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[Pj,V(r)]:—zha—mjV(T)%O
Jdo0dodooooooooooogoogbooboogoono
oo 3
Jdo0doooooooogoooooooooooooooooogono ﬁ:ﬁ1+ﬁ2D
OO0ogooooooogoog HOoO

) )

b1 b5 - -
H=—+——= — 1.
2m1 + 2m2 + V(l’l £C2) ( 76)
gooooogoooon
[P, V() — %)) = —m<i _ 9 W (T — ) =0 (1.77)
VI 1 2)] — aj,‘]l 81}% 1 2) — .

0D00000000000000000
) = W(R)p()e'Frtert (1.78)
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1.5 UO0U0O0O0U0dd T — oo

oogd

T—-ooOOODOSOODOODOODOO

S=1+R
(fIRli) = 0"(Py — P)(fIM]i)

obooboboobvoboroooooboobooboobooboo

(SR
VT

'y = limyroeo

noobogooboboooboobooon

(1Rli) = (2m) 47| MJi) [ dtweFrroe

oboooooooovoboob roooooog

(|R|i)yr = (2m)*(f| M]i) /VT JipeiPr—Poz

gbooboogoooboood

1

limV,T_mﬁ| - d*pe’Pr=Pr2 — (27)45(P; — P)

goobodgd

, LoT2 0w -
lzmTHooT]/T/2 d*xe'™| :lzmT%ooT[ E/2

gbboobbouoodobbobooodb

gooo

Ty = (2m) 10" (P — P)I(fIM[0)[?
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1 sin(ET/2)

]? = 276(E)

(1.80)

(1.81)

(1.82)

(1.83)

(1.84)

(1.85)

(1.86)
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000000000000 O Bethe-Salpeter) 000000

Hmtzeﬁwﬁ%m1:§:@ (1.87)
0000
Wi ()2 = G D7 (F)[2dQ (1.88)
nn T 2rm2e3 :
Dy () = /uz, ZeikﬁﬁiundT (1.89)
0000
1
Wt = ﬁ(En — Ey) = ck =210,y (1.90)

o ~ 1070 00000k< 1000000 "'00kr~000000000000

— —

Dnn/(lg) = Dnn’ = /u;, Z Vzundr
Z (1.91)

ggd
ﬁnn’ = m’l_)'nn/ = m(—z’)wmxf'n/n (1.92)

gooo

2

W(QE) = — w3 (67 um)2d0 (1.93)

2rhed ™

gboobooooboobooon
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1.7 UO0OdooorTron
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1.71 00O TOOOOO

000 TOOOOOOOOOODOOOOOOoOoooOOoOOoOoOoOoOoUODOoOoOoOoDoOooOO
HOOO

U(t) = et (1.94)
ooooboodoooooboooooobooboooooooooog Hpooooooo
U(t) = e 1% (1.95)

000000000000 ¢0 -7/2000000000000000000 H,O0OOO
0w O00000000O

U)i—1/2 = U°(t)|thin) (1.96)

0000 t0+47/2000000000000000000 H,OOOOO |[Y.) DOOOO
goobogd

U(E)|) etz = U () [thout) (1.97)

D00000000000000000
Qs = limy_272U)TU°(2) (1.98)
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gbbbuoogobbboooobbbuooooboo
() = limes 12U () U () [in) = Qi) (1.99)
gbooooogn
() = limeyzsU () U () [our) = Q- [Pout) (1.100)
gboboboooobbbooogbbobooooboo
Q_|Yout) = Qs [thin) (1.101)

Ooooboobooobooooboobobooo son

[Yout) = S|tin) (1.102)
S=0q, (1.103)

0000000SO0000000000000
ST = limy—rja.p——7U ) U@UT (U () (1.104)

gooo
OOooOO0obOoooOosoooboboboooboobooboboobooobooo

[Ho, S[T]] = (1.105)
0000000000000 H, 00000
Holoy) = Ej|a;);i (1.106)
000000000000
(B} — Eg){alS[T]lay) = {aildS]ay) (1.107)

gbogdgbbuogdboogobboobbod Eé—Eg%ODDDDDDDDDDDDD
gbobobouoogon
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gbobodgbbuogougoooogbbooboboobuogobbuoobboooobooo
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gbbbuoogbobboooobbooodan
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2.2 0J0O0O0OO ¢

gbooboboooobbboooobbodao

[a?;; +m3p(z) =0 (2.1)

guooboboboooodad
1
L= [ d% 5 (0,0(x)) ~ mPo(2)?) (2.2
goobbbobooooooooooooobbbbbboooooogooooon

