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FCC - Future Circular Collider

CEPC - Circular e—e* Collider
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NMuueiinblie eTe -konnanaepsbl
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B3anmHas pononHsiemocTb

o bBonee Bbicokue sHeprum = nuneiitble (ocoberro, CLIC)

e Bonbwas ceetumoctb = umpkynsipHble (ocoberro, FCC)
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Pusnka npu HU3KNX Q* n nonspusauyns
KOHEYHOro COCTOsIHUS
dkcnepumenT BESIII Ha yckoputene BEPCII
Institute of High Energy Physics (IHEP) (IMeku)
@ ete™ nydkn
@ /sotr?2 pgo4.63 B
o L =108em2¢!
Mpoektbl Cynep HYapm-Tay cdabpukn
@ ete nyukn
@ /sor2pmo7 3B
o L =10%ecm2c7!
@ NpPpoAOJIbHO NONAPN30OBAHHbIE SJIEKTPOHDI
TeopeTnyeckas nognep>xka
o CeetumocTb
@ [MonHblii hazoBbIfi 06BEM

(] I'Ionﬂpm3au,|/|v| KOHEYHbIX YaCTuL,




Codt gna e¢'e -konnaigepos.

KKMC, Krakow, Poland
@ QED corrections + DIZET
@ YFS multiphotons

@ polarization

BHWIDE, Krakow, Poland
Bhabha at wide angles

BHLUMI, Krakow, Poland
Bhabha in forward region

GRACE, Japan
@ polarization
@ complete EW

o last release in 2006

BABAYAGA, ltaly
Bhabha, eTe™ — vy
QED + EW? corrections

shower multiphotons

no polarization

WHIZARD, Germany
e official CEPC generator
@ polarization

@ any process, tree level

CalcHEP
@ polarization

@ any process, tree level




Cpepa SANC

B ceueHne npouecca Ha OGHOMETNEBOM YPOBHE MOXET DbITh BbILENEHO
YyeTbIpe YacTu:

J1—|oop _ O_Born + Uvirt(/\) + Usof‘c()\’w)_’_o,hard(w>7

Born _ ceyenme Ha BopHoBckoM ypose, oVt — Bknag,

where o

BUPTYyanbHbIX (neTnesbix) anarpamm, o°° — Bknag MArkux TopmMosHbIX
choToHoB, 0" — Bknag eCTKMX TOPMO3HBIX (POTOHOB (c aHeprueii
E, > w).

BcnomoraTensHble napametpbl A ("macca dotoHa") n w cokpaiatorcs
nocsie CyMMUpOBaHUS.
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Hdekomnosnuyus BEeKTOpoOB Nonsipusaumnm e
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KBap,paT MAaTpPU4YHOro ajieMeHTa

IM|* = L R [ Hi | + R Ll M- [ + L Ly [H—— " + R, R [ |

- %P; P%Re [ei@*‘MHHHi_ + e“‘h*“)*)m,ﬂg]
+ PLRe [eiq)* (LQ+H+,H*:_ n RQ+H++H’1+)]
— PARele™ (LMoo + R H )],

where

1" 1 " Il 1 "
Leiza(l_Pei)’ Rei:§(1+Pei)’ ¢i:¢i_¢7

H_—, Hyy H_y Hi_ — cnnpanbHble amnanTygbl.
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MnaBa 2. PaccesiHue Baba e"e™ — e e™ ]

Wcnonb3yetcs onst npeun3noHHOR NIOMUHOMETPUM Ha habpukax apomMaToB
n Byaywmnx konnangepax. TpebyeTcs Takxe yaepxaHue Macc BCeX 4acTuu,
4TOObI CAENaTh PacyéTbl MPUIOAHBLIMY B LUMPOKOM [LUANa3oHe SHEpruii u
rapaHTUpoBaTh BOJIbLWYI TOYHOCTL, MO CPABHEHUIO
YNbTPaPENATUBUCTCKAM MPUBINKEHEM.
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ete” — efe : KoBapmaHTHas amnantyaa

A

Ay (s) + Az(s) — [Av(t) + Az (t)]

+ {( (3)> Y6 @ VYo Fre (s, t, ) (1)

+ 25616(3)7# ® YuYeFqr(s,t,u) + 537# ® Yu Foq(s,t, u)}

t
— Xz{s Ht},
t

CnmBoOn ® ncnonb3yercsi B CeAyOWnX 0bo3HaYeHnsX:

A, ® B, = 1Ay up u3Byvy  nns s-kaHana

A, ® By, = uzA,us 11 B,v4  ans t-kaHana
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ete” — eTe : BopH u BUpTyanbHas 4acTb

Hippp =H  =-2¢" % []:géz)(t: s, 1) — X50. F5L(t, Svu)],

Hi - =H 4 4 =—€cc [félsz)(s’t, u) — Xz0eFor(s:t, U)}y

Hooot = e ([FG7 (5, to0) 35 (FLuls,tu) — 20.F 5 (s,t,0))]
+2[FSE? (b sow) + X (FLL (b ,w) — 2675, 0 5,w) )

Horr = e ([ m] + [R50 n )],

roe ¢y =1-+cosf, c_ =1—cosb,

s 1 s ¢ 1 t

= ) T2 92 ) 58 = - =2 i )
Xz 4s%,c%, s — M2 +iMyTy Xz = 4s2,c%, t—M2 Ve ™ de Sw

]-"géz)(a, b,c) = Flola,b,c) + X%(SSFSQ(CL, b, c).

BopHoBckuii ypoBeHb nony4aetcst noacTaHoskolt Fip — 1, F4, — 1, Fio — 1 n
Foo — L.
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CnuHopbl 1 6e3maccoBbie BeKTOpa

B cnuHopHoM npocTpaHcTBe JlopeHUEBCKUI BEKTOP NPenCcTaBAseTCs
MaTpuuen 2 x 2.

. /oo F 4
- _ ([ po +D: DPx—ipy\ p(z’_ Z-pz T Pz — 1Py
Pai=\po+ipy po—p- ) Pz T Wy | & VPO TPz Do T p
z
z Y /—p0 +p. " z
[lns 6eamaccoBoro BekTopa paHr MaTpulbl paBeH 1
1 ABAB 2
51€ PaiPpp = det(py4) = mj.

).

BesnnpekcHble 0bo3HaveHns




MaccuBHble MMMY/bCbl: NPOEKLUSA HA CBETOBOW KOHYC ¢° = ()

Mbl paznaraem MaccusHbIli UMAYNLC C p7 = m? Ha 2 6e3MaccoBbIX C
MOMOLLbIO BCMOMOraTefibHoro 6e3maccoBoro nmnysbca ¢, KOTopsbili
cooTBeTCTBYeT BekTopy [laynu-JliobaHckoro
2
i

T 2peq v 2pi - i

Oexkomnosnuuna OupakoBckux cnnHopoB

B )
WXpp) = ) = {ut ) u @)} = | my SO
T
s )
odp) =l = sy = | O
[il5]
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CeeToBoli KOHYC hOTOHA

Byaem cunTaTh BCe mMmnynbebl BXOAsAWwMMY, Tak 4To »_ p; = 0. Bribepem

N5 BCeX (DEPMUOHOB (; = P5 U BBEAEM acCOLMUPOBaHHbIE ‘UMNybChl k;:

ki =pi — sz ps, K2=0, i=1.4, 2)
Pi - D5
4 4 m2 4 m2
5 ; ;= Kps, +Z2pz " +Z%i.p5
4 4 (3)

p5=—ZPiZK/k5, K' = —Z

ar 2p; - k5_ _Z% ks

BekTop k5 nonydaercs us ps; Takum obpasom, 4Tobbl BO3HUKAIO
“coxpaHeHme accounmnpoBaHHbix uMnynscos’ > k; = 0.

Anti-Schouten anroputm

(a1]b1)(az|b2) — (a1|b2){az|bi) — (a1]az)(b1|b2)
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CocTosiHnsa cnupanbHOCTH

[Mpon3eon B npoeLnpoBaHNn Ha CBETOBOI KOHYC COOTBETCTBYET NMPOU3BOY
B BbiDOpe ocu KBaHTOBaHMsA cnuHa. Mebl ero ncnons3sosann ans
yNpoLLeHns.

[ns nony4veHns aMnanTyabl 3aaHHOMO NOJSPU3ALMOHHOTO COCTOSHUS
[OCTAaTOYHO MPUMEHUTHL MATPULY NMOBOPOTA CNUHA.

