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@ eLoM where Scalars, Pseudoscalars, Vectors and Axialvectors are
genuine degrees of freedom

@ reduce complexity of QCD interaction by effective hadron hadron
interaction in a model with hadronic dofs and symmetries known
from the QCD Lagrangian.

@ however several works suggest that the a; is dynamically created
from prm e.g.
Wagner, Leupold, Phys.Rev.D78:053001,2008
L. Roca, E. Oset and J. Singh, Phys. Rev. D72:014002,2005

@ is a model where the a; is chiral partner of p and an explicit degree
of freedom applicable to describe more complicated systems such as
the 7 spectral function?

@ more elaborate methods for precise determination of masses and
decay widths are available.

@ We want to construct a phenomenological model that describes the
low lying resonances in the vacuum with reasonable precision,
therefore we first have to identify the states within the multiplets.
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Chiral Symmetry Reminder

@ U(2)r x U(2)r Symmetry of the QCD Lagrangian under the
transformation for m; = 0

_ . 1 I
Lacp = ZQi(’D — m;)qi + y Z Fi FY

with qL

@ explicitly broken
U(2)L X U(2)R ~ U(].)A X 5U(2)A X U(l)v X SU(2)V
YOazzmome, g1y2)4 x U(L)y x SU(2)y
m;#0

_— U(l)v X SU(2)\/

muFEmg#...Fme u()y

Conclusion
o
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Chiral symmetry and mesons

@ same symmetry breaking pattern

U(1)a x SU(2)a x U(1)y x SU(2)y 222m2vmeses 1),

@ chiral partners e.g.

SU(2)a
a ——2p

Conclusion
o

@ Spontaneous Symmetry Breaking generates mass difference of chiral

partners
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g - gmeson + vg)bzﬂ‘y(,m + <-(£di]aton + a(l//wvak

Lrneson = Tr[(D,®) (D' ®)] — mj Tr(d'd) — M[Tr(dTd)]* — X2 Tr(dTd)?

+ a(det® — det 1) 4 TY[H(® + o)) — % Te(L2, + R2,)

2
| (B 0) (64 R + (Ll ) + THRIR", R
h

+ 51 Tr(®®) Tr(L2 + R2) + hy Tr[(L,®) + (®R.)*] + 2hs Tr(L, R &T)

+ chirally invariant vector and axialvector four-point interaction vertices
/Z/inn_wm = \TJlLi'Y;LD{LLwlL + \T"IR’.'Y;J,D{LR\UIR + \I’2Li'7p4 DélR\UZL + \TJ2Ri7pD§L\U2R

— 81 (V1 0V + Vg0V, — §2(\T’2L¢T\V2R + ®2R¢TW2L)

— MWy Wor — WirWo — Wy Wig — WarW))

7 1 1 ma G G4
azdilaton - 5 (G”G)Z — Zﬁ (G4ln ‘K‘ — T)

gcosfc

.Z:\,mk:(sw Tr[Wo L] + Sem = Tr[BWR‘“’]+ Tr[(W‘“’) (B"*)?]

2\[ (W, Gy, vu(1 = vs)ur + h. c)
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00000

Ng =2 and Ng = 3 meson multiplets:

(Pseudo-)Scalars ®; ~< q.gr >j=~ %(q;c‘]j — qivs3;)

o a0 i(7 70 . .
) ( I\:/go) + (7/\\//+E ) 33 4t KO*+ + Kt
o = (on—2) + f("IN;WO) KO*O +iK°

V2 3 +im vz T
Ky~ + iK™ K"+ iK os +ins

Lefthanded Ljj ~< qug. >5~ 5(qi7" 3 + G157 @)

0 u
) w/v\/gpo + fm\//gal ot +at K™ + K
= — — wy—p° fin—ad *
L_\/§ P +31 N\/ZP+I_N21 KO-‘FKP
K*™ + K K*® + K ws + fis
Righthanded R ~< qrgr >~ %(qiv”fv — s q;)
0 u
(P e KT oKD
n__ T — — wy—p° fiy—al *
R \/E P~ —a N\/Z/ 71_N21 K07K10
K~ — K[ K*® — Kr ws — fis
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Mesonic Lagrangian with Global Chiral Symmetry