¢(x) = P pat = powy — PT (2.3)
po = E(p) = /P> +m?

gboboboooobbobuoooobbboooobobboobbbooobobobod

[p(z0, Z), (Yo, ¥)16(z0 — yo) = ihid(Z — ¥)0(z0 — yo) (2.4)

p(x) = m[/ = ¢(x)

[a(p,t), (', )] = 0, [a(B,t), a’ (', t)]6(t — ') = 6(5 — §)d(t — 1) (2.5)



gbobuoogobood

HEN

Pa(pt) + e Pl (5.1)) (2.7)

d3p
¢(1’)=/73(6
\(2m)2E(p)
gbddooodooodooodooodoouooooonoo
10), a(p)[0) =0 (2.8)
ODo0dooodooooooonoi1iooooo2000o0o00dgoon
al (1)[0), a' (p1)a’ (71)0), - - - (2.9)

goboobobooobbooobbogboboobbooboobobbooobbooboobobo
gbobobooboogoooobbobooooboboooobobbod
gooboooobbboooobbboooooboboooobooon

mgtm(t)) — Ho|W(t) (2.10)
Hy= [ @l (o) + (Vo) + m*o(a)?) (211)
— [ @pE@)(a Pa@) +1/2

gbbobuoogobbbouoobbbbooodobbbuoooobbboobuooon

Hy|0) = Epl0) (2.12)
Hoa'(71)]0) = (Eo + E(p1))a' (51)]0), (2.13)
Hoa' (7)a’(71)10) = (Eo + E(p1) + E(p2))a (51)a’ (71)]0) (2.14)

gbobobuoooobbbouooobobobboooobobuoooobobobooooboo

By = 5 [ dpE@) (2.15)

oooobooboooboooboobobooboooboobbooboE0boobobo
gboooboobooboobuoobooboobuoobuoobuooboub Ep0oDbd
goobodoobogobboobooooboobooobbobboobboobboooobooo
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googuobbbdoooubuooobbibdooououo oo oooooaon
m; >2m, 00000 m 000000000000 M¢200000000000000
Oobobooobobobooobooooboobooboooooboobboobo A ADOD
gbooboobbuogbboooboobuoooboooboboobbuoobboooboo
gbbbuooobobbboooobbbuooobbboood

L=Lo+1L (2.16)
Lo = (2.17)
Ly = A1 () o () (2.18)

gooo
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0000PTEP 2013,073B02,P 22-26

obobooboobod

A= B+C (2.19)

000000000000000
M = (2.20)
P=IT+ P9 (2.21)

gooo
gboogddnboobogbbodbogobuooboboboouobboobooon
gooo

)= AP ip(ar—a)
Ao(1 :”)_1/2£pr2wﬁe (2.22)

= iD*(xy — x39)(Bogoriubov — Shirkov)
t
= Z[E(S(A)E(ét) + fshort(/\)]7 u

E(p) = \/P* + m?

0000000000000 fe(\) 00000000 J(x)0000000 Ny(z)000
000000 Ki(z)000

fshort = _87T\/—_)\6(_)\){N1<m\/__)\) - Z(5t>J1(m\/__)\)} (223>

—MMMZAKMMEL

A= (11 — x0)?, 0t = 6"

000006ANO000000 (h—t)2— (1 —22)2=0(c=1)0000000000000
0000 00light cone singularity) 00 0000000000000000000O0O0O0O
0000000000000000|#% -4/ 000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000p,000000000000000000 E(p)
0

mZ

E(p) = p+ % (2.24)
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goooooooooon
p(x1 — x2) = E(p)(t1 — t2) — p(Z1 — Z2) (2.25)
O0p0000000O0p0O ¥ —24000006000
p(1 — cos ) (2.26)

OO00000000b00b0Oces? =0,p—occ0000000O0O0O0OOOODODODO
gbobogobogoooobboogoboboobboobooobooobbuooboobooo
gbbogboooobbogbboobboobooobbuooobboobbooooo
gobbogobbooobobooboboobbuooboboobbuooobbooboboo
gbbodgbbuoggoogbbuogbobboobooboooobbuoobobobboo
gobbobooogooobobobbbodoooobobobooooooobobobobboon
OO000b0O0Db0b0ob0o0o0oOoo0onDUbOnBogoriubov Shirkov DO OO0OOOO
gooisoc0dbbogoobobboogooooooon
gbbbuoogobbbooobboboooobood

