a
o
v
a
v
a
it
v
N
it
-
[y

Vincent Mathieu

Universidad de Valencia, Spain

April 2010

DA



REFERENCES

@ V. Mathieu, V. Vento
“ Pseudoscalar Glueball and n — 1" Mixing”
Phys.Rev.D81:034004,2010
arXiv:0910.0212 [hep-ph]

[@ V. Mathieu, V. Vento
“n —n' Mixing in the Flavor Basis and Large N”
arXiv:1003.2119 [hep-ph]
To appear in Phys. Lett. B

Vincent Mathieu (Univ. Valencia) n — n' Mixing April 2010 2 /28



MOTIVATION

Quark Model with 3 light quarks predicts 32 = 9 ¢G mesons
0~" 37 4K, nand 7’
177 3p,4K", w and ¢
U(3) Decomposition leads to 2 isoscalars [¢§ = (u@ + dd)/v/2]
1 1
"= =7

n and 1’ mixings of s and 7o (for vector w — ¢ mixing)
Decay Properties w — 777, ¢ — KTK~

(V2qq3—2s3) o (V244 + s5)

w(782) ~ qq ¢(1020) ~ s5

NOT the case for n and " What is the quark content of n and n’ ?
Possible small “glue” content in 7’

T(J/b —1'y) <<0|G@|n’>>2 <M3/w - My,

(0IGGIn) M3, — M3

3
=4.8140.77
L(J/¢ =) )
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CHIRAL SYMMETRY

QCD = gauge theory with the color group SU(3)

1 v _
Loep = —TrEu "+ > (" Dy —m)q
Fuo = 0uAu—0,Au —ig[Au, Al
Degrees of freedom at High Energies: Quarks ¢ and Gluons A,
Degrees of freedom at Low Energies: Pions, Kaons,...

Goldstone bosons of Chiral Symmetry Breaking
(Global) Chiral Symmetry: U(3)v ® U(3)a

U@B)v : q — exp(if.\")g
U3)a: g — exp(i1505a2")g

U(3)a broken spontaneously by quark condensate (0|gg|0) # 0
U(3) a broken explicitly by quark masses m
— 9 Goldstone pseudoscalar bosons with a small mass o« m(0|gq|0)

3m, 4K and 27
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CHIRAL ANOMALY - U(1) PROBLEM

Observation of only 8 Goldstone bosons
Anomaly: Classical symmetry broken by quantum effects

ZlJ = /DquDA exp(Lgep + J - A+ 7g + nq)

DgDg "4 DgDGexp(0e*Y Fiuy Fug)

Variation is a total derivative
PR, Fop = 0, K"

But non trivial gauge configuration (Instanton) with different winding number 6
(topological charge)

U(1) 4 is not a symmetry of QCD
— n' is NOT a Goldstone boson M, ~ 958 MeV > M, ~ 548 MeV

But Anomaly vanishes for large N, for a gauge group SU(N — o)
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CHIRAL LAGRANGIAN

Lagrangian with 9 Golstone Boson 7 in the large N limit
Nonlinear parametrization

=0 4 ms 4 om0 + +
R A I K
U = exp(iv2r/f) T=12 T E-S+% K
- 0 2
K I -2+ 1%

UeU@B) UU'=1 U—LUR" LeU®B), ReU®B):zr

Effective Lagrangian based on Symmetry with a Momentum Expansion p?

Kinetic term at O(p?) fg <8HUT8“U> but not elf— <UT6 U> <U3“UT>

Symmetry breaking terms

2
Explicit breaking f <mU "+ Um >
ap | f det U 2 1 2
U(l) A 1 — = (1 ~—=
(1) Anomaly 6 {4<n(detUT)>} g oo
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Mass MATRIX AT LEADING ORDER
Chiral Lagrangian at leading order (in p® and 1/N)
2
1
£ = % <8uUT8“U + B(mUT + Um*)> — a0

