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Relativistic Heavy lon Collisions 4
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Color Glass Condensate Effective Theory (CGC)

H1 and ZEUS

Color Glass Condensate (CGCQC)
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Glasma 6
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Glasma: Chromo- AN, &), _) = oy (BL) + op(ZL) ; ig
. . . =] 0,P' = 1D;F;; — = A,DiA
Electromagnetic Field (i.e., i . 7D;3Fji = - [An, Diddy]
Classical Non-Abelian A1, 31)| = 5 [04(Z1), ap(Z1)] 8, P = %Di(DiAn)
Yang-Mills Field G g =
9 ) 0 A (1, Z1)|,_y = 0;A"(r,Z1)|,_, =0 Pi—r8,4, P'=1'04,
T

Field strength: gBa~ 100m?

o A. Kovner, L. D. McLerran, and H. Weigert, PRD 52, 6231 (1995)
Lifetime: T<1 fm/c
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Implications 7

Gluon saturation Initial conditions
» Forward rapidity hadron production + Initial density, fluctuations, and
* Inclusive and diffractive dijet correlations
production + Collective flow in small
* Vector meson photoproduction in systems...
UPC... H. Méntysaari et al., PRL 124, 112301 (2020) B. Schenke, P. Tribedy, and R. Venugopalan, PRL
Y. Shi et al., PRL 128, 202302 (2022) 108, 252301 (2012)

C. Zhang et al., PRL 122, 172302 (2019)

log(x™") 0.20 -
® CMS, J/y
—— J/th, me = 1.2 GeV
0.15 === T, my = 4.5 GeV.
Saturation _ B, =6 Gev-?
-8 < 0108 A=05GeV
= ] Q2 =5 GeV?
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Glasma: Background Yang-Mills Field
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Heavy quarks and jets as effective probes

» Clean production: mg, >> Aqcp, Mg p >> Truice Production by pQCD hard
processes and negligible thermal production

» Early Formation: t;,,, = 0.08 fm/c
* Relatively weak interaction with the QGP
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Glasma: Background Yang-Mills Field

H.F. and Jet momentum diffusion Spin polarization & alignment
— t=omation J d=x - q((@ (g/2, X)a(q/2, X)) + (@5'(a/2, X)a (g/2, X))/ (2N2))
20 ] Tre(Pi(g/2)Pi(a/2))
:=$.f5 1;n/c (Pyla/2)Py(a/2)) ~ mgmq [ dx - a(f3,(@/2, X) fi4(a/2, X))
— w—t=1 fm/c
> 15} g
[
O, 60}, (glasma)
(o | |
!9- 10 ] 0.025
= 0
5 1 -0.025
s -0.050
Ve
( 1 2 3 4 5 e -0.075
p; [GeV] s -0.100
M. Ruggieri et al., PRD 98, 094024 (2018) ~0.125
Y. Sun et al., PLB 798, 134933 (2019) )
A. Ipp et al., PRD 102, 074001 (2020) -0.150
K. Boguslavski et al., JHEP 09 (2020) 077 ~0.175
C. Andres et al., PLB 803, 135318 (2020) )
K. Boguslavski et al.,, NPA 1005, 121970 (2021)
J.-H. Liu et al., PRD 103, 034029 (2021) ax (GeV)
P. Khowal et al., EPJP 137, 307 (2022)
M. Ruggieri et al., PRD 106, 034032 (2022 ;
wE Cfrf,’.’fg’;jn ol PLB 854, 1 3746(4 (20’22) A. Kumar, B. Miller and D.L. Yang, PRD 108, 016020 (2023)
C. Andres et al., JHEP 03 (2023) 189 D.L. Yang, PRD 111, 056005 (2025)

D. Avramescu et al., PRL 134, 172301 (2025)
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Hard Probes in the Glasma 10

Wong Equations: Classical point colored particle in a background Yang-

Mills field
dzt  p!
B dr m 5
W gqepmar: :
I " : m

af dQ* At ol .
pﬂaﬁﬁpu@ = C[f] dr 9f™AQ m
Dilute and out of S I ey
equilibrium y

Solved by test
particle method
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Hard Probes in the Glasma 11

Spin Degrees of freedom are missing for quarks and gluons

Why spin matters
» Stern-Gerlach force in highly non-uniform Glasma field V(ﬁ B)

EOMs of spinning
8 Particles in the
L = Background Yang-
2~ 5° Mills Field is required!

