’ | 5] P]_ (Q ) UP to N_7
] 0.65
; 7 I
; 0.2:—
3 0.60
g e ZEN ]
S : 005 055 }
5 gyl 010" I {
N& o1 o | 0.50
| ‘—‘0‘-2‘0‘ ‘—‘0‘~1‘5‘ ‘—‘0‘-1‘0‘ ‘—‘0‘-0‘5‘ 060 | Pil Pél Pél Pé‘ll Pél Pél P‘71
20 0. 40
Q° [GeV’]

PJJVV(QZ) up to N=2
im Q°Fyy (Q?,0) = 0.177(15)GeV

Q2 — o0
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N-TFF

Fit to Space-like data [CELLO'91, CLEO’98,BABAR'I I]+]"

. , n—Y
+ Time-like data [NA60°09,A2’1 1, A2’13]

PN (Q?%) upto N=7

[R.Escribano, PM., P. Sanchez-Puertas,’ | 5]

040 f
f 025

S L I I
b 015 |

025

0.10 -

P11 P21 P31 P41 P51 P61 P71 Pil Pél Pél P211 Pél Pél P‘71
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N-TFF

Fit to Space-like data [CELLO'91, CLEO’98, BABAR'I 1]+ ]
+ Time-like data [NA60’09,A2’1 |, A2’ 3]

[R.Escribano, PM., P. Sanchez-Puertas, ’ | 5]

n—Y

|-loop ChPT | °
VMD | °
Quark Loop °
Brodsky-Lepage - ®
/ RICD]%T B °
DiSP. Rel. | —@—
PA to SL data - —e
CELLO - = : ¥ : =
CLEO - = —
Lepton-G - : o
NA60 - -
A2 — H il H
WASA - == 0
A2 - H——H

This Work - i
0.2 04 0.6 0.8 1.0
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N-N’ mixing
N-N’ mixing in the flavor basis

(fg fﬁ) _ (fq008[¢] —fssin[qb])
19 fe) = \ysinlg] £ cos[g]

From the TFFs we can determine [fq, fs, @

: 2 2
Fn—VTY 392(f3 M3 (C CquS[qb] — CS S;j[¢]) lem Q2 77'7’7 (Q2) fq fS \/_
. 2
O = %MS’ ((Jq jfl:[¢] LG (ZSW) Qyinoo Q%F e (Q%) = fq e \/_
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N-N’ mixing
N-N’ mixing in the flavor basis

(ff% fﬁ) ) (fq cosl¢]  —f. sin[¢]>

for T fqsin[g]  fscos[g]
Fl’om the TFFS we Can determine fQ7 fg, ¢ [R.Escribano, PM., P. Sanchez-Puertas,’ | 5]
. 2 9
Fn—VTY 392(jT3 M’I:’)])(C CfOS[qb] o CS S;H[Qﬂ) lem Q2 77'7’7 (Q2) fq fS \/_
. 2
P = 39;; Y ((Jq s;n[qb] e (;Cos[qs]) im Q% Fyy- (@) = fq b 22 f

[R.Escribano, PM., P. Sanchez-Puertas,’ 4]

fo=1.07(1)fx, fo=139(14)fr, ¢ =39.3(1.3)°

Update of Frere-Escribano 05 with PDGI2 using 9 inputs

fo=10T()fr, fo=1632)fr, ¢=40.4(0.3)°
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N-N’ mixing

N-N’ mixing in the flavor basis

From the TFFs we can determine f,, I, ¢

[R.Escribano, PM,, P. Sanchez-Puertas, ’ | 5]

FKS - ‘ ¢ ‘ e * .
EF —o— —e— ——
ThIS - —— , ° , , o
Work
00 102 104 106 108 1.10 112 1.14 12 13 14 15 16 17 1837 38 39 40 4
F,JF, F/Fs ¢

FKS: Feldmann, Kroll, Stech, PLB 449, 339, (1999)
EF: Escribano, Frere, JHEP 0506, 029 (2005) updated in Escribano, PM, Sanchez-Puertas, 201 3.
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N-N’ mixing

From the TFFs we can determine f,, I, ¢

¢ (°)

42+

N-N’ mixing in the flavor basis

40 -
38

36

Fy/F;
1055 1.057 1061 1065 1071 1.078 1.086
r I I I I I I ,184
n 7168
\.\~
1153
\\ 4139
. 4126
\~ k=
\Q
1.14
<
S104 R

30 -

34

30

| | |
0.14

| | | | | | | | | | | | | | | | | | | | | | |
0.16 0.18 0.20 0.22 0.24 0.26

limg._, . 0% Fypy (Q7) (GeV)
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TFF at q2=112GeV?2

[BABAR PRD’06]

e |s 112GeV? not asymptotic yet!
e Could BELLE crosscheck!?

47



N-N’ mixing

From the TFFs we can determine f,, I, ¢

and the VPY and J/Y¥ decays used in FKS and EF as inputs

[R.Escribano, PM., P. Sanchez-Puertas, ’ | 5]

(using Fro = 131.5 4+ 1.4 MeV instead of F,- = 92.21 +0.14 MeV )

Our predictions  Experimental determinations

9ony 1.55(4) 1.58(5)
Jon'y 1.19(5) 1.32(3)
9wy 0.56(2) 0.45(2)
9wy 0.54(2) 0.43(2)
9ény —0.83(11) —0.69(1)
Jéry 0.98(14) 0.72(1)

J/V—-n'y

Tt 4.74(60) 4.67(20)
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