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S=1 / Rho Meson

e J. P. B. C. de Melo and T. Frederico, Phys. Rev.

Motivation:

(1997)

C 55, 2043

L [ T
r — Covariant 1 — Covariant —
b -- Light-Front whitout Z-terms Inna Grach
r Light-Front with Z-terms -~ Frankfurt
15 ~ - Karmanov
0 — - Chung
[\ 05 — - Brodsky 4
\ — Brodsky + Z-Terms
& \ - — Chung  + ZTerms
o L\ o r — Frankfurt +Z-Terms
=~ . ~= ~ — Karmanov + Z-Terms
< N [N IR
\
" L
05 Tl F —
[ osf- - A
0 L L L L L 1 1 1 E}
0 5 10 15 20 0 2 4 6 8 10
2 2 2
Q =-q [GeV/c] Q =-¢" [GeVie]’

J. Pacheco B. C. de Melo (

(1+ n)(ijV -

Ward-Takahashi Identity on Ligh-Front

J;;):o

September 20, 2019 4/36



i — Covariant
] Inna Grach

a Gracl N == Frankfurt ]
Frankfurt ] 2 Karmanov 1
manoy ] ~~ Chung 1

gm.:gk ] ~~ Brodsky 1
rodsky B 021 — Frankfurt + Z - Terms N

— Brodsky + Z- Terms ] L — Karmanov + Z - Terms 1

— Chung  + Z -Terms q
— Karmanov + Z - Terms

— Chung  + Z - Terms 1
— Brodsky  + Z - Terms 1

Frankfurt + Z - Terms 04l
0.6 — S~a
0.8 —

ol v v v ] S RS PRSI B
0 2 4 6 8 10 0 2 6 B 10
2 2 2 2 2 2
Q =-q [GeV/c] Q =-q [GeV/c]

Pacheco B. C. de Melo ( Ward-Takahashi Identity on Ligh-Front September 20, 2019 5/36




Electromagnetic current for bosons

e Eletromagnetic current for Bosons

o d*k (2k — P — P)~
= r2/ (2m)* (k2 — m2 4 1€)((k — P)2 — m? +1€)((k — P')2 — m2 + 1¢)

e Plus Component of the electromaagnetic current: J*©

+ o [ d% (2k — P — P)*
=t / @r) (R -+ )k — PP —m2 + 1) (k- P — m2 + 1e)
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Electromagnetic current for bosons

e And with LF coordinates:

o r2/ d?k, dk+dk— (2k — P' — P)*
N 22m)*  kH(P+ — k) (P — k+)(k— — Az)
1
(P~ — k= — 2= (P~ — k— — Sf=e
Pt —k* P+ —k+

e with the def.:

A=Kk +m?, h=(P—k3 +m?efh=(P — k)3 +m?
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Electromagnetic current for bosons
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Electromagnetic current for bosons

Poles position

A
kl = k—+
_ _ fz—’LE
N
_ ’_ f3—’LE
ks = P =57
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i) kT <0

A

\

Figure: Poles.

e —> No contribuition to e.m. current!!
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i) kT > Pt

A

\

Figure: Poles position

e —> No contribuition to e.m. current!!
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Intervals integration

i) 0 < kT < PT

A

\

\

Figure: Poles position

* = Contribuition to e.m. current!!
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Intervals integration

e k~ Integration

o r2/ d?k, dk* (2k — P — P)*0(P* — k™)0(k™)
- 202m)F  kH(PT —kT)(PF = k)
1
(P~ — & — )P — B — )

* = x:ﬂ, and 0 < x <1

e PTP~ — P2 = M2 <= M, Bound state mass (for two bosons)

f f>
Ms==+4_———-P2
0 x+(1—x) L
M2 fl_|_ f3

2
) =

PN
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Intervals integration

oo g2 / d?ky dx (2xP — 2P)* 0(x)0(1 — x)
N 2027)3  x(1—x)2 (M — M2)(M2 — Mg)

e Wave function

. r
o ki)= ———
beohl) = =gy
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Intervals integration

Figure: Feynman diagramms contribuitions to the elastic electromagnetic form
factor, Left: The valence component contribuition from the electromagnetic
current to the elelectromagnetic form factor. Right panel: Possible non-valence
contribuition for the electromagnetic current with frames diferents from the Breit
frame with the Drell-Yan condition.
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Non-Valence contribuition to J* electromagnetic current

Pole dislocation method*

e Integral region: Pt < kt < P'* if g7 #£0

= P'* = P+ +g*, Inthelimg o, P+ = P*.