» Spin polarization & alignment (heavy flavor hadrons)
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EOMSs of Point Spinning and Colored Particles

Non-Relativistic Treatment Grassmann Variables
Issue: Not applicable for RHICs Issue: Numerically impractical

d' P 34— epr

dt  m .
dPi g B ol P — egF QP — By (D1 Fap) QP
@ = Qe (mE = PIE) :
m .
X . . e Fa;u/ a
_ iQaS](DlBg) P €g Q%Y
0. g 5 = —igurtg, AN — T grED Ay

dt = afachc (PlAZ + SlB(Z])
dS' _ 95 piigi Ao = iguity, A + J WrEL th A
dt ~ m> e _ .
Qa /\thd)‘d S/.u/ — _“;[J;ﬂpu
N. Linden, A. J. Macfarlane, and J. W. van Holten, CJP 46, 209 (1996) A. P. Balachandran, P. Salomonson, B.-S. Skagerstam, and J.-O.

Pooja, S. K. Das, V. Greco, and M. Ruggieri, EPJP 138, 313 (2023) Winnberg, PRD 15, 2308 (1977)
N. Mueller and R. Venugopalan, PRD 99, 056003 (2019)

Introduction EOMs in Yang-Mills

Summary



EOMSs of Point Spinning and Colored Particles

Dirac-Equation Based and Lorentz Covariance

1 9 :.1%, gh 2 2.2 ; dg 1
=—_—¢|n* fAf‘} oM F,, — =0 Heisenberg EOM ™2 - ~
s Qm{[ﬂ—'_c +2CJ o M (Y 9 dr h[ 0,
Sk — 1w, u, Sy, U. W. Heinz, PLB 144, 228 (1984)
dz# _ pi“ dxt oo
dr m dr cu
dpﬂ 7 g n A dpﬂ a v g a n aqf
o g 0Few - agaz — = F¥u, — = Q%(D,Fup)q u*S
o = IQF N u o Qu (DM Fy)*S 4 —IQE ch( yFop)a
aQ* 1 y c dQ* _ b utFb. g8
dcf_ —9fabe |U Ab CS# F}:V Q dr —9fabe [U”AM ma F, ﬂS Q°
asm g z X ds* — iQa Frg, + 7(,“#5'/_“1/5#)(1)”}%&[?)&“&5/3
= — Q" (F', ¥ — F7, 8) dr  mc ¢ me

dr

Summary
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Degree of Freedom (DOF)

Position: X(t); Momentum: p(t)
Spin vector in rest frame: S(t); Color Charge: Q?(t)

DOF Physical DOF
dz#  pt
o m 4 3
B g F u, + L Q, (DHFy) 5™
ar 7 Y 2me 71 A” 4 3
dQ* 1
= —ofu WA+ o swEL @0 NZ—1 NZ-1-(N.-1)
dj:V _ % 0" (FfA sv _ F", S/\M) 6 2
Oy, = dP%g%bq? . . .. N . — 1 Classical Casimirs

The particle evolves within a subspace of whole phase space.
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Constraints

Pu

u, =

Mass-Shell Constraint me de* _p*
utu, =1 dr m
. dp“ _ a papv g DHF as)\t/
Spin Supplementary e o =99 Uy + 5 Qa (D*Fi)
Condition (e.g., PESw =0 4Q° 1
. . b v b c
'(I;ulc?([j_ew—mxon SHS,, = 8s* &y = 9w |V AL+ o SUEL | Q
ondition
) asm 9 a L Qv v Al
dT :%Q (Fa)\S —Fa/\S )
Classical Casimirs ), = dWP0=Bglg® |

Issue: Even if the constraint is satisfied initially, the EOMs do not preserve it
at later times.