D) = (o / AU k™5 (k2 — m2)0(k°) (2.27)
_ 1 3 zkx 0 7.9 2
~ ox [ kQ—kO KO = VE +m
_ 2 x0—kr cos 6)
T / k2dked cos fdd—— %0 ,

]{2 dk2m—— i(k020 —kr cos 0) Cos@i-l—l

271' 3Z/ 7T2k0 —Zlﬂ" [6 ]COSQ——I’
i(kO20—kr i(kOz04-kr

_T/ ’“d’f@[e(’“ )= ),

/ kdk k0x0+kr)

If m=0,
) 1
/ dkeika*+) — (%)T(—)(s(xo ). (2.28)
For general case of m ;é O, we write
1 0
Dt - - 2.2
(0) = 35S (@) (229)
where
T R A dk 2.30
f(l')—f(f,’f‘)—Qﬂ_i k’o ’ ( )

= VIZF k= VR = VE
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By changing the variable from (k% k) to ¢

k = msho, k® = mch¢; (k°)? — k* =m?; —o00 < ¢ < 00
dk = mch¢ = k°do

1 o0 i (20
f(I) _ 7/ d¢€zm(x cho+rshe)
21 J—
Four cases of stace time regions, A = (z°)% — 72

1.2° > 0,2° > r;2% = \/Xchgbo,r = \/Xshgbo,

2.2° > 0,2° < ;2% = V=Ashoy,r = /—Achoy,
3.0 <0,|2° >r ;2% = = —VAchog, r = VvV Ashay,
4.2° <0,]2° < r;2° = —/=Ashgo, 7 = vV/—Achy,

Bessel functions,
1
/ dqsezm\fch(qﬂ-(ﬁo) — *Hél)(m\/X)
2m 2
N /oo dpemVAsh(érd0) — Lo /N
21 J oo s
3'L /OO d¢e—imﬁch(¢—¢o) — }H(g?) (m\/X)
27T —00 2
1 .
4 /Oo dqgefimﬁ/\shwwo) — lKo(m\/:)\)
21 J—o T
from which it follws that
1 1
f(x) = ¢(a®,\) = 27,No(mﬁ) — ie(xO)Jo(m\/X), for A >0

iKo(m\/:)\),for A<0
T

o0 2k

0 = 31

TNo(2) = 2Jp(Inz/2 + C) — 2 i M[i i]
= 2%k(KN)? A m

Kolz) = giuouz) +iNy(i2)]
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(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)



Jo(2) =1—(2/2)* + O(z%), (2.37)

No(2) = 3[1 ~ CYin + 30 +0(2)
Ko(z) = ~[1+ (- >un§—o+o< ?)
f(z),A=0
L) = 5+ 5 % 21— ()i’ (239)
2.f(@) = L)+ (G lins
1.000 = DDDDDDDDDDDDf() 26’(r—x)DDDDDDDDDDDDDDD
i;e(r _ ) = ;m _ 20 (2.39)
oggoo
Da) = o)) = I N (myD) = el ) h(mV)] (240)
+9(—)\) \/_Kl(m\/_)\)

2.3.2 wv=-constantd OO0 O cut off momentum OO0 OO0

¢((pl) = E(p)t — px (2.41)
0

Uit = T;

E =i lpl < 3 (242)

Ref. ishikawa-nozaki-sentoku-tobita

2.3.3 Imaginary mass

D (8t, 62 im)
1 1 1 .
D+(5t,5f; Zm) = %/dllq [ 3 — - — = : ] 61q~6w9(q0)

i?(2m)4 @G —q>+m?—ie  qf—q>+m?+ie

e(ot m _
- EM)(;(A) - m9(—A) [Ny (mV/=X) —ie(dt).Jy (mv/=2)]

HIN) Ky (mv/X). (2.43)
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The integrand vanishes in ¢*> = ¢2 — ¢* > 0, and DT (8¢, 67;im) decreases exponentially at
A > 0, oscillates at A < 0, and has a singularity at the light cone A = 0 of the universal form.