\

1 2
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Non-Valence contribuition to J* electromagnetic current

e Integration in the pole k;:

J+

1

f- f;
(p’+3_k+ - P+Ek+)

eThe denominator:

f3 f -
P+ —k+t Pt —kt
e Three virtual particles propagation in x™ =0
e The denominator

p- f3 AT
P+ Kkt Kkt
els the propagator for two final state particles
J. Pacheco B. C. de Melo ( Ward-Takahashi Identity on Ligh-Front

2 / d’ky dkt 2k — P — P)tO(P* — k1)o(kt — PT)
22m)* kT (P+ — kT)(P'+ — k+)(P'

fi

T
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Non-Valence contribuition to J* electromagnetic current

PI

==

Figure: Pairs diagramm

eRef. H. Naus, J. de Melo and T. Frederico, Few Body Syst. 24, 99
(1998)

e J. de Melo, J. Sales, T. Frederico and P. U. Sauer, Nucl. Phys. A
631, 574C (1998)
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Non-Valence contribuition to J* electromagnetic current

e If use the transformation x = (kT — PT)/q"

d?ky dx gt2(2x — 1)0(1 — x)6(x)
;=r / o (P T a0 )
1

((1§X) - q+((p+fq+x) - P,_))(1£_3X + %))

e Take the limit g™ — 0., we have J™ x g™

lim JT=0

qT—0y4

Which means physically, for this component of the electromagnetic
current the pair creation is suppressed
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Non-Valence contribuition to J* electromagnetic current

Ji. Component of the e.m. current

JLZFQ/ d*k (2k — P'— P)
(

271)% (k2 — m? +1€)((k — P)? — m? +1€)((k — P')?2 — m? +1¢)

)0 <kt <Pt = k() =1Azx

Ji o= r2/ d?kydk* (2k — P' — P) 1 0(k")0(P* — k¥)
I S G G )
1

('D_ B lf_1+ - Pfﬁ:lki)(P'_ - kf_1+ - Pfi__z;)

e Final result

Jo r2/d2kldx (2k — P' — P), 0(x)0(1 — x)
i =

22m) x(1 - xA(ME — MRY (M — M) 7 °
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Non-Valence contribuition to J* electromagnetic current

i) PT <kt <P* = kg =P~ - Jfc
e Use x = (k* — P™)/q™, then

Ji 2 / d?ky dk* gt (2k — P' = P) 1 6(1 — x)8(x)
B 2(2m)3 (Pt + gtx)x(1 —x)
1 gt
(i -t (prtes — PO + )

lim J-=0

qT—0y4

Again, the pair creation is suppressed!!
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Non-Valence contribuition to J* electromagnetic current

J~ Component of the e.m. current

T B (2k — P — P)~
=T / (2m)* (k2 — m? +1€)((k — P)?2 — m? +1¢e)((k — P')?2 — m? + 1¢)

e Integral intervals
) 0< kt <Pt = k() =hze

e + + '+ - _ p'— f3—1e
i) Pr<kt <Pt = ky =P —
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Non-Valence contribuition to J* electromagnetic current

e Results
S / d*kudkt [2f — KX (P + P7)] 6(P* — K*)o(k")
2(2m)3 kT2(P+ — kT)(P'+ — k+) (P~ — k_+ — )
1
# 0
’_ f f3
(P =%~ )
i —zr2/ o2k, dict [-2pr + P~ — P7]
N 2(27)3 kt(P+ — kT)(P't — kt)

O(P'+ — kT)o(k+ — PT)

_ f: f f- f;
('D/ - p’+73_k+ k1+)(p’+3_k+ - P+3k+)
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Non-Valence contribuition to J* electromagnetic current

e Final results for interval " (ii)” with x = (k+q_+P+)
i / d?k, dx —2f 4+ gt (1 — x)(P'~ — P7)8(x)0(1 — x)
2(2m)3 (PT + gtx)x(1 — x)?