The EOMSs should ensure that the particle trajectory lies on the constraint
surface in phase space.
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EOMs from Wigner Function

0=0(¢F ML Fop)

x[(p.Ai gzgv (V v — R WV ) g -
+ g(ﬁ—f_)((vp = PAR ) L ;Tu = i
~ 5P (p+ 20, - Frut?)] % = F’“% o - 55 0" Fup
drx?Y 2 o
0 26(5)[fAP'A6‘u—fAF”v9V+0“p~AfA de = m Fy EES]

h A
- Eeuvpapa (Vo'va —PpaR U'Vp)a;-f
h - Y.C. Liu and X.G. Huang, CPC 44, 094101 (2020)
-3 P3(p-f)].
m
P'¥g,, =0

EOMs do not preserve the constraints. p* —m? £ hs’F5 =0 ——
s HSpv =

Wigner-function approaches may not serve this purpose either: they rely
on A expansion
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EOMs Requirements

EOM Requirements
» Lorentz covariance

» Constraint preservation

P? — %ug ¢ F3, 8 -—m’=0 Mass-Shell Condition

PESu, =0 Tulczyjew-Dixon Spin

S S, =8 o2 Supplementary Condition

Qn =0 Qn = d*®eg%bgc. . .. Classical Casimirs Conservation

« Arbitrary chromo-magnetic moment (Landé g-factor #2) f# = gs/2.
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Classical Mechanics of Point Particles

) oL
2 p = o
Slql = f L(q,q,t) dt b 04
tl ‘7:
H(Qapvt) =pi9 — L
L0020 0H 0H
dt 8¢ g - = 22
! ! T oy P oq'
Constraints arise when the Hessian of the Lagrangian is singular ( 2L )
€ e T i —
. . 0¢* g’
EOMs do not uniquely fix Hp = Hc + Aada e

the time evolution .
F = {F7 HP}PB — {F7 HC}PB + )‘a {F7 ¢a}PB

8,0"A” — & (9,AF) = J¥ + 9u {F Nadpp % {F, Hodp + A {F, dalps

¢, stand for constraints
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Constrained Hamiltonian Formalism

. . Constrained Hamiltonian
World-line parametrization

» Systematic treatment on singular

1 .
L=s—= [g3(iN%) — 2¢7(¢ N Dw) + g1 (DwN Dw)] Lagrangians
Ci
. » Classical dynamics: Hamiltonian
+ EAMx" - ﬁ(ou2 - a4) - &mzcz + ﬁag, y
¢ 2 2 2 formulism easier than Lagrangian with
) ep
Dot =d" — g1 T(F“’)# constraints, constraints on phase
N = guv _ @fa” space

w
= %(pz _ g(”) +mzcz> - %(nz —a)+ %(wz ) " Gauge theories, general relativity
+ As(@m) + ho(Pw) + g7(Pr) + hg g, * Quantum Mechanics: QCD

(Faddeev-Popov determinant), general

A.A. Deriglazov and A.M. Pupasov- N
Maksimov, NPB 885, 1-24 (2014) relatIVIty
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Constrained Hamiltonian Formalism

The Dirac-Bergmann Algorithm

«  Primary Constraints: ¢,=0 pi = g—é’_ = q % Vi(g,p)

+ Primary Hamiltonian: Hc = Zpidi —L Hp=Hc+ M\¢a

» Consistency Conditions: q'ﬁa ; {¢a, HP}PB ~ 0 impose restrictions on the Lagrange
multipliers or generate new constraints

» Secondary/Higher Constraints: iterate until no further constraints arise. Collect all
constraints as ¢,

» If L is not known, one just specify two ingredients on the phase space: 1. The phase

space + Poisson bracket 2. The Hamiltonian function H
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Constrained Hamiltonian Formalism

Classification of Constraints
« Compute Cab = {Pa> Pb}pp

» First-Clsss Constraints (FCC) y: generate gauge transformations (combinations of

constraints)  {x:, ¢s}pp = 0.
v" Null vectors of matrix C
v extended Hamiltonian Hp = Hr + \;x; F = {F, Hglpp
« Second-Clsss Constraints (SCC) &: non-vanishing Poisson with at least one other

constraint; Used to construct Dirac bracket
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Dirac Bracket 22

{F, G}DB = {F; G}PB —o{ F} Ea}PB A;é {§ﬁ7G}pB Aap = {faafﬁ}PB
Hg = Hr + X\ix;
EOMs: F ~ {F,Hpg}pgy Hea: fully reduced Hamiltonian

Phase space measure: dlpuys = dl' [ [ 6(4a) v/det{ga, $n}

(¢;p) — (@ Py)

dehys =V deth HdZA w‘-gB — {ZA, ZB}D
A=1,....,N—m .