D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 82 (2010) 054024 arXiv:1003.4934 [hep-ph]
D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, arXiv:1208.0585 [hep-ph]

Global Chiral Symmetry:
Lmeson = Tr[(D, D) (D" ®)] — m3 Tr(®Td) — A [Tr(dTd)]? — X Tr(dTd)?
+ ci(det ® — det )% + Tr[H(® + &1)] % Tr(L? + Ry ?)

e[ (Tora) (G + R + E (Ll L) + TR R R
+ ch. inv. 4-point interactions among (pseudo-)scalars and (axial-)vectors
U(Ng)L x U(NF)r Transformation:
& = UdUf, 1" — UL*U], R* — UrR* U},

Covariant Derivative:
DFd =o' — igy (LHd — dRM)

Field Strength Tensors:
LM =LY — 9L, R" =9*R" — 9" R*
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Explicit Breaking of Chiral Symmetry

D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 82 (2010) 054024 arXiv:1003.4934 [hep-ph]
D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, arXiv:1208.0585 [hep-ph]

Global Chiral Symmetry:
Lmeson = Tr[(D, D) (D" ®)] — md Tr(dTd) — A [Tr(dTd)]? — X Tr(dTd)?
+ ci(det & — det ®)? + Tr[H(® + oT)] — % Tr(L%, + R2,)

2
+ ch. inv. 4-point interactions among (pseudo-)scalars and (axial-)vectors

e[ (T (G + R + E (Ll L) + TR R R

U(1)a-Anomaly
c1(detd — det d7)?

non-vanishing quark masses, NO isospin breaking
Te[H(® + ¢7)], H=ht (Nf=3,A)

remaining symmetry is U(2)v
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Spontaneous Breaking of Chiral Symmetry

D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 82 (2010) 054024 arXiv:1003.4934 [hep-ph]

D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, arXiv:1208.0585 [hepfph]
Global Chiral Symmetry:
Lrmeson = Tr[(D,®) (D )] — mi Te(d!d) — M [Tr(dTd)]2 — Ay Tr(d d)?

+ ci(det & — det ®)? + Tr[H(d + oT)] — % Tr(L%, + R2,)

m2 82 v v
| (0 (4 R + (Ll ) + THRIR R
+ ch. inv. 4-point interactions among (pseudo-)scalars and (axial-)vectors
Spontaneous breaking of global chiral symmetry by non-zero scalar condensate

oc—0+¢, ¢ =2 fr
N2 2 & 2 2 2 ¢
i) m, =mj + ?(hl +h+hs), m;y=mi+(q10) + ?(hl + hy — h3)
i) 3 point interaction vertices and mixing terms in (D*®)"D,®
that are proportional to the VEV ¢.
iii) unphysical mixing between axial-vector and pseudoscalar fields,

diagonalization by shift of axial vectors; P — Z.P
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U(2). x U(2)g Symmetry in the Baryonic Sector

S. Gallas, F. Giacosa and D. H. Rischke, Phys. Rev. D 82 (2010) 014004 arXiv:0907.5084 [hep-ph]
S. Gallas, F. Giacosa and G. Pagliara, Nucl. Phys. A 872 (2011) 13 arXiv:1105.5003 [hep-ph]

Baryons in the mirror assignment:

Lo = V11, DYy Wi + Wigivy, DigWig + Worivy, Dy Wy + Wogrivy, Db Wag
— 81(V1OVig + WirdWy) — (Vo dTWog + WopdTwy)
— MUy Wog — WirWy — Wy Wip — UngpWy)
U(2). x U(2)r Transformation Covariant Derivative

\UIR — U,Q\Uu:g7 \U1|_ — UL\UlL DluR =" — I'ClR“ N DluL =0o" — l'Cle'
Vor = UWor, Vo — UrWaL Diy = 0" —ieR*, Dy = 0" — icl*

@ allows for chirally invariant mass term generated by the gluon
and/or tetraquark condensate

@ Nucleons N, N* are real chiral partners N(1650) is favoured as chiral
partner of N(939)