Expand U = 1+ V21, A"/ f — (1aA)?/ 2 + - -

1 1 1
E(pz) = 58M7T'18“7rb5a1, — §B7Ta7rb(/\a)\bm) — 504077(2)

Isospin Symmetry m = diag (1, M, s) — m2 = B and m% = B(m + ms)/2
Mass matrix in the octet-singlet (s — 10)

1 ( 4m3 —m?2 —2v/2(m% — m,zr))

2 _ -
Meo = 3\ —2v2(m% —m2) 2m% +m2 + 30

Mass matrix in the flavor basis (17 — 7s)
M2, — m2 V2a0
7 \V2ao  2mi —m3
Anomaly only source of mixing

No anomaly for vector 17~ — w and ¢ ideal mixed
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MASsS MATRIX AT LEADING ORDER

Effective Lagrangian for vector (without anomaly)
n_f? i i i
£¥D = & <auv "V + B(mV' +Vm )>

Mass matrix in the flavor basis (g — 71s)

2
2 _ (M, 0
Mas = ( 0 2m%. — mf,)

Physical states are ¢g and s5

2 mass predictions at leading order:

Satisfied at 3%
Gell-Mann—Qkubo mass formula

mi + mi = Qm%(*
Satisfied at 8%
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MASsS MATRIX AT LEADING ORDER

Mass matrix in the flavor basis (1 — 7s)

M2, — ma V2aq
a8 V200 2m% —m2

Rotation to Physical States

®omire = (%)

¢ determines Decay Properties

n\ _ (cos¢ —sing\ [n,
n')  \sing cos¢ ns )

Conservation of trace and determinant

2 2 2
my +m, = 2m¥k + ap
2 2 2 2 2 2
mymy = (dmkx —mz)oao/3 4 2mxmy
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n —n MIXING AT LEADING ORDER

Only 1 parameter ap but 2 states (or 2 invariants)

2 2 2
Trace oo = My + My — 2mi

2,2 2 2
MMy — 2mygmy

Determinant oo =3 5 5
dmi, — m2

m( )

! Not Equal ! ™

50 G

Degrande and Gérard, JHEP 0905 (2009) 04
¢ ~ (40 — 45)° angle in the flavor basis (ng — 1s)
0 ~ —(15 —10)° angle in the U(3) basis (ns — no)

0=¢—0;

with the ideal mixing angle 8; = arccos(1/v/3) ~ 54.7°
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GEORGI BOuUND

2
£ =L (0,019"0 1 B + Umh)) ~ Saond

Only 1 parameter agp but 2 states

Mgs _ ( m72'r \/5040 )

V2ao 2m% —m2
Bound by Georgi, Phys. Rev. D 49 (1994) 1666
M2 —m?2 — m?2, —m2
= Me 3 V3 _ 268 < -7 =0.313
M3 —mz = 3+/3 M =M ) bavs

f related to decay constants ; current Ay, = —f0, 7"
(0145 (@)|x") = ~i fapud®e 7",
Same Decay Constant fr = fx = f for All Goldstone Bosons

fx
fr

Solutions ?

~1.2#1
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IMPROVEMENTS

@ INCLUDING A THIRD GLUONIC STATE

Mgs = ( il \/iao

™ . 2
Vaoe  2ml — mi) = 3 x 3 Matrix Mg,

Description of the “glue” content in n’

(/4 — 1) (<0GG‘I77’>)2 <M3/w - M, ) sieonr

L —m) ~ \ (GG ) \ M3, — Mz

J/p — Mn
V. Mathieu, V. Vento, Phys. Rev. D81, 034004 (2010)
@ NEXT TO LEADING ORDER O(p*)
Different decay constants fr. # fx
J. Schechter, A. Subbaraman and H. Weigel, Phys. Rev. D 48, 339 (1993)
J. M. Gerard and E. Kou, Phys. Lett. B 616, 85 (2005)
V. Mathieu, V. Vento, arXiv:1003.2119 [hep-ph]

@ NEXT TO LEADING ORDER O(p?) AND A THIRD STATE
...In preparation...
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PHYSICAL PSEUDOSCALAR STATES
Axial Anomaly — mixing with 7o

_ L (¢4 ~pv
" (qvuysq) = 2imaysq + ﬁGqu# — (ggl0" J350) # 0

= ) = X, 0y |ng) + Y, Ins) + Z,0)l99)
Mixing Scheme with pseudoscalar glueball

[n) cosp —sinp 0 1 0 0 [nq)
"y ] = |sinp cose 0] [0 cosgps —sings |7s)
G) 0 0 1) \0 singe cospa /) \lgg)

Measurement of ZZ = (n/|gg)?