P. A. M. Dirac, Lectures on Quantum Mechanics (Dover Publications, 1964)
A. W. Wipf, arXiv:hepth/9312078
J. D. Brown, Universe 8, 171 (2022)
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Outline

02 Covariant Equations of Motion of Spinning and Colored
Particles in a Background Yang-Mills Field
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Primary Hamiltonian and Basic Poisson

World-line parametrization

1 1
Hp = ;g1 (P? = 2u9q" Fjj, " — m?) + S gs(n" — )

_ 81 He 22 8 2 840 2
H= (P 26(]F)+mt )+ 2(11 a3)+ 2(a) 04)

2 1 9 1
+As(@m) + A6 (Pw) + g7(P7) + ATy +§gs(w — a3) + g5(Pm) + Ay(Pw) + Ag(wr) Tyt =3 (P~ 2pga Fiywa® —m?),
Tyi—3( - a), Ty:—p(?—as),
+Ag, 7, Ty:-Pw, Ts:-Pr, Ts:wr,

Py =pu— 99" A},

[iﬂaf’y] = ihg"” {z",p"}pp = 9"
[SW, gpa] = 2ih (gupg;m — g,upSvua + g‘wg”p — g""S’“”) {SHV, §P7} s = 2(gVPSHT — gHPSVE 4 ghT §VP — gvT GHe)
Suy = 2(&)”7’(’” — UJV’/TM) {wuvﬂ-y}PB "2

[@#, 7] = ing"”

a b abe ¢
q“,q = [""q
[(ja’qb] _ ihfabcqc { }PB

J. Zhou, Y. S. Zhao and Y. Sun, arXiv: 2511.20083
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Dirac-Bergmann Algorithm and EOMS

0 0 0 (I—p)eatpby (I—p)er+pby 0
A 0 0 0 0 0 as
- H ~0 B 0 0 0 0 0 —a
$a ={¢a, Hp}pp Cab = (u—1)cz—ubs 0 0 0 @u+1)es+m? 0
(p—1)e1—pby 0 0 —(2u+1)c3—m? 0 0
Cab = {¢a7 ¢b}PB 0 —az az 0 0 0
m? + (2u+ 1)cs ubt + (1 — p)er as
. = - Ty+ T X2=—T>+T3
FCC: T SR G T, Pt T S G P az

SCC: & = {T5,T4,T5, T}

WY — whr?
{z*,2"}pp = A )

1
{P*, P"}pg = 99°9" 9" Fp, A 9°q*q"1 o c‘:ﬁ(gupguﬁﬂ'awg g'uagugﬂ'ﬁwp):
1
{z*, P"}pp = g"* A 9q°I ,ga("rpgyawﬂ g o wP),

{z", P

1
o . Z(BVF;,)(W"(;)" —mwh),

g
{Pyi ng DB = _B#F;)la' e Z(aqua)Fabﬁgya(ﬂﬂwu - WUWE):




Dirac-Bergmann Algorithm and EOMS

1 1
i* = A\ P* 4+ )\ Kg(,u - 1)¢"F,, P? (wfrh — w'nf) — M Kuggagq“(DaFgg)w"w"(wﬁW“ — Pwh),

PH = gq°g"P F2 3% + M\ ugq®(DHFa, )wPn®,

; 1
W = ot — —(u — l)AlgangdP"w”P“ - Ku)\lggaﬂq“(D“Fgg)P“ﬂ”wpr - u)\lgan:dg“”wp
b= _ag)\zw“
= o

1 1
A (= 1DAaga Fy, PPro P — i\ ggagq® (D Fio ) PAa”nPuwr + phigq® Fpy g7
=

1
—Mgf G P Ay — pg g M F Y + (1= i) Aag g g [ Fpp AL PP (n7w! — W)
- Ky)\lngchf“bc(D,,F;fd)wpn”AZ (whm” — w¥mh),

Two unknown A due to two FCC

A\4: reparametrization invariance of the worldline; this invariance is
inevitable in any consistent relativistic formulation

Introduction

EOMs in Yang-Mills
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@t = A P* + %)\IS‘“’ {fz‘ Tr[gD, F,q] §° — (1 — 1) Tr[qF,,) PP}

R 1
P* = 2gg"” Tr[qF,,] &° + E,u)\lg Tr[gD"F,,] S*°
. 2
SH = 2uA1g TrqgF,,] ghlrsolv 4 Kg/\lP[”S”]"‘ {% Tr(qDoFps] 877 — (1 — 1) TrgF,,) Pp}