@ yields correct nuclear matter saturation
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Scale Invariance and the Glueball

S. Janowski, D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 84 (2011) 054007 arXiv:1103.3238 [hep-ph]

Scale invariance of the QCD Lagrangian is broken on the quantum level

o _lgpep_1me (e |GG
(Zdllaton—2(a G) 4/\2 (G /n’/\' 2

LoM is in principle scale invariant, only mass terms and U(1)a-anomaly break
scale invariance

X = AT p(x) = Ap(A X)), W(x) — )\%\U()\_lx)
Scalar glueball is associated with fluctuations of the dilaton potential

Ground state of dilaton Gy is related to the gluon condensate Gp = A = %CZ

o favours gg interpretation of f(1370) as chiral partner of the pion
(16(500) is disfavoured) and f,(1500) is 75% glueball

@ scale invariance extended to Zeson, Lharyon Dy parametrization of
meson and baryon masses by G
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7-Decay

_ — 0 . _ 0/— —
Vector 7= — 7~ 70, Axial Vector 7= — 27 —x=/+p_
. ToAE)Y, ALEPH 91-95
3+ ALEPH 91-95
5 12 [ — Perturbative QCD (massless)
sl i ¢ TV, - Parton model prediction
g i — Perturbative QCD (massless) 1F R -
1 — Parton model prediction - 312005
2 o - 08l ’

- KK-bar(MC)

2

== 3n° 37 61(MC)

- o’ KKY(MC)

== KK-bar(MC) 0.4

0.2

Vr
@ semileptonic 7-decay involves strong and weak interactions

o effective electroweak interactions of hadrons in the vacuum
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What do we know about weak interaction?

@ SU(2). x U(1)y gauge symmetry with gauge fields W* and B*

@ Weinberg mixing between SU(2), x U(1)y gauge fields B*, W}' to
physical interaction fields A*, Z§' .

@ Cabibbo mixing, flavour eigenstates are not weak eigenstates.

@ Charged interaction violates symmetry under Charge and Parity
transformations but preserves combined CP;
W1 act on left-handed particles, right-handed antiparticles only

P, = 1—275 Pr = 1-;’75 )
@ Charged bosons induce flavour-changing processes.
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Linear Sigma Model with Weak Interaction

i) transformation of composite quarks

—_ 1 1
by ~< GrqrL >u, Gk Yy, o O X g,y = 2(Qk — ki)

i) U(1)y Transformation:
Scalar and Pseudoscalar Fields:

u(l)y

& =% dUL ~ d 4 i0ydts
Gauge Field: va ;
B* Y%, yy BH UL + — Uy 0" U
g

Righthanded Fields:
R 2O, yy REUY
iii) Covariant Derivative:
Di® = 0" — igt[L'® — O(R¥ + £ B, ts)]
iv) Field Strength Tensor:
w = (0"RY — g[8, R']) — (9"R" — ig'[B", R"])

Conclusion
o
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Local SU(2), x U(1)y Symmetry

SU(2), x U(1)y Transformations

SU(2), x U(1)

¢ UL¢U'

sU(2); sU(2);

20 gy owe 225 goweuf + = ULaﬂUT

Re 2% UyReUY  BE U Uy BRUL + — Uy U
g
SU(2), x U(1)y Covariant Derivative:
!/
Dl = ¢ — igy[(L" + ng)cb — O(R" + ?Bﬂtg)]
1 1

Field Strength Tensors:
= (0"R" — ig'[B",R"]) — (0"R" — ig'[B", R"])
m = (9PLY — iglWH, L)) - (8"LF — ig[W”, L)
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Weinberg Mixing and Cabibbo Mixing

Weinberg Mixing:

neutral bare SU(2), x U(1)y gauge fields B*, Wj" are related to
the physical fields A*, ZH by

wy _ cosOy  sinfy \ [ Z#
B —sinfy, cosfw AH

e =g’ cosOy = gsinly

and

Cabibbo mixing:

strong isospin eigenstates d, s, b are related to the weak eigenstates
by the CKM matrix

N =2
d\ [ cosbc sinfc d
s'") 7 \ —=sinf¢c cosfc /) \'s
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Linear Sigma Model with Weak Interaction

Lrvea = Tr[(D,®) (D )] + 6, & C";OC Te[ Wy L] + Sem gTr[BWR‘“’]
e B+ E (WG (1 ) b))
4 2\/§ H Vr K / T e

The Decay 7 — W, is well known from SM.
Gauge invariant mixing term =~ d,,s W, p".