TpaHcopmauus kK cnupanbHomy basucy

Hai = Ca:)iMbi
utd <m|i<bz‘>*|5> <<z'*|\i>> il
bi i ) Glsy | i*[i i*[i2)(i]5)
Cai | ma[i*]5] (i"]5) ) i*i

Li* 1] [i]5] (i5) Ll lals] o faf]

2
m; 2
kib = Di — mkl*, ki" =0
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MKecTkoe TopMoO3HOoe n3ny4enmne ete” — ete y

/Hhard — rHisr + fosr ST P

isr

Hislrx2x3x4x5 (p17p2ap3ap4) — _H+X1_X3_X2+X4X5 (+p17 —P3, —P2, +p4)

HY oxaxaxs (P1:P2,P3,04) = —HEL i vaxs (—Pa, +D2, +p3, —p1)

CP-symmetry

hard _ a7hard
%X1X2X3X4X5 - X1X2X3X4H—X1—X2—X3—X4—X5

(S) _ 2\/§€3K @1Q3 + (’1)1 + X1a1)('U3 + X3a3)

XS s s— M2+ MyTy
K—1 m% m% mg mi B K—-1
2p1ps  2peps  2p3ps 2paps K
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My =D ASE] + 3 DI Aouf827] + %, D, ALY
Mitl*+++:mf1mf|: D Arf35°] + DB Aq[35°]

5
35

—D®, A3} } DE A [2§5]
= mflmf|: D¥ Ai55°] + DA

—DFL A[f5°] - DY AL 35]
ME = —my D‘siv‘b[ i°] + DL Ao 35]
My = —my DETM‘H 5°] + D A[Y ?15]
M, = —my | D AG335] + DI A} 315}
ME = my, [ DRLAT) - DR A3 |
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PepyunpoBaHHble amnanTyabl

A3 = (1[4)*[4]3] _ (1[4)[5]3]

24

T apes) @b
4315 = ABEDIABE (B9[]

3|24

1BEE2  E)em)
Aol = AR)B2 sy (AREB) 51

2[5)(3[5) [5]4] 124 T (1]5)(2[5)2 [5/4]

gt = WROBE] ) OBGBIG

)] R B

Al = gm0 = T B
adfgir) = A0
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eTe” — ete”: ReneSANCe ogHonetnesbie 3C PN

P-, P+ || 00 | -080 [-08-06]-08, 0.6

/5 = 250 GeV

oBom "nb [[56.677(1) | 57.775(1) | 56.272(1) | 59.275(1)

e pb || 61.55(1) | 59.72(3) | 61.02(3) | 58.44(3)

ete= !

5, % 8.59(2) | 3.37(5) | 8.45(5) | -1.42(5)
Vs = 500 GeV

oBem pb || 14.379(1) | 15.030(1) | 12.706(1) | 17.354(1)

;";ip, pb || 15.436(7) | 14.441(7) | 13.501(6) | 15.40(1)

5, % 7.35(5) | -3.92(5) | 6.26(5) | -11.29(5)
V/s = 1000 GeV

ol pb || 3.6792(1) | 3.9057(1) | 3.0358(1) | 4.7755(1)

o °% pb || 3.862(2) | 3.609(2) | 3.148(1) | 4.067(3)

5, % 498(5) | -7.60(5) | 3.70(5) | -14.84(6)




ete” — ete™: OuddpeperHumnanbHoe ceverHne no cosf

Vs = 250 3B

Born
——— toop
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3[%]

107"

Il Il Il Il Il Il Il Il |
-1-0.8-0.6-04-0.2 0 02 0.4 0.6 0.8 1

/s =500 B

Bom
——— toop

cos(6)

120,
100
8
6
4
2

o ©o o © o

-20

Il L L L L L
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ete” —ete : App = ZLEZ9RL 33BUCUMOCTb OT oS

OLR+ORL
\/5 =250 B \/5 =500 =B
Born Born
1-loop 1-loop
< 016f < 0.1~
0.14F F
012 008
0.1 0.06
0.08F r
0.06] 0045
0.04F 0.020
0.02F F
oF oF |
E e
20.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1

T
02 04 06 08 1
cos(6) cos(6)

|

|
ofb
©

|
ol
o

|
ol
ES

|
ofb
n
ol
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MNaea 3. AccouumnpoBaHHoe poXxxaeHue Xurrca
ete” — ZH

[JaHHublii npouecc npu sHeprum B cucteme uentpa macc 250 3B paer
HaubosbLuee ceveHne poxaeHust 6o3oHa Xurrca n MoxeT bbiTb
NCnosib30BaH Aada NpPpeELN3NOHHOIro N3MepeHnsa ero Macchl.