234 0OU0OOO0OOOOO OOO

000 00000 D(8t, 0% p,m)

1 1 1 .
D*(ot,0a;p,m) = / d'q l 2 e P00 (gg).
0

i2(2m)4 —JQ—mQ—ie_qg—q_'Q—m2+ie

(2.44)

OoOoO((Q)0O ()ooooDOD0.00000000000000000oooooooooo
(D

DT(6t,8%;p,m) = e PO DY (6t, 6%, m), p* =m2. (2.45)
7] - 0000,
5. €(01) €(dt) T
D+ -, _ ip 516( — i(po—|p’| cos 0)dt 2 4
(0t, 00 p,m) = e e (N e d(N)e : (2.46)

Osa0000000000
(IT) |§—pl = c0c O O,

D*(6t,61; p, m) = DZ(6t,6%;p,m) + D (6t, 675 p,m), (2.47)

DX (6t,62;p,m) O D, 1, (0t,02Z;p,m)0 po < qo 0 0 < qo < po, 0 00 OFor m? = mg—m?* >

0,0000000r=q—p000,000 2p-r000,

DX (6t,0%;p,m) (2.48)

1 /d4 1 1 ir-dx
, _
i2(2m)* r24+mi+2p-r—m?—ic r24+mi+2p-r—m?+ic
D, (§) DX (0t, 6% i),

\Vmd —m?2, &= —2ip- %, (2.49)
l o !
Du(© =35 (502

=0

m

D, (€) DX (6, 6 i) = dff) 5(\) + Dy, (€) [— Sﬂzl__)\e(—)\){]\h (mv=X)
—ie(0t).Jy (V=) } + e(A)MZi/XKl (m\/X)] . (2.50)
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D7 (6t,6%;p,m) O light-cone singularity 0 regular terms 000000000 p O mOO

UO0. 000 series convergesJ O OO UOOOOOOO.
The integral over the region —pg < rg < 0 is written as,
1 dq
i(2m)* ) E(q)

fznzte((;t 0; yp,m ) -

For m? < 0, D*(dt,07;p,m) = 0.

gbooooog

DT (8t, 020, M)y .. Of multiple Lorentz indices

P0G (py — E(7)).

D*(6t,615p,m) =

1 1
.[q2+m2—ie_q2+m2+ie

(2.51)

ela=P)32g (40)

= (pal - ié)éim) (pa2 - ia&ifm) -+~ D*(0t, 62 p,m), form? > 0,

D*(6t,6%;p,m) = 0, form* <O0.

235 00O0O0OOO0OOoOoooobO

(2.52)

D (0t, 0F; p, M)y a. of many-body states are expressed with the mass spectrum, p(m?),

as
/dm p(m?) D (6t,0%; p,m), (2.53)
where
2
p(m?) = /d(phasespace)5 <m2 - (Zpl> ) . (2.54)
1
Two-particles
For the neutrino and electron,
1 o dp.dp, ; o)
A = (e . . i(pet+pu, —pp) 0 9
e, (07) @ry | E.E, (Pu* Pu) (Pe - Pv, e , (2.55)
Q* —m? {(Q—pu)-
_ d4 Y R {(Q—ppu)-dx
G ] QP e>*2 Qe ,
o dpedpy,
F = a -
me 2 2
=27 (1 — 2) 0(Q0)0(Q~ — m2). (2.56)
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Substituting [ dm?§(m? — Q?) = 1, we have

md
A, (0x p,,e dm? | m? — 2m? —l— iDY(6t, 6%, p,, m). (2.57)
m m

For the two neutrino

1 e dp,,dp,,
(27T)6 —00 EI,#EVG

B
p pe ) —pu)-0x
= 7(2‘;)6 /d4Qe (Q—pp)-6 F,5(Q),

Auu,ue(&ﬁ) — (pu 'pue)(pe .pyu)ei(puuﬂuefpu)ﬂx’ (2.58)

dpl/#dpl/e
Fusl@) = [ R0 4~ Qpdalp)s
= g(ga,@@uz@a@a) 0(Qu)0(Q?). (2.59)
Finally, we have the expression using m?
Dopn(Bn) = s [ dmP0m?) [ QY@ = m?)(QuA(Q?)

X (@ (P pe) +2(Q - pu)(Q - pe)) /@0

9 9
f— 2 2 . . —_— .7 . J— '7
- 12(27r)2/dm (m (P~ pe) 2P, (p“ 15&)” (p” Za&))

X D*(6t, 02, p,, m). (2.60)
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