Covariant Derivative with Physical Interaction Fields:
DF® = 0"® — g (L' D — OR™) — ie[A"ts, ®] — ig cos Oc(W)'ty + Wi'tr)d
— igcosOw (Z"® + tan’ By dZ*)
Field Strength Tensors:
" = {o"LY — ie[A*t3, L] — igcos Oc[Wf'ts + Wy'ta, L] — ig cosOw[Z", L¥]}
—{0"L" — ie[A" ts, L"] — ig cos Oc[W' tn + W' ta, LH] — ig cos Ow[Z”, L]}
R* = {0"R" — ie[A"ts, R"] — igsinOw[Z", R"]}
—{0"R" — ie[A"t3, R"] — igsinOw([Z", R"]}
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Vector Channel

Weak Interaction T-Decay

Spectral Functions
000000 [ Ie]

0000000

Common to all channels is the process:

-
W-
12
T p(m? ,s m?
M w-2u.(5) ~ lpm. s, m, )]
Vector Channel
lyw- .02
M —v2n0(s) ~ < | <@z [ fp(s.m,)
W o : W ™0 W ok
SnT S (k2) (k2)

Conclusion
o
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Axial-Vector Channel

Axial-Vector Channel

W
rW‘—)ﬂ'_QTrO ~ 52 3/‘

wo
‘Ww@\——ﬂ—
\Tro
0 70 (k1) k3)
1 w-— ” — m — my3
= 5 2'\/\/\4:—7(* -+ »\,\V‘,/\/\/ M/\/\/
w* (k) (k)
7r° 0(/<1) (k) |2
W= ay
+ 2’\/\/\=*-—ﬂ-_ + 'V\,m/“ (k) + ’\/\M
\
° (k) (k1)

o M(W~ — 77 27%) ~ 1% and I(a; — 7 27°) ~ 1%
@ in principle also contributions of o resonance 'y _gop0.— =0
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Spectral Functions

Spectral Density is taken as the Imaginary Part of the Propagator

1 1
d(s) = ——Tm[A(s)], As) = — m2 + g?Re[Z(s)] + g2i Im[Z(s)]

Optical Theorem:
g°Im[¥(s)] = V/s I (s)
Resonance Mass:

Mies. = Mo — g*Re[Z(m,)]

res.

Sum Rules:
/0 dP~>27r(57 mp, rP)dS =1, /0 dalﬂ>37r(s’ May, mﬂ)ds =1

Spectral Functions

1 ]- \/gr[)’ﬂ'ﬂ(s) d (5) 1 1 \/gralf”'r()
Ny (s —m2)2 + (m2T,)2 ™ Noy 7 (s = m3,)> + (m3, Tay)?

dy(s) =

my, [ 5, ma, Ta are now fit parameters
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Quest for the Parameters

D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, D.H. Rischke
Scalar mesons in a linear sigma model with (axial-)vector mesons

2
15 4r ]
1 ) rpr>T["
05 Ko [ f 1
- + . T [P
£ = 1->07]
g b ] T
o | 1 2o
= =
? 05 T i i L—
£ ' I rS A>Ty,
= i + =4 lr T 4
-1 2L KLk 4
-1.5 t + rq>>KK
2 . f 4+
n Kn p KN'® a1 hag reok r
25 L L L L L L L L L f17> K L K07>K“
0 200 400 600 800 1000 1200 1400 1600 1 10 100 1000
Mass [MeV] Width [MeV]

[arXiv:hep-ph/1208.0585]
@ global fit of 13 parameters; test model

@ 21 decay widths and masses
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Results with m,,[',, m,,, "5, and pion renormalisation
constant Z as obtained from N = 3

Sw | 021471 1.4 ow | 021471
z 16777 z 16777
4 mp [0.7831GeV 1.2] [ mp [0.7831GeV
3| ’0 Tp [0.1609GeV. w [Tp [0.1609GeV |
mal | 1.185GeV 1.0l + [mal | 1186 Gev
! Tal | 05/9Gev : # ﬂ# Tal [ 0549GeV
| il
1ow ) 1av, 08 f
Ny ds Na ds #
f 0.6} t
i *+
| ¥ 0.4 |
o. : %
K 02 / Wm"“’-\
0.0l
% 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35

s ([GeV?]) s (IGev?])

