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* The rho meson is one of the most extensively studied

R. Molina(*) and

hadrons J. Ruiz de.
* Its properties fit very well into a Breit-Wigner Flviral
parameterization and its nature is believed to be a Introduction

resonance made of light u and d quarks
Example of non Breit-Wigner amplitude: Scalar o meson,
D. Guo, A. Alexandru, R. Molina, M. Mai and M. Doring,
Extraction of isoscalar mm phase shifts from latticeQCD,
PRD9S (2018)

* Its properties, as decay width or coupling to two-pions,
are tight to f;. Example: Hidden gauge lagrangian,

PR { £® = 1¢2(p,upHut 4 xUt +xTu)
= 1>

Ly =—%Vup V) + IMI(Vy — éru]2>
u=eVPIT v, = 0LV — 0,V — gV, Vil
2 _ _ Yt —i i T
u U My 2[u (O — ieQAL)u + u(dy, — ieQA,)u']
. u 2 € m my
— L\/PP = —Ig<\/ [P,@ILPD, ‘CV'Y = —MVEAH<V Q>, g = F
™
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* Dispersion-relation treatment of 7, transitions from Envira®)

off-shell pion to a complete set of intermediate states
dominated by NN,

Goldberger-Treiman relation: ‘ fr = My gA/gﬂNN‘

Introduction

ga: axial vector coupling in the nucleon 3 decay,
grnn - pion-nucleon coupling.

* fr is also conected to the sponeaous chiral symmetry
breaking. Chiral condensate (chiral limit m, 4 s = 0):

= | ¥ = Bof§ = —(0/Gq|0)o

(Gq) #0, and fy # 0,
(0] A5(0)|9pu(p)) = ip*fodab -




. Quark (ud, s)
| ntrOd UCtIOﬂ mass dependence
of the rho meson
revisited

R. Molina(?) and
J. Ruiz de

.2
Elvira'®)

* Chiral Perturbation Theory studies the interactions
between pseudoscalar mesons and the quark mass
dependence of the pseudoscalar decay constants

Introduction

or Partially Quenched ChPT (finite volume effects),
Unitary Chiral Perturbation Theory (extension to higher

energies) ( ),
Inverse Amplitude Method...(

)

* The predictions can be tested by latticeQCD
simulations...
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Fundamental vertices Introduction
q g
g H g .
g g g
q
Analogous to photon 3-gluon vertex 4-gluon vertex
exchange of GED
o, =gl4m~ | Strong consequences on the theory

Discretization of space and time,

<O(A;m q,q)) =

1,
E/DAHDqDaO(Au,q, d)exp (—/d“xﬂ)

Feynmann path integral formulation

gluon qu;ark
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I owever, (1
R. Molina'!) and
- Lattice co Ilputations are con putationa”y eXpenSiVe. J'ElR-L“Zw::d\e
vira

- Results depend on lattice artefacts as volume size
or/and lattice spacing.

Introduction

- Becomes especially complicated when dealing with
excited states partly because the number of operators
needed in the basis increases. Also, threshold effects,
multi-channel treatment are tough.

- Even for one of the “simplest” hadrons, the p meson,
few points over a chiral trajectory (one or two masses).

- Till now, there was only data on chiral trajectories
Ms = Ms phys for f; and phase-shifts in the isovector
channel.

Strange quark mass dependence of the pseudoscalar decay
constants and 77 phase shifts is still unknown
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* ChPT expansion of the amplitude for meson-meson J. Ruiz de

. El
scattering Ve

t(S) = tz(S) + t‘4(5) N Y O(ka) (2) ghiralb _
erturbation
Theory

* Lowest-order Chiral Lagrangian

2
Ly = %@uufaﬂu + M(U + U) (3)

L4 = L1(9,UT0"U)? + L2(0,U9, U) (0" UT9" U)

L3(0,Ut0" Ud, UT9" U) + Ly (QUTO* UY(UTM + MTU)
Ls(0, UT0" U(UTM + MTU)) + Le(UTM + MTU)?
L7

UTM MTUY? + Lg(MTUMTU + UTMUTM)  (4)
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LA ot K+ i@
V2 Ve o
d(x) = T —% + % K° (5)
K_ RO *LT/ (Fi::';zlrbation
\/6 Iz Theory
m2 0 0
M= 0 m? 0 (6)
0 0 2m%-m?

