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Basic processes of SM for eTe~ annihilation
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Basic processes of SM for e*y and 7~ initial state
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Physics an low (% and final state polarization

BESIII experiment at the BEPCII accelerator
Institute of High Energy Physics (IHEP) (Beijing)
@ e¢te” beams
@ /s from 2 to 4.63 GeV
o L =10%3cm2c!
The project of the Super Charm-Tau factory
Budker Institute of Nuclear Physics of the SB RAS (Novosibirsk)
@ e¢te” beams
e /s from 2 to 5 GeV
o L =10%cm2c!
@ longitudinal polarization of the electrons
Our possibility
@ Luminosity
@ Full phase-space

@ Polarization of final particles




Two types of HA-methods

Non-covariant HA

e Dirac-matrix multiplication in some reference frame (Klein—Nishina
formula obtained by this approach);

e Evaluation of “Polarization vectors’ of virtual particles (used by HELAS
and SHERPA.AMEGIC++)

e Applied to solve Dyson-Schwinger Equations (DSE) numerically by
ALPGEN and WHIZARD/O‘Mega.

e Extended to 1-loop by Madgraph and RECOLA
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Two types of HA-methods

Covariant HA
o Reference frame is not fixed:;
e Pioneered by N. Fedorov at Minsk in 1956;
e Becomes popular after works of CALCUL group in 1980s;

e Extended by Bern-Dixon-Kosower to d-dimensions and thus to loop
integrands;

e Nowadays used by GoSam/Golem and FormCalc packages for
automated 1-loop calculations;

e Little-group formulation




Typical amplitude for gg — ggg

M = )23 [m[14][42]<53> + (15)[42][4]2|3) — [14}(32)[4\1|5)}

8 ps - p1 pa - pa p3 - pa [54]

+ (35) [m[l‘l] [42](53) + (15)[42][4|2]3) — [14](32)[4\1\5>]
8 py-p3p3-papaps

n (35>2 {[14](32) + (13)[42] n [14](52) + (15)[42]:|
(34)(45) (p1 + p2)? 54] (34] '
e —m(15)(52)[43] + (15)[32][4[L]5) — [14](52)[3]2]5)
MU = i) [ 8 ps5-p1p2-ps Pa-ps (53) ]
[14](52) + (15)[42]
+ LSS [’1 P5op 3 'P4(53>[54]]
- [[14](52)[3|1\521+ (19)3211) - m(ls)(sz)mq
P5 P1P3-Papaps
B [43}2@5) [[14](52) + (15)[42] T [13](52) + (15) [32]]
2 ps - pa54](p1 + p2)? (53) (54)] '

Ozeren, K.J., n W.J. Stirling. EPJ C 48, Ne. 1 (2006): 159-68.
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Limitations and-complications

Collinear singularities
e HAs are especially elegant for massless particles;
e In c02IIinear regions there may be “singular terms” of the from
(27;7]{)2 ~ §(2pk) giving nonzero contribution but missing in massless
amplitude;

e Conclusion: Massless HAs # polarized matrix elements.

HA of massive particle is Lorentz-convariant (not invariant)
e spin-quantization axis should be specified;
e The helicity states are defined relative to reference frame;

e Auxilary vectors needed to decompose massive momenta into sum of
massless vectors;

11



)
[0}
O
-
-
(@
IS
O
(O
=
)
G
e
- (©
—
0
()
0
gy}
O
=
e
=
()




Multivector components and grade

o= ¢y = it = LTl

CAYL = v Ay,

(As = — k™ A,

Ay = —%wupw“’p Ay = =Y Ay = 115 A0,
(A1 = o7 Ay = 7545 4>

1
b :’Y[“""YV]ZE'YMA"'/\VV
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Inner, Wedge product and Contraction
A-B={ABY,

ANB =37 {4y Byobssr,
AJB = Z <<A>T<B>S>sfr

al-bl al-bn
(ar N Nayp) - (b AN---Nbp) =

an-b1 ... ap-b,
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Maxwell's bivector

It is well known, that polarization vector ¢ of the photon is
gauge-dependent quantity, whereas Maxwell's bivector F' of field strength is
gauge-independent and in this sense physical quantity. Maxwell equation is
equivalent to relation

kF =0, F=FkAce, =0

Invariance with respect to gauge transformation ¢ — ¢ + Ck is evident.