1
f: fi I_ f3 f
(_ 1_3X - q+(p++1q+x - P ))(1_3X + ;2)

e In the limit g7 — 04

J—ii

r2 /1 d?k dx 1
L
P+ Jo (27)3 xf3+(1—x)f

r /d2/<L In(f;) — In(f3)
P 2P B-6

£ 0

e And

Jr =1 =10 4 =@
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Ward-Takahashi ldentity

e Two bosons bound state

guJt =Z(P') - £(P)

e Electromagnetic current for two bosons bound state

w_ [ 9 Gu-(2k — P' — P)~
qu-Jt = / (2m)* (k2 — m2 4 1€)((k — P)2 — m2 4 1¢€)((k — P')2 — m2 + 1¢)

o= q'=(P"—Pl—k'+kH)
Then,

—(P" — k= P kY. (P — Ky + Pl — k)
= —(P" — k)2 4 (P — kM2 — m? + m?
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Ward-Takahashi ldentity

/ d*k (P — kM) £ m? 4 (PH — kM)? — m?
(2m)* (k2 — m2 +16)((k — P)2 — m2 +1¢)((P" —

k)? — m? + 1)

d*k 1
/ (271)* (k2 — m2 +1€)((P" — k)2 — m2 +1¢)

d*k 1
/ (27)* (k2 — m2 4 12¢)((P — k)2 — m2 + 1¢)

Is the Ward-Takahashi again:

g = E£(P") — £(P)
e Self-energy

d*k 1
")~ | Gy e G P
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Ward-Takahashi ldentity

e Integration with the interval: P+ > P >0

sipy _ [ dPkidktdk” 1
(P) = 2(2m)* (Pt — k) (k— — hzey(p— — k- — _fo—ie
@m)* k(P — k) (k™ = BE)(P~ — k™ — p2%)
PT a2k, dk* 1
Z(’D) = 2m 22714 (Pt _ h+ N T
0 @m)* k(P —k*)(P™ — & — o)
B m/l d?k, dx 1
B o (2m)* x(1—x)(P? — M3 + 1)

_ kT 2 2
.X—ﬁ,MOandMo,

f f 2

Mg o= Ly 2 p
0 x+(1—x) =

/ fi f- /

MP = 1,53 _p2

x  (1-x) Pi
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Ward-Takahashi ldentity

, 1 424 _P’2 P2
£(P) - E(P) = m [ T e
0 @) x(1_x)(P2_ MP)(PE M)

e Or writing as,

/

S(P) = Z(P) = (P + P,)(P" — P'") Is

1
/dzki/ (2m)* x(1 — x)(P'2 — M2)(P2 — M2)

[ I): iS,
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Ward-Takahashi ldentity

e Electromagnetic current in the Light-front

1 _ _ Lo~
qu-J" = 5( g J +q JT) —ql.JL

[ A% (2k — P' — P)
N / (2m)* (k2 — m? +1¢e)((k — P)2 — m2 +1¢e)((k — P')2 — m? +1¢) ’

Lo [ (2k — P/ — P)*
B / (27)* (k2 — m? +1€)((k — P)2 — m? +1€)((k — P')? — m? 4 1¢) ’

S [ A% (2k—P' —P),
T / (2m)* (k2 — m? + 1e)((k — P)2 — m? + 1e)((k — P')2 — m? + 1¢)

Breit frame off-shell: P~ # P'—, Pt # P'F,
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Ward-Takahashi ldentity

2 2k PP )P —f— )
J,:_W/d/u/ dk+(k /)( 1~ i)
(27)* KH (Pt — k+)(P'+ — k) (P~ — fi — prlpr)

7T7'/ koL /P+dk+( 2P+ K - Pm—F )(Pi - P + ﬁ - P+fik+)71
@)t Jp k(P — k)P — k) (P~ — s — )