G =1iglA,q " + i% i [Fuq) S*
D,Foo = 0uF,0 —i9[Au, Fool A =m?+ q*(2u + 1)F;j,,w“7r" =P24 %q“FﬁyS“”
All constraints are satisfied
S = 2pA1g Tr[qF ] g[“pS‘”’] + 2 (pt'z” — p“aH)

Spin-Orbital Angular Momentum Conversion
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n _
1 1 PES, =0,
St =——evfp,S.. ot GH — pvo
= ¢ P,S
2 v RPa _ 2
2/ P? m A S8, = —4s%,
de? =cut " " g pvaf K, poa’ B’ . p
;, B = MP! I RSy {ZTI (4D Fyo) €% Py S — (1 — 1) [qF, ) P }
D" 0, — 9 QYD Fy), e S’ b o9 poab '
dg; =gQ"Ft"u, mﬂ]? (DypFup)au®$ PF =2gg"Tr [qF,,) 2° + QW/MN’ PoSgTr [qD"F,6)
_ b amb aB| ne . 1 .
dr —9fabe |:u"A# - ﬁc“ FupS| Q@ St =2uN\gTr [qF""] S, + EP" {Q/L)\lg'ﬁ' [gF?°) PySs — S"P,,}
ds» 1 - y
- % 0 [F,;“’S,, + (5"~ w'S")(DoFug)e uﬂsﬁ] Q= gl ali + i \‘/”ﬁ,m [Fuw, gle"*? P,S

U. W. Heinz, PLB 144, 228 (1984)

Implications

+ Spin-dependent velocity (mass shell); velocity not parallel to momentum (also
appears in chiral kinetic theory)

« Uniform Abelien gauge fields — reduces to TBMT-type equations but with
modifications

* Uniform Non-Abelian — correction on spin dynamics

J. Zhou, Y. S. Zhao and Y. Sun, arXiv: 2511.20083
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Gauge Invariance of EOMs and World-line Fixing 29

lightcone time A = x+ or coordinate

P — " 9 pvaf ® 000’8’ p o (1 — 1VTr " )
it = MPH + A\/ﬁ)\lf Pa53{4Tr gD, F,5] € Py Sg — (—1)Tx [¢F,,] P } tlme )\ — XO
Pt = 299" Tx [qF, ) & + 25]}?/0\16”“‘31’“55%‘ [¢D"F,5)
- ! - Forh=x0 dz/d\=1
$# = 2uNigTr[gF**) S, + 5z P* {QMI gTr [¢F] P,S, — S"P,,} OrA=X =
e = . .9 vaf
=ig[A,, qlz" +i M[Fuv, g€ Py S
G =1ig[Au. q)& wiia 1[Fpuw qle 5 \ 1
1

_ PO+ &% { BTl Dy(FS)) - (u - UTelgFi P']}
AL =UAU - g(&uU)UT ,

Fl, =UF,U", Formal method: Gauge fixing
(DuF,y) =UD,F,,Ut,
¢ =UqU', T,:2'—A=0
G = ig[Ay, alé — iU [Fru, 5™ aT,
T, H —2 =0
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Outline

Massless Limit and Chiral Kinetic Equations in E.M.
03 Field
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Chiral Particles

PrS,, =0 Spin is not defined in the particle rest frame for massless particle
N*"S,, =0
N=(1,0,0,0)
0i PrS,, =0
ST =0 ) Ae“P P, N, A7 P,N,
y S = . = = RS-
S = heyy p V/(P-N)? — I3 F,, S®N? |1 (4
P
Spin locking 2

= l 2 _ P oy l 2 _ l 2
E.M. Field H,= 291(P B FHT ) o 292(77 ag) + 293(“ az) + g5(Pm) + Ay (Pw) + Ag(wr)
o 97(Nw) i gS(Nﬂ') + Ag,iﬂ'gi

(21)
= eln — ) o e e.UFUNpS'uU 1 = Ll
=N <P“ + = eln—1) 24, FooPS" + o (a F.5)8P 8P ¢ ;T BT npp B o
> v b po 1 PN
PP = eFMi, + ) & B”F,,,,S T <3 Py
Relativistic EOMs
Introduction EOMs in Yang-Mills