20



ete”™ — HZ: HA for Born and Virtual parts
H+_+ = N(S)\/§C+{\/X6_ []:2+ - ff_] - 406‘/—'3_}’
"o - N<s>\/§c_{ﬁc+ 7 - 7] 107 ),

0.
Moo= N(s)22 {\f/\ (8L Ff +B_F) ] + 4aeLJ-“O+},
2M,
” _y e — Oc,
H—++ : 7_[+_+ ey —c, H_tro=—Hi—oloe = 0
R P

whith

A = [+ costy,
L=s+MZ— M2 X\=X\s, M2 M?2), Bzi, e i
L c+ =1+ cosvy.
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HA for ete™ — ZH~ (Bremsstrahlung)

M, = 2emiMzN(s')[1]2] < + 0>L35,

0 .
M++,+ = 2€m1MzN( )[1‘2] < + 865>L15L25L35,

M_, = —2eMZN(s’)jle5[1’2i[§)g<l’25> ,

M, ., = —2eMZN(s’)j;m]<[§;g<2’5> ;,

Mgy = VBN i)l (22 B 2 L),
M_y s = —2eMzN()o, ( [1'25]252'; o EE L35>
M yy = —2eMzN(s)o, ( Ll '§’| o E:g L35>

t35 = (315)/[3[5]
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HA for ete — ZH~ (Bremsstrahlung)

Mo = V2ermN(s') ([1|2] (L=t + = @ism)

13/5]
+ (3 e - 5E>) [1[5] 23]
B AR) | B | M3)

M__gs = —V2eN(s) <a(

$15 [112] 545
) B
M, o, = —V2eN(s) (5( [213] <i§><2!5> B [2IE’)1]|<2?}|5> . M%Si|5>)
ot )

where Si5 — 2]% Ps = K’<’i|5> [5’1]
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ete™ — HZ: Pesynbratbl gns ogHonetneson DC Prl

/5 = 250 B
P, P+ 0,0 -0.8,0 11 1-1 -0.8,-0.6
0B 06 || 0.22559(1) 0.26605(1) 0.55234(1) 0.35001(1) 0.12742(1)
o1oop 6 [1'0.20693(1) 0.22353(1) 0.45532(1) 0.37227(1) 0.11176
5, % 8.27(1) | -15.98(1) | -17.57(1) | -6.36(1) | -12.29(1)
/5 = 500 B
P,- . P+ 0,0 08,0 11 1-1 0.8,-0.6
0B n6 || 0.05373(1) 0.06337(1) 0.13157(1) 0.08337(1) 0.03035(1)
oo%p "6 [10.06242(1) 0.06831(1) 0.13937(1) 0.10990(1) 0.03404(1)
5, % 16.15(1) | 7.78(1) | 5.493(1) | 31.81(1) | 12.16(1)
V/s = 1000 3B
P, P+ 0,0 08,0 11 1-1 | -08-06
0B "n6 | 0.01205(1) 0.01421(1) 0.02951(1) 0.01870(1) 0.00680(1
oo "6 [ 10.01457(1) 0.01582(1) 0.03214(1) 0.02590(1) 0.00795(1
5, % 20.86(1) | 11.30(1) | 8.89(1) | 38.49(1) | 16.77(1)
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ete™ — HZ: OuddeperHumnanbHoe ceveHne no cosf
4o nna (P, P,—) = (—0.8,-0.6), /s = 500 3B

dcos vy

0.8

0.6




ete™ — HZ: OuddeperHumnanbHoe cevernne no My

e, pna Py, Pm) = (=1,-1), /s =500 3B

40000

35000

30000

25000

20000

15000

10000

5000

=]

Entiies 1000000
Mean 307.7
Std Dev 6248

L L I I
200 300 400 500 600
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Mnhasa 4. PoxpaeHune nenToHHbIX nap e'e” — EW‘J

JaHHbI npouecc siBnsieTcsl OCHOBHLIM AJ11 U3y4eHusi pacnagoB
Tay-NenToHOB, YTO TpedyeT Tak>Xke y4ETa MoSsipU3aLmUN KOHEYHbIX
yacTtuy,. PesynbTaT moxeTt ObITb MCNONL30BaH As1 NPOEKTUPYEMOD
B8 Poccun «c — 7-cpabpukun». MNpouecc poxxaeHns NenTOHHbIX nap
Tak>ke NpurogeH Assl NIOMUHOMETPUU Ha CYLLECTBYIOWMNX U
6yaywux ete -konnaligepax.
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ete” — ff: HA for Born and Virtual parts
Hoppo = —cq (Qtefv + xz(8)de [ﬂ_ll(s)]:QL + 51}—QQD ’
H oty = 2\7—1 sin (Qte}—w
+x2(8)0 |1 For + 0Faq + 5821 Fan) ).