V—-Pyand P— Vy= 0.04 +0.09 Escribano and Nadal (2007)

Br($(1020) — n"y)
Br(¢(1020) — 1)

J/U —-VP= 0.28 £0.21 Escribano (2008)
Where is the physical pseudoscalar glueball |G) 7
n(1295), 7(1405), n(1475),

Cheng et al., Phys. Rev D 79 (2008) 014024
He et al., arXiv:0903.5032v1 [hep-ph]
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THIRD GLUONIC STATE

What are the theoretical constraints on R 7

) 74)
‘77’> =R |778>
|G) lgg)

Inclusion of a third gluonic term in the chiral lagrangian via the §—term and the
anomaly : —%Bng(ﬁnq +7s)

m2 + 2 V2a V23
M, = V2a 2m%k —m2 +a B
V24 B gl
Diagonalization RIMZ,R =D
D = diag (Mg, M2, MZ) with M& unknown
Three unknowns «a, 3, but three rotation invariants

o, B,y = F(M;, M}, M) = R(M;, M2, M&) = Decays(MZ)
1 8 (M — M2)?

2>0— MZ>-(AMz —M2)+ 2 LS us ~ (1.5 GeV)?

B 62 gUMi = M)+ 32—z — sarg ~ (15 9V)
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DECAY WITH SINGLET-GLUEBALL COUPLING

L'(n' — pv) L'(n — wy)
T(p— ) ['(w—m)

":z///‘_ M‘:/
L(J/¥ — pn) L(J/¥ — wy)
L(J/¥ — pn) D(J/¥ — wn)

Vincent Mathieu (Univ. Valencia) n — n' Mixing
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DEcAYS WITH OCTET-GLUEBALL COUPLING

Addition of a octet-glueball coupling —28n,(ng — v/21s)
Mass matrix becomes

m2 + 2a V2a V28446
Misg = V2a 2m%i —mi4+a B—26
V2846 B— /26 ~

Four unknowns «, (3,7, d but three rotation invariants
Rotation with only two angles

cosp —sinp 0 1 0 0
R=|sinp cose 0 0 cos¢pe —singg
0 0 1 0 sin¢g cos ¢

Same constraint on the mass

8 (Mx - M2)?

2 2 1 2 2 2
>0 Mg > -(AMyg — M. = ~ (1.5 GeV
ﬁ_ I G_3( K 7r)+34M?<—M7%—3M$ ( e)
Decays ?
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DEcAYy wWiTH OCTET-GLUEBALL COUPLING

L'(n' — pv) L'(n — wy) (¢ —n'y)
T(p—nv) C(w — n7v) (¢ — ny)

J[ ——

o o o
o8 o8y 08|
£ g
2oy £ 2
o
o o

L(J/¥ — pn) L(J/¥ — wy) L(J/V — ¢n')
L'(J/¥ — pn) L(J/¥ — wn) T(J/¥ = ¢n)
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OCTET-GLUEBALL COUPLING

Decays more in agreement with data = octet-glueball coupling needed

Mg ~ 2.2 GeV
Mixing scheme for Mg = 2.2 GeV
n) 066 —0.75 0 ng)
7y ] = (061 0.54 0.59 [7s)
IG) 044 039 —0.81) \|gg)

BUT only leading order
At next to leading order, glueball is not needed

= Results might change drastically at NLO

What can we learn from chiral Lagrangian at NLO without glueball 7
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LEADING N O(p*) CORRECTIONS