[§ J. Gasser and H. Leutwyler, Annals Phys. 158, 142 (1984)
[§ J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

@ J. A. Oller, E. Oset and J. R. Pelaez, Phys. Rev. D 59,
074001 (1999)
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One loop SU(3) UChPT,

M2 8M2 ira
f‘n’ = ﬁ) |:]_ — 2,u7r — UK + f2 (L4 + L5) + f_gK L4:| y Ele:rtulrbation
0 eory
3px  3uk 3,  AM? 4/\/I2
fu=f |12 _ =222~ ZFm o 0K
‘ 0[ s 2 a tpht T Ghrlbl

4L,
fn:ﬂ)ll—mm—l— 2

aM3
(M2, +2M2,) + f2"L5] .
0 0

[§ J. Nebreda and J. R. Pelaez., Phys. Rev. D 81, 054035 (2010)
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* = K. (
Lk 1 R. Molina(*) and
J. Ruiz de
M3, = +§M§7r + k By , Elvira®
where k = mg pnys or 0.6 Mg phys.
Chiral
* Tr M = C: Perturbation

Theory

1
M(?K = —ngﬂ- + CBO ;

We also show predictions for the trajectories,
* Mg = My,

2 2
MOk - M07r )
* Myd = Myd phys,
2 _ ap2 A2 pg2
M07r - M07r,phys' MOK - MOK,phys + (ms - ms,phys) BO

Free parameters: Lo =211 — L and L;, i = 3,8, and ¢ By, k By,
adjusted to the the chiral trajectories. p = 770 MeV, fo = 80 MeV.




Inverse Amplitude Method

ds’

1 t(s’)
t(s) = —
(s) 2mi Jos' —s

If we assume that t — 0 as |s| — oo, then

T s'—s T

/
th -0 5 TS

t(S)zl/:o Imt(sl)ds’+1/o Imt(s")

ds’

with
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If t does not goes to zero when |s| — oo sufficiently fast to R. Molina® and
J. Ruiz de
apply the Cauchy Theorem, Elvira(®
t(s
G(s) = (s)
(s—s1)(s—%2)....(s — sn)
For some N we can apply a dispersion relation for G. L
mplitude
51,52, ....5N Method
; _o2rl 2
(physical cut)ImG = tslm; = —t50
Left cut (perturbative expansion)
ImG =ty Im; ~ t5 Imtﬁt4 ~ —Imty.




Inverse Amplitude Method

S-matrix

5U25U+2iﬁty (9)

with

— 2 .
Ui:{ 1—4m?/s /s >2m; (10)
0

else

and the S-matrix is parametrized as

2id1 H 2 1/2 i(51+52)
ne i(1—n%)"<e
5= <,-(1 _ n2)1/2ei(§1+62) ne2i‘52 ) - (11)
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* In general, energy measurements in the lattice are -
R. Molina'*) and

correlated: J. Ruiz de

.2
Elvira'®)

X2 = (W — Wo)TCH(Wh — Wp) |, (12)

Wo: eigenenergies measured on the lattice,
C: covariance matrix, K‘Zﬁ,'ﬁfude
Wi :energies of the fit function. Method
* Inclined error bars in the (W, 5(W)) plane, i. e.,
correlations from the Liischer formula, 6; = g(W), are
considered reconstructing the energies, Wj;, from the fit
function, dgy = f(W4;), by means of a Taylor expansion
near the measured energies Wp; (linear order),

- g(Woi) — f(Wai)
Wi = f'(Woi) — g'(Woi)

—+ Wo,' . (13)
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* The set of LECs is chosen according to S-matrix unitarity:
R. Molina(*) and
J. Ruiz de

RP=xe+ AZ/ (S STy — 051* dE + X7 (14) Enviral?

G =3 (hy — W) /ef? (g —

i i . — Inverse
L == EE Amplitude
213 i1 " Method
I = 1,0, )= 1,n. .
L
"l

hl - mT(/fT(l h2 - mK/fK
and h3 = mK/fﬂ.




Global fit to decay constants/phase shifts

LECx103 Fit | Fit 111
L1 - 0.35(1)
Ls - —3.4(1)
Ly —0.06(1) —0.09(2)
Ls 0.91(2) 0.95(1)
Le 0.15(2) 0.19(1)
Ly - 0.007(2)
Lg 0.03(3) 0.11(2)

Tabela: Values of LECs in Fits | and III.
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c(k) By x 10~3(MeV?) Fit | Fit 111 J. Ruiz de

.2
Elvira'®)

[c Bols=3.4 316(6) 275(4)
[c Bo]s=3.55 295(6) 260(4)
[c Bo]p=3.7 208(6) 265(4)
[k Bolm. yn,. 257(6) 222(4) oy

Tabela: Values of parameters in Fits | and Il

Yo = Bof2 = —(0|gq|0)o = | £4/® = 245 — 280MeV/
: 214 — 290 MeV.