Maxwell's bivector in spinor notation

+ [9+‘Uu‘k> + et — |k )K|

]
. (g |o KT o
ek g.) = ﬂk‘% P — ke _ﬁ[

Ik][k‘l}
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Polarization vector in axial gauge

Having some auxiliary vector g we can fix a gauge with condition

g|F
_— -k‘:o
g‘k’ 6 b

E =

Gauge transformation

Direct verification shows that polarization vectors in two gauges are differ
in vector proportional to k:

glF  g)F  (9i(k-g2) — (k- g1)g2) |F

9 _ 92 _ B
A A (g1 k)(g2 - k)
_(le Ag2)|F _k/\(gl/\QQ)JF— (91 A g2)] (kA F)
(91 k)(g2 - k) (91 -k)(g2 - k)
<g192F)

(91 k) (g2 k)
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Eikonal factor in terms of Maxwell's bivector

2e4 P2 2e4-m1 (p1 - pa)(p2 - €4) — (P2 - pa)(p1 - €4)

2p2-ps 2p1-pa ! 214224
P1-P4 P2 -P4
_yProes pacea] (01 Ap2) - (ea Apa)
214224 214224
_ KpipaFyy  Tr[pipoFy]
C zuzaa 24Zm
_2e] pp KpiFap1-po
C 2pa-ps 214724
with
214 = 2p1 - P4, 294 = 2p2 - p4
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Scalar QED example: ¢t~ yy — 0
" (p1) + ¢~ (p2) +v(p3) +v(pa) = 0

A (2p1 - €3)(2p2 - €4) n (2p1 - €4)(2p2 - €3)
213 214

+ 2e3 - €4

 Tr[papaF3](2ps - €4) — 224 Tr[eapoF3
214724
(2p4 - {p2F351) (2p2 - €4) — 224(264 - <p2F'3)1)
214224
_ Tr[pkpeF3piFa]  m? Tr[F3Fy] . Tr[paF3paF 4]

A:

213214 2213214 2213214

Tr[(p2 + m)F3(p2 — m)F4
2213214

A:
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ete " Zv* =0

e (p1) + e (p2) + Z(p3) + 7" (pa) = 0

A= +
1 2 1 2

For virtual photon p? # 0. Vector e4 does not contain 5 | We also relax
property ey - pg # 0.

_ 1 _ 1
.A = V1€3—€4U2 + Vi€y—€3U2
P24 —Mm P23 —m

my =mg=m, es=c3(gv + gays)

D4 P4
P1=P1+5, P2=p2+§, Fy=piNey

Z14 = 2P - py, Zog = 2P - py, Pr+ Py +p3=0




p§4—m2 = 2p2 - p4 +p421 = (2p2+pa) pa=2P - ps = Zoy

Because of pyes = pyg - €4 + pa A eq4:
(P24 +m)equs = (2e4 - p2 +pa - €4 +pa A eg)ug
= (e4 - [2p2 + pa] + Fa)uz = (2e4 - Py + Fy)ug,
v1e4(p2s +m) = vieq(—p1a + m)
=v1(—€4 - 2p1 + pa] + Fu) = 01(—2e4 - Py + Fy)

€y P2 _ €y - P1 _ T‘I‘[P1P2F4]

pa- P pi- P 214224

Scalarized amplitude

Tr| Py P F 11 F e v1esFau
A _ [124]1_}163u2+143uz+1342
214224 214 Z24
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This result can be obtained by formal using of axial gauge g4 = P, for

virtual photon:

P |F Tr[P, P, F
Eq4 = 2J 4 E4-P2=0 E4-P1=7r[124]
P - py Py - py )
et(p1) + e (p2) + 7" (ps) + 7" (ps) = 0
P23=p2+%, P24=P2+%
Zay = 2Py - pa, Zo3 = 2P3 - p3

After scalarization

A = vres

2e4 - Pos +Fy
—_———UW

Z24

2e3 - Pos + F3
2 tUvieq——u

2
Z93

Now with axial gauges g4 = P»4 and g3 = P53 we arrive at answer:

A:

_ Py3{F3Fypo4 — <F3Py3F )1
U1 U2

Z£93224




ete yyy — 0
e (p1) + e (p2) +7(p3) + ¥(pa) +v(p5) = 0

A=A+ A+ L

Tr F
A= —M51{<F4P2F5>1 - p2<F4F5>0,4}u2
213223224225
171F3{<F4p2F5>1 — p2<F4F5>0,4}U2
+

213725224
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Dirac matrices in 6-dimensions

In d = 6 dimensions we have 8 x 8-matrices
/ : MpN NpM _ o MN
FM@Q = |: Ma'B:| P 4+ TP =29 )

4
M’ g"" = diag[g", 1, ~1]

i

v

T =1 1 g popapepspeps 7o _ [(w ]
fS/M = {7#7 V5, _1}7 _50/8
” UMN _ ' [MXN
MN — plMpN] 'YMNaB ] = ’Y[ y ]7
- - NMN ’ W \ ’
y &P ,YMN _ ,Y[M,YN]’
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Spinor metric

en _ e B N
€ =€ :[aﬁ :|7 6@926992[ of
€ €ap
Components of spinor metric are

eaB:eBa:e =€, = %0
WP 0 e4p

Ind=5

Using 4%,% = “1" we may not distinguish between dotted and undotted
d = 5-spinor indexes.

(Levi-Civita) totally antisymmetric spinor

eaﬁ'yzs — 36[015676] — 6045675 o 6047656 + Gaéeﬁ'y’ 61234 =1
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Dirac spinors

Projection operator

15 = ‘UMU‘ = |uaMua‘ =,¢+mw+ —i—fnw_, p°=mm

Dual projector and dual spinors

\ ]- ! \ 0 / ~ ~
570 =~ Lhpe5, = [l = p—m— i = p— s —

Dirac equation

ab \vo
p’Y

P10y ugbun = —e =0 = plu)=0 = [uglu’)=0
B Uy Y

4
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Spinor product matrices

(pla] lalp) = 25 - 4 & {pala®[laalp’) = (20 - 9)6
Inverse little-group matrices
L _ lalp) 1 (pld
{pld]  2p-q’ lalp) — 2p-q )
Schouten identity for Dirac spinors

Ip)

1
Hq‘ }[[Q| + |q}ﬂ

lp| =

1

Decompose |u) as linear combination of [p) and |q)

1
Ip}mﬂqw} + |q)

1
Iplq)

[plw)

27



Maxwell’s bivector

7\ \

kF =0, F=kné kil = k2 =0
Polarization vector in axial gauge
/ ) ﬁ‘ / \ / \
5:&7 e- k=0, e-g=0
g-k

Expression in terms of spinors

FE = V2o ksl

F+ — ﬁ}? -2 [V‘?)(k’ 0] 7
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On-shell process ete " Zy - 0ind =6

e"(p1) + e (p2) + Z(ps3) +v(pa) = 0

ﬁ1=¢1—m, ]53::'?3_'_0, 214:2151'154:2’23, FH’4=]54€\4

p2=p,+m, ps=p,+0, 224 = 2Py - P = 214,

Feynmann rules give us

1]espascs|2
{ |€3p24€4‘ )+

(1]e4pazes|2)

1 . N |
A= {1|63\—€4’2>+41‘€4 T 63|2b =
P24 Db23 224

223

Simplification with Dirac spinors

(P2 + Pa)eal2) = [202[e4]2) + F42) = [2)(2p2 - €4) + F4[2)
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Gauge-invariant form for ete=Zv - 0ind =6

A= —

41‘63#4‘2> n {1

’1\%463‘2b

Tr[p1po F.
[P1D2 4]{1|63|2}+
214224 224

%14

Ward identity is satisfied by each term in the expression.

A 1

SR
NIRRT AT @]

1 1
o{Lles|2) + (Les|4)eo—rm + Ty @(4les]2)

[4/1)

On-shell ete™yy - 0ind =6
e (p1) + e (p2) +v(p3) +v(pa) —

1
A2 = - {4|1|3}®(<1|3u®u4|2> — (1l4][312))

[[4!1> (214~ [3]1)

[413)e[3[4)5—— + ——[3|4)s [4[3)e

0

L
(2(3]




)+ e (p2) + Z(p3) + v(pa) + v(ps) —

XX S QXK
LA

1 \ 1 \ \ 1 1 \ \ 1 \ 1
A:{1|63\ }+{1‘54\ }+{1|€4\ }
P13 P25 P14 D25 P14 P23
1.1, 1 1, 101
+ (1les~—es+—e4|2) + (Lles )+ (1es )
P13 P24 P15 D24 P15 P23
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Scalarized amplitude