31
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3D Form

\/ami=?0(1+;LeB~b)+Bie(1—p)%+e(EXb)i+ep%(V(Bj;)Xb)i \/521+eb.B

5 x B P
x/_P—e<E+"|p‘ V(B- b)>v+e(p>;03)l (1+pueBB)+e <<E+"‘pl V(B b)) )b, b= /\2|p|3
VGi=p+Exb+B(p-b);

Path integral approach
VGp=E+px B+b(E-B). 9 PP

G = (1+b-B)? M. A. Stephanov and Y. Yin, PRL 109, 162001 (2012) n= 0
{é),+\/La(vm-g(v-b,,)B+heQ1?<:xb,,)-vx ﬁ(i: x B+ heQ(E - B)by) - V, }f;;(x.p) =0 - 1
VG- q+non-w.  E-e--vr,  Wigner function approach +4 order
E, = [p[(1 = 7eQB -b,,), V= B)Ep =p(1 +2heQB -b,) — heQb,B

Y. Hidaka, S. Pu and D.L. Yang, PRD 95, 091901 (2017)
A. Huang, S. Shi, Y. Jiang, J. Liao, and P. Zhuang, PRD 98, 036010 (2018)




Applications for Chiral Particles

{€, & =W =w® oy __€igkB
oo pit=—17g q°

={H,¢} = —-{¢* Yo, H ik
{m“%}_1+B~n’
dpdx 0ij + QU B;
dr = Vodé=(1+B-Q gy d T B
s = ey oot =775

D.T. Son and N. Yamamoto, PRL 109, 181602 (2012)

\ €ijk B
Dirac Bracket {popidos = -1 /5 g
{F,G}pg = {F,G}pg—{F.&a}p Asj {£8, Glpp {zi, z;}ps = lefkgkn

(sij + ;B

{zi pitoe = 57

af = {fm gﬂ}pB

Summary
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Summary

* We use the constrained Hamiltonian formalism to derive equations of
motion that respect the constraints; Applying the constraints to the

massless case, we recover the chiral kinetic equations

o)
i

coy

* How it modifies the HQ momentum diffusion & o[

* Remaining questions:

» Derivation of kinetic theory in collisionless limit

» Gradient-expansion effects on spin polarization

1
L 1

» Incorporation of collision

10 10°
STAR, Nature 548, 62—65 (2017) VSnn (GeV)

Thank you!

» Extension to gluon jets
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In Uniform B

dx _ cBll+2a(u— 1)y (Bs) — (BR)(Bs))] — XL=UB(Bs)

dr - [1 +2a(u — Dy (B*(Bs) — (BB)(Bs))]

dP _ el +2a— Dy ((Bs) — BA)(B9)IB. BI 4P
dt [l +2a(u— Dy(B*(Bs) — BA(BN] dt
ds epnfs,B]

dr PO+ 2a(i— Dy (B2(Bs) — (BR)(s)]
e(u—1)(s, P, BYP[1 —2ay ((Bs) — BB)(Bs))]
P2POL1+2a(u — Dy (B2(Bs) — (BB)(Bs)]

P(t) = |P0)|(ex cos(2,1) + ey sin(2,1)).
Of oo (2 1. (2 \-
s(t) =eys" [ cos| =1 + ¢ ) cos(82,t) — —sin| —1 + ¢ | sin(£2,1)
/4 ¥ Y
+eys'¥ [cos(%l + ¢) sin(2,1) + %sin(%r + ¢) cos(!),,t)]
+e:5:(0),

_ L, P@®  2acdPOIs© 2
X(t) =X+ -3 7me,sm(?l+¢).

o = eB(1+42a(n—1)y(Bs))
"7 PO+ 2a(u — Dy pA(Bs))

o B~ DP(1 — 2ay (Bs))

* P21+ 2a( — 1)y B*(Bs))

Trajectory
Orbital motion frequency

helicity variation frequency

A.A. Deriglazov and A.M. Pupasov-
Maksimov, NPB 885, 1-24 (2014)




World-line parametrization

Examples: charged particle in e.m. field

Lagrangian Formalism

S:fm/d'rfe/A“dm”

%(ymv) =eFE + e(v x B)

Hamiltonian Formalism

H=1/(p—ed)?+m?+ed
de P
dt ,/P2+m2

m=0 limit? Lorentz Covariance?

1

1
L =_—(2%&,) + §gm2 +eA,i"
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