MILC: ¥2/® = 245(5)(4)(4) MeV. We obtain 258 and 245 MeV
for Fits | and Il in the my = m; 1y trajectory, respectively, which
are compatible.




Chiral trajectories: m% vs. m2 mase dependence

of the rho meson
revisited

R. Molina(?) and
J. Ruiz de
Elvira(®)

Fitl, B=3.4 (Tr M=c) =+ FitIV, B=3.7 (Tr M=c)

Fitl, =355 (Tr M=c)

Fit IV (mug=ms)
Fitl, f=37 (TrM=c)  =eeeeee Ft 1V (g =M orys)
77777 Fitl (myg=ms) Fit IV (Ms=0.6 Ms prys)
—— Fit] (my=ms pys)
——— Fit] (My=0.6 My goye)
< Fit IV, =3.4 (Tr M=c)
=+ Fit IV, B=3.55 (Tr M=c)

m2(GeV?)

CLS, B=3.4 (Tr M=c)
CLS, B=3.55 (Tr M=c)
CLS, B=3.7 (Tr M=c)

UKQCD (my=Ms i) Decay constant

————— MILG (=g phys) ratios

————— Laiho (ms=ms pnys)

m?(GeV?)

Figura: Chiral trajectories Fits | (decay constant data) and Ill
(decay constant plus rho phase shift data) over both kind of chiral
trajectories, ms = k, and TrM = c.




Ratio m; /f; vs. m,

Fitl, B=3.4 (Tr M=c)
Fit I, B=3.55 (Tr M=c)
Fit1, B=3.7 (Tr M=c)

Fit | (Mug=ms)
Fit] (ms=ms ghys)

Fit] (ms=0.6 Mg prys)

=== FitIV, B=3.4 (Tr M=c)

==+ FitIV, B=3.55 (Tr M=c)

CLS, p=3.4 (Tr M=c)
CLS, B=3.55 (Tr M=c)
CLS, §=3.7 (Tr M=c)
UKQCD (ms=mspnys)

MILC (ms=s pys)

=+ MILC (m;=0.6 Msphys)

Laiho (mg=ms

my(MeV)

Figura: Ratio m, /f; obtained in Fits | (decay constant data) and
[l (decay constant plus rho phase shift data) over both kind of

chiral trajectories, ms = k, and TrM = c.
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Fit IV, B=3.7 (Tr M=c)
Fit IV (myg=ms)
Fit IV (Mg =M phys)

Fit IV (m;=0.6 Mg pnys)

Decay constant
ratios




Ratio mk /f: vs. my

my(MeV)

Figura: Ratio my /f; obtained in Fits | (decay constant data) and
[l (decay constant plus rho phase shift data) over both kind of

chiral trajectories, ms = k, and TrM = c.

Fit1, B=3.4 (Tr M=c)
Fitl, §=3.85 (Tr M=c)
Fitl, =3.7 (Tr M=c)
————— Fit 1 (myg=ms)
——— Fitl (M =ms gays)
——— Fit1(my=0.6 Mo goys)
+=+ FitIV, p=3.4 (Tr M=c)
==+ Fit IV, B=3.55 (Tr M=c)
CLS, B=3.4 (Tr M=c)
CLS, B=3.55 (Tr M=c)
CLS, B=3.7 (Tr M=c)
UKQCD (mg=e pnys)
————— MILC (ms=ms pys)

Laiho (ms=ms prys)

~es FitIV, B=3.7 (Tr M=c)

o FitIV (myg=m5)
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Fit IV (M =m¢ phys)

Fit 1V (m;=0.6 Mg gnys)

Decay constant
ratios




Ratio mg /fx vs. m;

m(MeV)

Figura: Ratio my/fx obtained in Fit | (decay

chiral trajectories, ms = k, and TrM = c.

Fitl, =3.4 (Tr M=c)

Fitl, =3.55 (Tr M=c)

Fitl, p=3.7 (Tr M=c)
————— Fit | (Myg=ms)

——— Fit] (My=ms prys)

Fit | (ms=0.6 M gnye)

-~ FitIV, B=3.4 (Tr M=c)
+es FitIV, =3.55 (Tr M=c)
————— Laiho (ms=ms phys)
CLS, =3.4 (Tr M=c)
CLS, B=3.55 (Tr M=c)
CLS, B=3.7 (Tr M=c)
UKQCD (ms=ms pnys)

wes Fit IV, =37 (Tr M=c)
-+ FitIV (mug=ms)

we FItIV (Mg =ms grys)

Fit IV (M5 =0.6 Ms grys)

constant data) and
[l (decay constant plus rho phase shift data) over both kind of
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Chiral trajectories ms = k Quark (ud, 5)

mass dependence

: rho phase shift data of HadSpec(236,391), JB: Bulava(235) R
: decay constant data on ms = k, R. Molina® and
k = 0.6,1 ms phys. We find these data compatible (excludes J. Ruiz de
JL/TWQCD, PACS-CS). .