3 O(p*) Corrections at Large N [Gerard and E. Kou, Phys. Lett. B 616 (2005) 85]

Wy _ e ] B o\ L B/ i B/ i st
¥ =g +8{ A2<m8U>+2A%<mUmU>+2A%<mU8HU8U> +hu

3 more Low-Energy Constants (LEC)

Jeo _ 2 _ (L1
fﬂ' - 1+(mK mﬂ') A2+A%
2 1
M2 = mi|1 2 (£
Pom et (-5
2 2 2 2 1
i = e[t (- )
MT? = f’V](MzaMIQ(7a07A17A2)
Mf,' = f7]’(M12r’MI2(7aO7A17A2)

Enough parameters to reproduce My, My, My, M,/, f=, fx and ¢

But Numerical Procedure
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CHIRAL LAGRANGIAN AT NEXT TO LEADING ORDER

Low Energy Constant do not have a clear physical meaning
Express the mass matrix in term of y = f,/fs (related to fx/fx)
Difficult from

o _pen £ B< 2 T> B® /it > B/t pprt h
L0D =L@ 4 | = 2 (mdPU 2A%<mUmU +2A§<mU8HU6U> + huc
Rotation preserving unitarity UTU =1 at O(p*)

U—U-— m—Um'U)

B
¢
to kill (md”U') + h.c.

Lagrangian becomes

o _f[(B* B i B | B
L0 _ {( ot 2A2> <m UmTU> " (? n P) <mTU8MU6“UT> +h.c}

+£(p ) + ao (\[nq +778)(\[m77q +msns)

12A2
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MODIFIED MASS MATRIX

New Lagrangian after rotation

f B*  B? N B
£oh = SYRETe 2A2 (mlumU) + mtE A2 (m'Ua,U"U") + he.

+['(p ) + o (\[nq —&-m)(\[mnq +msns)

12A2

Rewriting A, A1 and Az in terms of f; and fs
Expanding in the fields the kinetic term reads only in the flavor basis

1(fq " fs m
5 (7) 0unq0”ng + B) (7) 0,ums 0" ns

(Aadpm) 8,0 7% — 8,msdno in the U(3) basis
[Herrera-Siklody, Latorre, Pascual and Taron, Nucl. Phys. B 497 (1997) 345]

Mass matrix with only 2 parameters a and y = fq/fs

M2+ 20 ayf
2 T
Mas = ( ayvV2  MZ 4+« +0 (

Neglecting Flavor mixing term (\[nq + ns)(fmnq + msns)
We can solve analytically with M2 = 2M% — M2
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Mass MATRIX AT LEADING ORDER
Chiral Lagrangian at leading order (in p® and 1/N)
2
1
£ = % <8uUT8“U + B(mUT + Um*)> — a0

Expand U = 1+ V21, A"/ f — (1aA)?/ 2 + - -

1 1 1
E(pz) = 58M7T'18“7rb5a1, — §B7Ta7rb(/\a)\bm) — 504077(2)

Isospin Symmetry m = diag (1, M, s) — m2 = B and m% = B(m + ms)/2
Mass matrix in the octet-singlet (s — 10)

1 ( 4m3 —m?2 —2v/2(m% — m,zr))

2 _ -
Meo = 3\ —2v2(m% —m2) 2m% +m2 + 30

Mass matrix in the flavor basis (17 — 7s)
M2, — m2 V2a0
7 \V2ao  2mi —m3
Anomaly only source of mixing

No anomaly for vector 17~ — w and ¢ ideal mixed
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SOLVING ANALYTICALLY 1 — ' MASsS MATRIX

Mass matrix with only 2 parameters o and y = fq/fs

M2, — M,%—l—Zoe ay\/i
v ez vay?

2 equations (trace and determinant) and 2 parameters
- MM, — M2 (Mg + My, — MZ,)
MZ(M3 + M2 — M2) — MZM?,
M7 + M2 — M7 — MZ,
2+ y?

