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Introduction to FESR
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The spectral function

Two current correlator I, (x —y) = i(0|TJ,(x)J}(y)|0)
Fourier transformation I, (q) = ¢ua 1L (¢%) + (9@® — ¢.0,) 7 (¢%)
: 1 :
Spectral function p(s) = }ImH(S + €)
& _
radronic resonances Resonances S0 — Hadronic continuum threshold
overlapping

QCD sector

narrow resonance approximation p(s) = 2f2M?5(s — M?) 4 pR°P(5)0(s — s0) 5/27



FESR Quark-hadron duality [THad .y TTQCD

Cauchy’s theorem

1[0 -1

— / ds K (s) ImIT" (s + ije) = — ds K(s) 1% (s) + Res KII%“"
™ Jo 2m1 |s|=s0

K(s) = sV analytic kernel

Im s

Operator Product Expansion (OPE)

11 () = P20 ) = 3 (s, 1)

n>0

: O2n 2 |0)(1)

ST’L

s>>m3

C2n  Wilson coefficients [ MS subtraction scale

<5 Ozn 5> Normal-ordered condensates




Non-normal ordered condensates —»needed to correct inconsistencies in the chiral limit

(: qiqj ) = (Giq;) — Sij(x, 215G, )

[1P2€P(s) ~ log(—s)

(O2) = 0
(O4) ~ (g2GS%,G™), mg(qq)
(Og) ~ ((29)%), (92G%,GL LGS F00), me(qGl, t*a™ q)

FESR features
* cuts the OPE series (vacuum with no radiative corrections)
* Hadronic threshold acts as an order parameter (finite T)
* No need to calculate the full form factor (can integrate contour before loop momentum integration

or Feynman parameters integration)
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Axial — Axial correlator and derivatives
2, (¢*) =i / d*z e (0|T[A,(2) AL(0)]10) = (¢uv—4°9ur) U (¢7)+gpw TTa(q?)

Moy (¢?) = i [ ate e O[T fi0-A) AL(0)]0) = g, T15(a”
Us(a®) = i / a4 €17 (O[T [9- A(x) 9- AL (0)][0)

Ward identities w) ¢TI, (¢%) = Wsu(¢%) + (O[[@ru — dy,.d)[0)

¢"1s,(q") = ¥5(q") + (0|[mutiu + madd]|0)

s DO
- T Ns—m%r s?

U

=©= ~ log(—s) ﬁ(} J}  mglag)
d . s 8/27




FESR up to (Oy4)

/dSH()%
/dSSHo%
/dsH5—>
/ds\I!5—>

S0
R —
I 4 12
2 f2m2 = o (dg) — L (0,67
T 82 4 127
2 2 — _ 4 ~ _3
2f7r my = mQ<qq> + 2 qu S0
m
3m2 s2 m2
2 4 q°0 3 /= q 2
2f7r mg 4 72 o 4mq <QQ> T % <CE3G >

— 50 ~ 0.67 GeV?
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Nucleon - nucleon correlator

nucleon interpolating function(QCD sector) nucleon field (hadronic sector)

nn(x) = [(u?)" (x) Cy,u® (x)]y!ysd® (x) Nn(x) = ANy (x)

M(q) = i [ x5 (0| Tn(0)7(0)|0) = dT1 (%) + Ma(q?)

N 0D N
\ ./

~1 ~ (qq) ~ (q94q)
\_/ N
~ (s G2q) ~ (954Gq)

~ <Osz2>
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QCD sector Hadronic sector

| 1
I,(s) = — p s? In(—s/1?) — T (a,G*) In(—s/1?) 1,(s) = _,1%(2
2 (Gad s —m
g(qqqcﬁ n C8 (O ) +Cy (010> to o
_ I il 1 (aSGZc}q) 12
Ixts) = 4—(qq)?ln( sfv7) — T p I, (s) = qﬂN::;’
§—my
el (O">+C ((9?11>+”_
FESR (K=1)
/12 - Sa + S0 ( GZ) 2(_ _ ) 3
X = Tongt t 3pn (@GP + 5 (aqdq A = 0.017 GeV
—)
52 1 so = 1.26 GeV?
22 _ _ "0 /- L 2= 0 y
iy = =g 3(39) + 35— (a,G74q) 127



FESR at finite magnetic field



Propagators

) T d4k —ik(x— n v
G(z,y) = !9 ’y)/we . y>ZG( )(k) o(z,y) = —5 Fuwaty

eB\"
EM fields can be expanded in the same way as Gluon fields — (—)

pions Dy(p; B) = ———— +.. 2 =1t

fermions
__ip+m) oy tm) ) [ gy —m)
Sp) = p?2 —m?+ic (2B) @2 —m2 +ic)? #aB) (p* —m? +ie)?
i(p +m)or2(p +m)
— (kB) (e e p=p) +vLpL fornucleons 1327



External magnetic field F, = Beoyus = B(-:W

. L 1
Tensorial structures — combination of Pus  Guv, €up
mq(dq) = (GilDq) — (@iDyq), (qihrq), (77-Diq)

mq(q012q) = {G01200q) = (qo12ilPyq), (qo12iD1q), (Gor2i7 - Dg)

<048G2> - <048(BJ2__EJ2_)>7 <043E§>, <O‘sB§>
- L

fylﬁ — E/u/’yv
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Axial-Axial correlator and derivatives

A o2y 2 2 -
Ward identities QMHW(Q ) =50 (q7) — Au(a) Z€F i

Qu=2au+ 5 Fu
Q™ s, (¢*) = ¥5(q%) + As(q), w2 g,

4, (q) = gll, Il(af,¢%) + gt 11 (F . 43) + i€, Ti(af, aF)

1L

+qll gl Hg(qﬁ,qi)+ combinations of qﬂ, qi, €4

T4 v

s5.(q) = g1 (aF. 42) + a1 (¢}, 43 ) + e, q" T3 (a3, ¢2)

weset gL =0
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1. Chiral condensate from LQCD or NJL  (@u + dd)(B)

40

eB [GeV?]