H+di-—igsmﬂ(Qamf;+x¢@>Pé)(ﬁaf@,+&fw)

+ 01 Fay + 0681 Faq + S0 (21O Fop + 6. Fan) | ).
Hy—p = —cq (Qte}—v +xz(s) [6+Il(3) (2[(§3)fLL + 5e-7:QL>

+ 6 (21 Frq +6.F00) | ).

2
Hopr=Hor (s w87 = B7), gr=q/1- 4&,
Hiyo =Hy—i(cy w87 = B7)

=148

S
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Gauge-invariant diagram sets

A —

ISR

A° + Al

AB

N =

v

FSR
4
A= ! ’
2
3
+
4
1
2 5
3

v

l
A x1x2x3x4x5(p17p27p37p4’p5) = A6X4X3XQX1X5(p4:p37p27p17p5)’me<—>ml- J
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BekTop nonspusayunn

For massless vector boson with momentum £ in axial gauge (fixed by

light-like vector g) we can construct polarization vectors explicitly in terms
of spinor dyad

o Lolwul®) . lgl(k| + |k)g]
ahg) = f[vﬂ; =V g
— (gl’m\ k] 519)k + k)9l

TeH3op HanpsixeHHocTn Makceenna

F,uu(k) [usu]( ) - F+(k) =2 ’k><k|
F(k) = Fu(k)e™  F~ (k) = V2 |K][K]

20



DIiKOHa/IbHBIE MHOXUTENb BbIPaXKeHHbIN Yepe3 TeH3op Makceenna

2e4-p2 2e4-p1 _ 4(]31 “pa)(p2 - €4) — (P2 - pa)(p1 - €4)

2p2-ps 2p1-p4 214224
P1-P4 P2 P4
_yP1Es paEa| 4(?1 Apy) - (F4 N Py)
214224 214724
_ _TT[%%F‘J
214224
roe
214 = 2p1 - P4, 294 = 2p2 - py

40



SlBHbIM 0Opa3oM KOIMOPOBOYHO MHBapUaHTHAst aMMINTYAA

Tr[p,p,Fs] 01Fsézqup  v1€34F5u9

A® = ———=—D1é34us —
2122 21 22

where

éh= > Dy )y e, cd =%l
a,b==+1

Qe , 9eg?
S S — M% + iM2FZ7

D = i = 2pi " s

a1



O60buyeHne Ha BUpTYanbHbIli doToH ete™ Zy* — 0

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

A= +
1 2 1 2

For virtual photon p3 # 0. Vector e4 does not contain 5 | We also relax
property ey - pg # 0.

1 1
A= 61637¢4U2 + 171¢4763’U,2
94 — M 93 — MM
mip=mg=m, e3=¢;(9v +gavs)

P1:P1+%, P2:p2+%, Fo=p,N¢,

Zia = 2P - pa, Zos = 2P - pa, P+ Po+p3=0




poy —m* =2ps - pa+pi = (2p2 +pa) pa=2Ps - ps = Zoy

Because of ¢y = ps-ea+p, Ny
(P, +m)fyuz = (2€4 - o+ pa-ea+ P, N dy)us
= (€4 [2p2 + pa] + Fa)uz = (2e4 - Po + Fy)ug,
Brea(y, +m) = trea(—py, +m)
= v1(—eq - [2p1 + pa] + Fa) = 1(—2e4 - P + Fy)

ei- Py eq- P Tr[PPyF ]

pa-Py pi- P AVVAN

CKaJ'IHpI/BOBaHaFl aMmnanTyna

T F 11 Fad,u v1¢.Fau
A—_ v[ PP 4]171@3u2+ 1Fady 2 1¢5Fqus
AVVA Z14 Z94
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ete” — putp~: Cevenne c ogHonetneson IC Pl ¢

obpesaHusmu.