@ Only one free parameter §,, which describes the mixing between the
charged weak bosons and the (axial-)vector mesons!

@ p and a; mesons can be considered to be chiral partners
Wp mixing ~ d,,s Wa; mixing ~ (8,5 + g19?)

@ the parameters have errors within range ~ 5% therefore we can still
improve our results
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Inclusive Spectral Functions VMA and VPA

Weak Interaction
000000

T-Decay

Spectral Functions
[ele]

[ele] le]ele]e)

Vector Channel not independent on values of m,, and I',,.
— Inclusive Spectral Functions V — Aand V + A

15

Sw

0.22071

16777

mp|

0.7631 GeV

0.1609 GeV'

mal

1.0

1.146 GeV

ral

0.549 GeV

V-A

0.5]

5w | 022071
Z | 16717
. mp [0.7631GeV
1.5 . [Tp [0.1609GeV
mal | 1.146 GeV
Tal | 0.549Gev
via 10
:
0.5]
I.'
0.0t
0.5
s (1Gev?])
1 d(Ny + Nga
V4+A= ( )

Ny + Na ds

Conclusion
o
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Vector Channel Spectral Function 7 — 27,
di
Coherent sum |W —% 270 + W -2 22
4
% 0.22071
yA 16777
3k mp | 0.7631 GeV
Tp |0.1609GevV
mal | 1.146 GeV
I'al | 0.549 GeV
ERY
Ny ds
! 0
4 w— p= -7 W~ s
1t ) ANn~e— + A~y
N N
¢ \ﬂ_— N
(0] 1 1
0 05 1 15 2 25 3 35
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Vector Channel Spectral Function 7 — 7~ 7%

W-—=nan%and W™ — p~ —= 770

MW-— n~n°)
N 0.02
rMW-—p= = 779
4
Sw | 0.22071
¢ Z 16777
3k mp | 0.7631 GeV
t Tp | 0.1600 GeV
mal | 1.146 GeV
0.549 GeV
LA
Ny ds
1-
0 1 1 1 s
0 0.5 1 15 2 25 3 35

s ([Gev?])

Conclusion
o
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Axial Vector Channel Spectral Function
7~ = 7210 + 1 27y,

Coherent Sum |W~ — pr — 37 + W —2 prr — 372

1.4¢
ow | 0.22071
1.2+ z 1.6777
mp | 0.7631 GeV
1.0F # Tp |0.1609 GeV
# 1.146 GeV
1 dNu 0.8 0.549 GeV

s ([Gev?])
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Axial Vector Channel Spectral Function
7~ = 7210 + 1 27y,

/0.,20/~

W*LQ” 1070/ and W~ %af%%r /07 0/4
r(w--25 72
( SHMW ) ~ 0.25
r(w- 7=270)
1.4}
ow 0.22071
19} yA 1.6777
. mp |0.7631GeV
1ot Tp |0.1609GeV
. mal | 1.146 GeV
s 0.8 0.549 GeV
N_A ds
0.6}
0.4
0.2 /
0.0k : :

0 05 1 15 2 25 3 35

s ([Gev?y])

Conclusion
o
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Conclusion

@ We described the decay of the 7 lepton in an effective hadronic
model

@ Can we use our effective chiral model to describe the
phenomenology of the low energy resonances in the vacuum? Yes!

@ Can we consider a; to be a gq state and obtain a reasonable
description of phenomenology? Yes!

@ Can we consider p and a; to be chiral partners? Yes!

@ We also have a very nice example of Vector Meson Dominance in
the weak hadron sector.
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