LECx10%® MILC,HS UKQCD,HS Laiho,HS MUL,HS  Fit Il

Lo 03(4)  —0.1(4) 0.1(2) 03(1) 0.2(1)
[ —3.4(4) —3.1(4) —34(2) —3.4(1) —3.4(1)
L4  0.03(2) 0.04(1) 0.03(2) 0.052) 0.04(1)
Ls 1.2(2)  0.90(3)  0.90(5) 0.93(3) 0.94(2) Piron s
Le 05(1)  0.24(3)  02(1) 025(4) 0.24(2)
L 0.6(3)  05(2)  05(1) 0.40(6) 0.44(6)
lg  —05(1) —03(1) —02(1) —03(1) —0.27(4)

Tabela: Values of the LECs obtained from fits m; = k.




Rho phase shift data on mg = k

——— Fitll (138)
Fit Il (235)
Fit Il (390)
————— JLITWQCD+HS (138)
————— JLITWQCD+HS (235)
————— JLITWQCD+HS (390)

Experiment
v HS (236)
4 HS (391)

200 1000 00

— Fitll (235)

v JB (235)

500 600 700 800 900 000

E(MeV)

Figura: Phase shifts and extrapolations to the physical point from
the fits in comparison with lattice and experimental data.
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Rho phase shift data on ms = k
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—— UKQCD+CA (138)

— UKQCD+CA (317)
Experiment

v CA@317)

500 600 00 800 900 1000 00

Fit on m, =
trajectories

— PACS-CS (138)

— PACS-CS (300)

— PACS-CS (400)
Experiment

v PACS-CS (300)

4 PACS-CS (400)

E(Me\

Similar findings than in PRD96 (2017) B. Hu, R. Molina and M.
Déring et al.
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M= Mapnys
— = 0.6 My gys

My = 0.4 My iy
— TrM=c, p=34
— TrM=c, p=3.55

Global fit (m, = &,
TrM= ¢)

My (MeV)

Figura: m, as a function of m,, mg.




Rho phase shift data on a global fit (ms = k, TrM= ¢)

E 5900 (MeV)

1100

1000

900

800

700

600

100 200 300 400 500 600

my(MeV)

Figura: m, as a function of m;.

Mg = Mg phys

— Mg = 0.6 Mg phys

Mg = 0.4 Mg phys

— TrM=c, =34
— TrM=c, B=3.55

TrM=c, B=3.7

Ms = Mug

— My = Myphys

my = 1.5 My phys

My = My phys
CLS(230)
CLS(200,280)
CLS(260)
HS(236,391)
JB(236)

Quark (ud, s)
mass dependence
of the rho meson

revisited

R. Molina(?) and
J. Ruiz de
Elvira

A G (i, =t

=)

Glob:
Tri




Rho phase shift data on a global fit (ms = k, TrM= ¢)

= D200 (200)
= D101 (230)
4303 (260)
N200 (280)

— Mo Moy
— M= 06 M
e = 0.4 Megnye

— TrM=c, =34

— TrM=c, p=355
TeM=c, p=37

— TrM=c, p=355

I
%— TTM=c,p37

Figura: Couplings vs. my, gr» and gxx-
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Ly x 10°
Bl (miek) R. Molina(*) and
) J. Ruiz ’,de
JLTWGCOHS (my=k) Elvira'?)
§ . UKQCD+CA
% o Fitl (my=k, TrM=c)
flae
Lip x 10° Ls x 10° Ly x 10°

Lyx 10° Lg x 10° Lg x 10°

Global fit (m, = &,
. . TrM= ¢)

Figura: Values of the LECs obtained in the several fits in
comparison with the FLAG average.




Conclusions

* The new trajectories TrM= ¢ give insight into the
dependence with the strange quark.

* Around the physical point the dependence of the rho
mass with the strange quark mass is small.

* The strange quark starts to play role when the
thresholds 77 and KK get closer, or when the strange
quark mass gets lighter (m, = my, pnys trajectories).

* We find a transition into a bound state in mg = k
trajectories and in the symmetric around m, = 450
MeV. While in the trajectories TrM= ¢, the channels
invert and the state starts to decay into KK.

* While g, is quite constant before the transition, the
coupling to KK, gy, is not small and grows fast when
the thresholds get closer.
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