Jt=—x /—dzkL /P+ K+ (2K = P = PP — 3 — i)™
(2m)* Jo KH(PH = kD) (P — k) (P~ — A — 5o27)

[ [ PN bt

@) PT=,N(PT = k(P = 5 — )

J /deL/P+ o (k= Py - PP - k+—ﬁ)_l
1 = —T — -
(2m)* Jo k+t(P+ — kT)(P'+ — k+)(P* — i — )

- / d?k, / Pt dk+(2kL — P = PP P+ - )
(2m)* KH(PF = k(P = k)P~ — 2 = )
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Ward-Takahashi ldentity

e g* as, q“—P“—P“—i—k“—k“
and in the interval (i) k= =%, kt ek, = k.

(P —k)? = m?] = [(P" = k)? = m’]

= (P KNP - (P kP B

e Final for interval (i)

2
= _m/dki/ dkt—— E— — +
(2m)*. KE(PH = k)P~ = 2 = 557)

/ d?k /”+ N 1
T
(2m)%) Jo kT (Pt — kT) (P~ — kf—l+ - ﬁ)
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Ward-Takahashi ldentity

e Interval (i) k'~ =P~ — K+ =kt and k| =k,

ol

g = (P — Py = (P — Ky — (P — k)"
e And with on-shell condition
(P"—Kk"?—m*=0

e We have below,

g.(2K'n — Pr —

—(P'* — K'n— PH 4 K )(P* — K04 PH—
—((P =Ky =m?)+ ((P— K = m®

—(P—K)+

l\)\_/\_/\_/
Il

e With Ligh-front coordinates,

) f / f
\2 2 _ (pt+ +\p— 2 . 3
(P—K)—m*=(P" —k")[P _P+—k+_P +P’+—k+]
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Ward-Takahashi ldentity

e Final results to interval (ii)

a2k, [P 1
li = —m/—t/ dk* - - - -
(2m)* Jp+ kH(P+ — k+)(P— — A 3

Vil W)
e The sum (i) +(ii) is

d2ki
I =1+ 1= —
+ m/(zﬂ)4

p+
/ d " ! f f3
0 k+(P/+ — k+)(P'— — k_1+ — P’+73—k+)
d?k, [P 1
+m/—t/ kT - -
(2m)* Jo k(P = kT) (P~ — & — 52%)
a2k, [P 1
_7”/ 2 l4 / dk’ +(p'+ +\(p'— _ A fi
(2m)* Jp+ KH(PF = kF)P™ — ¢ — 5727)
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Ward-Takahashi ldentity

e Working more, we have the final Ward-Takahashi ,

d’k, [t 1 1
L+ 1;=1= _WZ/(2W)4A dXX(l—X)(P/z—M62)+
m/&/l dx 1 1
(2m)* Jo  x(1—x) (P> — M§)
B N
@) Jo X x) (P7— MZ)(P? — M)
With the conditions, P2 = p2 — I\/I2

If zero-modes, or non-valence contribuitions, is not included
with Light-front calculations, WT is no satisfied!!
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Ward-Takahashi ldentity

e Some works

e S. J. Chang, R. G. Root and T. M. Yan, Phys. Rev. D 7, 1133 (1973)
+ 3 papers.

e M. Burkardt, Adv. Nucl. Phys. 23, 1 (1996)

e H. M. Choi and C. R. Ji, Phys. Rev. D 58, 071901 (1998)

e S. J. Brodsky and D. S. Hwang, Nucl. Phys. B 543, 239 (1999)

e H. M. Choi and C. R. Ji, Phys.Rev. D70, 053015 (2004)

Recently papers:

e J. Collins, arXiv:1801.03960 [hep-ph].

e L. Martinovic and A. Dorokhov, arXiv:1812.02336 [hep-th].

e M. Li, Y. Li, P. Maris and J. P. Vary, Phys. Rev. D 100, no. 3, 036006
(2019)

e P. D. Mannheim, P. Lowdon and S. J. Brodsky, arXiv:1904.05253

[hep-ph].
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Ward-Takahashi Identity
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