2\/§ay
M2 — M2
n’ n

sin 2¢
Predicted value for the decay constant ratio and mixing angle

fr _ 149

= =1.15 ¢ =41.4°
fr 2y?

Physical value fx/fx ~ 1.19 or y? ~ 0.7 and ¢ ~ (35 — 45)°
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PHENOMENOLOGICAL VALUE FOR ¢ AND y

]/U deCa.yS.
M = (131 ()) L:n/ ’ —“()4 Olﬁﬂ(b— (39:':29)

With k) the meson momenta
Radiative meson decays:
3
F(n/ — pfy) _ 3(tan¢)2 M,g/ — Mg <Mn/>3
T(p— ny) M2 — M2 M,
= 1354024 — ¢ =(35.5+5.5)°

Good agreement with the predicted theoretical value ¢ = 41.4°

- M, \*

H - %(Mno) [cos ¢ — ysing]*,
N M, \?

H = %(M"O) [sin ¢ + y cos ¢]?

leads to y* = 0.65 not so far from the predicted value y? = 0.71
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FKS HYPOTHESIS

Feldmann, Kroll and Stech, Phys. Rev. D 58 (1998) 114006
Prediction of ¢ = 42.4° based current algebra

(01T @)ln ) = =155 pue ™"
I ")

(OJE (@)ng(s)) = —~ifarsypue” """

Decay constants in the flavor basis follow the particle state mixing

f fa\ _ [cos¢p —sing feo O
for fy)  \sing  cos¢ 0 fs
Non flavor transition
Je.ns) =0 J5ulng) =0
Mass matrix in the flavor Basis
L (ML P00GG) - {0lGG,)
MFKS = 2 ° 1 =,
LOIGGIn) ML+ E01GE.)

Symmetric matrix

y—\/§< : GG|7IS> 7&

(012GGlng)  fs
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FKS HYPOTHESIS

Feldmann, Kroll and Stech, Phys. Rev. D 58 (1998) 114006

fi fa\ _ (cos¢ —sing) (fy 0
fo fy)  \sing  cos¢ 0 fs
Non flavor transition
Ja.ns)y =0 Jsu|ng) =0

Mass matrix in the flavor Basis

M — Mo+ F0IGG) - (0IGGIna)
FKS — ~ ~
VOGGn) M2+ +(0|GGlns)

Symmetric matrix

50182GGns) _ fy
<0|%GG‘7711> fs

Inputs from Chiral Lagrangian:

Mg, = 2Mj — M

Prediction for ¢ and y with inputs My, My, M, M,
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FKS FROM CHIRAL LAGRANGIAN

FKS mass matrix in the flavor Basis

M — [Mia+ FEOIGCI)  F0IGGng)
FKS — ~ ~
Y2(0[GGns) M2+ £-(0|GGln.)

Chiral Lagrangian:

(0" AL wnomary = F0 (V204 + ) = 3GG
Normalization of the fields (0|nq|nq) = f/fq and (0|ns|ns) = f/fs

(0IGGlnq) = av/2f, (0IGGIns) = ay® £
Translation with previous notation

Mo — M2 + 20 ay?
ro= a2 M2+ ay?

Chiral Lagrangian mass matrix without the approximation concerning fq((,s))
n
Chiral Lagrangian explains FKS
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SUMMARY

Symmetry — w(782) ~ ¢qq #(1020) ~ s5

Anomaly in pseudoscalar — no ideal mixing for  and n’

Chiral Lagrangian at LO not enough to describe n and n’

Inclusion of glueball in chiral Lagrangian

Decays ok but octet-glueball coupling and Mg ~ 2.2 GeV

Good description at NLO without glueball but numerical procedure
Small mixing (0[J¢,|7s) < 1 and (0[J5,|ng) < 1 — analytic results
Prediction ¢ = 41.4° and fx/f- = 1.15 OK with data

Explanation of FKS formalism

Future developments:

Inclusion of pseudoscalar glueball in the chiral Lagrangian at NLO
to explain glue content of n’
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