2. A. Pion mass from NJL
Inputs
. 2
B. Condition mq(B)/m:(B) = const.
C. Condition mg = const
my from NJL i NJL PR
Myq/m2 =const. Mya/m2 =const.
L Myq =const.
N — - XPT
00‘ : ‘0*2‘ : ‘0*4‘ : ‘0*6‘ : ‘0*8‘ : ‘1*0‘ ‘1*2‘ ‘1‘4‘ 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4‘




m, from NJL 7 6; —ee . from NJL
Myq/m2 =const. e ’ | [ Myd/m?2 =const.
25F ieaaaaa. Myq =const. PO 1 S 5F e Mg =const.
* ~— r
S - \PT Pl n LQCD

QO af
s |
| = =
3
SaJ
N— .
— L
o ol
0
:IJ -
3 L

~ 1 kw

| of -
C1 | 9 | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
eB [GeV?]

LQCD D’Elia,Meggiolaro, Mesiti, Negro,

so(B) fJT'(B) Phys. Rev. D 93, 054017 (2016).
ol
SO(O) fx (0) Decreasing Agasian, Shushpanov,
<GG> Phys. Lett. B 472,143 (2000).
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Nucleon-nucleon correlator

1 U U v 1
I = eI + (P p' - ptp/)Tly

~ U 1
+ (pﬁpl P||P1)H£|F ,

P) =€) Pa
~p
P =€) Pa
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Inputs:

nucleon masses (B)
quark masses (B)
<GG> ~ constant

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

eB [GeV?]




AN [10_2 GeV3]

2.6F

24+

2.0+

1.8F

1 1 1 1 1 1 | 1 1 1 | 1 1 1
0.02 0.04 0.06 0.08 0.10 0.12 0.14

eB [GeV?]

0_6-|...|...|...|...|........
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

eB [GeV?]
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d

eB [GeV?]

C | L L L L L L L L | L L L | L L
0.00 0.02 0.04 0.06 0.08

0.10

5.0}
_5.5]

6.0}

L — e — e m— e e — — i
— o — — — —

/

C 1 1 1 1 | 1 1 1 | 1 | 1 1 1 | 1 1 i

1 | 1 1 | 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

eB [GeV?]

X = (3012q)/e,B(qq)
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assuming Xq = constant == (Go12q)  input
My =my — |kN|B
my [GeV] My [GeV] N N ’ N’
0.96L P ] 0.94 ]
[ 0.92 | .
0.95 ]
0.90 | .
0.94f === _ _ _ !
T T~<_ N 0.88 | .
0.93} T~ - )
I S~ 0.86 - -
L = =~ \n
0'927| N T S B Ll [ [ I .\. | T T S S S N TN T S SN NN S T TN SR SN S S T S T SN SN SO S N S ST SR SR NN T S S S
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
eB [GeV2] eB [GGV2]
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Nucleon - Axial — nucleon correlator
HM(LC, Y, z) = _<0| Tnp(x)Au(y> ﬁn(z) |0>

WAL W)l s) = 5 () Tlg) v () €

du

Tu(q) = Galt)yuys + Gp(t)ys

ud

dv
Gr(t)ouyvs—
2mN + T( )O—M s ZmN

= (p —p)?

ga = Ga(0)

23/27



(p +mn)Tu(q) (0" +my)
(p? —m3)(P? —my)

H‘u(p, p/) — /d4y d4Z e—l(qy—l-pz) HM(O, y, Z) - HZad(p’p/> — )\n)\p

Gat) + Gr(t)(mn —myp)/my

tr |11, (p, Ny, | = —4die, po‘p’/BH s,s',t - T1kad ") = Ao\
[ u(pp)'Y] prvaf ( ) (3a5> ) nA\p (s—m%)(s’—m%)

s?In(—s/A?) — s?In(—s'/A?)

HPQCD(S’ S/, O) — (27T)4 (S/ — S)

+ regular terms

Double FESR / P d_S ImS/ ds ImSHhad(S s If % % HQCD S s t)
o o 271 271
1
— Ay 0(5,, — m2)0(s, — mf)) = J5-1 (82 0(sp — s5) + si’) O0(sn — 5p)] -
1 sy
947 18t N,
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Obtaining An and So from NN-correlator

0.40t ga = 1.275
B
<]
O oasl
=
~
—
=~
2

0.30f

0.24 0.25 0.26 0.27 0.28

(=Ga)""? [GeV]

Lowest order
approximation

Finite B =

Gavy — GL’YL' + Gj’y,f + GaFun",

1 s
gaA = 4
A3 Ap A,

150f :

[ gaA
145} :
1.40f :
1.35} 1
1.30f 1

000 002 004 006 008 0,10

eB [GeV?]

IL,(p',p) = =ST (') T(q)Sn(p)
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Summary and outlook

Charged pions, nucleon and QCD parameters - reasonable results

Hadronic threshold rises — B is confinant

Include new condensates and correlators — full description

B-dependent non-normal ordered condensates

Temperature and density

26/27



Summary and outlook

Charged pions, nucleon and QCD parameters - reasonable results

Hadronic threshold rises — B is confinant

Include new condensates and correlators — full description

B-dependent non-normal ordered condensates

Temperature and density

OBRIGADO!
27/27



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27