Tr[pipoFu] Te[pipoFs]  TrlpoFupeFs]  Tr[p Fupn B
A= (_ [P1p2Fy] Tr[p1po F) . [p2Fupa F) i [p1F4p1 5]){1|€3|2}
2142247215225 2042245225 2142145215
. <Tr[151fozF4] | TrlpopsFi] ) {1\e3F5\2>
214224 2042245
L (Tf[ﬁ1ﬁ2F4] Tr| p1p5F4 ) ’F5€3‘2
214224 2142145
n (Tl" p1P2F5 TT[P2P4F5 > ‘6’3F4
215225 2952245
n <Tr[P1P2F5 Tr[py pals) )
215225 2152145
41‘63F4F5 b 41’63F5F4 b { b

2252245

it

2)

2242245

41 f\%‘4f\‘l‘563

(1

2)

214225
\\ \\
FyFyes)2)

215224

2147145

2152145




eteZyy—0ind=26

- o3
A= —(S4®S5 n Vi54®V145 n Vas4 y245)®8
2145 2945
_ . c .
+ (54 + M)@@C% — 20y | @G5
L 2245 2245 ]
- e . .
+ (54 — M)®C15 — =2 8C14|®Gas
i 2145 214 |
- e e -
+ (55 + M>®CQ4 — 228 9Cy5 | ®G14
i 2945 2945 |
- e . -
+ (55 - M)®C14 — 2 8C15 | ©Gas
2145 2145 ]

— C14®Co50H 45 — C150C24@H 54

B = (1]es|2),
G5 = (1]es|5),
7‘[45 = {4’63|5b,
Eis = [4]5),
Cor — 1
15 — Ma
1 1
Ss mm?ﬂm,
1
Visa = mm‘lﬂ,
1
y145 - m[mg)}

24



=
@]
NN
oA P
m®
S
- E
- 0
-0
T |
- Q
c
=
=




Setup for tuned comparison

We performed atuned comparison of our results for polarized Born and
hard Bremsstrahlung with the results WHIZARD and CalcHEP programs.

Initial parameters

o 1(0) = 137.03599976, My = 80.4514 GeV,
My = 125.0 GeV, My = 91.1876 GeV,
me = 0.5109990 MeV,  m, = 0.105658 GeV,

Ty = 2.0836 GeV,
Ty = 2.49977 GeV,
m, = 1.77705 GeV,
my = 4.7 GeV,

m; = 173.8 GeV.
with cuts |cos 0] < 0.9, E, >1GeV

WHIZARD and CalcHEP

mg = 0.083 GeV, ms = 0.215 GeV,
my = 0.062 GeV, me = 1.5 GeV,

e W. Kilian, T. Ohl, J. Reuter, Eur.Phys.J.C71 (2011) 1742,

o A.Belyaev, N.Christensen,A.Pukhov, Comp. Phys. Comm. 184
(2013), pp. 1729-1769
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ReneSANCe vs. WHIZARD (dots): all-polarized ete™ — 7777~

do
dcosf
1nb
0.1nb
10pb | -
P ++—+ |
f b i
Ipb | = e E
T ek Tt
[ —H T TR S
| | | . 3 "
—0.5 0 0.5 cos

ol




ReneSANCe vs. WHIZARD (dots): all-polarized ete™ — 7777~

d_O' - -

dn | A

— ==+ ]

i +— +- ]
0.1nb

g =T+ |

10pb

1pb b
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Conclusion

e Applying extended set of Clifford-algebra operations we obtained
explicitly gauge-invariant form of amplitudes for some processes.

e Expressions contain only Maxwell bivector.

e Relations to scalar QED and photon power expansion are transparent.

e Generalized form of axial-type gauge is proposed.
e Massive gauge-fixing vectors are allowed.
e Simplification of “amplitude” with off-shell photons is possible.
e Spinor formalism in d = 6 dimensions is applied to obtain modular
form of amplitude.
e Formalism is implemented as C++14 library.
o Allowed pseudo-mass term s can be useful to deal with 1-loop
integrands.

Future plans

e Application of the formalism to virtual part.
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