Vs P-,P+ || 00 | -080 | -0806 |-08-0.6 |
o | open, n6 || 2978.6(1) | 2978.0(1) | 4407.2(1) | 1548.7(1)
([ oY, nb || 3436(1) | 3436(1) | 5079(1) [ 1793(1)
@ 1[0,% 154(1)% | 15.4(1)% | 15.2(1) % | 15.8(1)%
0 abgm,, ¢6 || 1417.6(1) | 1546.5(1) | 2323.5(1) | 769.37(2)
= |0, #6 || 2399(1) | 2614(1) | 3909(1) | 1318(1)
2 |[0.% 69.2(1)% | 69.0(1)% | 68.2(1) % | 71.3(1)%
0 Bgr; 6 || 343.63(1) | 371.62(1) | 557.56(1) | 185.69(1)
= |[ 0%, &6 || 469.8(4) | 495.4(5) | 739.3(7) | 251.5(2)
2 6% 36.7(1)% | 33.3(1) % | 32.6(1) % | 35.4(1)%
o [[ o2 b || 85.355(3) [ 92.131(5) | 138.18(1) | 46.079(2)
= 0M+ _, 6 || 116.2(1) | 121.1(1) | 180.3(1) | 61.83(2)
S |[ 6% 36.2(1) % | 31.4(1) % | 30.5(1)% | 34.2(1)%

obpesatus: |cosd,-| < 0.9,

|cosf,+] <0.9.
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ete” — putp~: Cevenne c ogHonetnesoii IC Pl be3

obpe3aHuii.

' Vs|P-P+ || 00 | -080 | -080.6 [ -08-06 |
o [ opn, nb || 3474.1(1) | 3473.4(1) | 5140.5(1) | 1806.4(1)
|| 0%, nb | 46122(2) | 4612.0(3) | 6786.6(4) | 2437.4(1)
2 6% 32.76(1)% | 32.78(1)% | 32.02(1)% | 34.93(1)%
0 agor;; 6 || 1653.7(1) | 1804.0(1) | 2710.5(1) | 897.5(1)
= |[ o0, &6 || 4526.3(2) | 4915.2(2) | 7298.3(4) | 2532.0(1)
2 5% 173.7(1)% | 172.4(1)% | 169.3(1)% | 182.1(1)%
o [ op2n fb [ 400.85(1) | 433.51(1) [ 650.41(1) | 216.61(1)
= |0, fb | 1138.9(1) [ 1227.7(1) [ 1818.2(1) [ 637.2(1)
2 | 0.% 184.1(1)% | 183.2(1)% | 179.5(1)% | 194.2(1)%
Q Bf;; ¢6 [ 99.57(1) [ 107.47(1) | 161.20(1) | 53.75(1)
= |[ oY, &6 | 296.70(2) | 318.74(3) | 471.61(4) | 165.87(1)
S |[0.% 198.0(1)% | 196.6(1)% | 192.6(1)% | 208.6(1)%
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ete” > putp - metes > 7777 pna /s=5 MB

[ [P+ P ] 00 0-08 0608  -0.6-08

| obom . n6 | 2978.6(1) 2978.0(1) 4407.2(1) 1548.7(1)
g gbom 6 | 2703.15(3) 2702.63(5) 3999.8(1) 1405.51(2)
5| 0% _, n6 | 3436(1) 3436(1)  5079(1)  1793(1)
8 5% 154(1)% 154(1)% 152(1)% 15.8(1)%
S| o — n6 | 2817.4(1) 2817.1(1) 4168.6(1) 1465.6(1)

5, % 1220)%  424D% 422(1)% 4.27(1)%
<| o020, 6 | 3474.1(1) 3473.4(1) 5140.5(1) 1806.4(1)
Z| oPM n6 | 3060.9(1) 3060.3(1) 4529.1(1) 1591.5(1)
| 0%y, . nb | 4612.2(2) 4612.0(3) 6786.6(4) 2437.4(1)
S 6% 3276(1)% 32.78(1)% 32.02(1)% 34.93(1)%
o 0%, nb | 3220.6(1) 3221.3(1) 4766.9(1) 1675.8(1)
Cr5 % 5218(1)% 5.262(1)% 5.251(2)% 5.292(1)%

obpesanus: |cosf, | < 0.9, |cosf.+|<0.9.




ete” — ptu :pesynbraTtel gna /s =250 3B

B cxemax «(0) n G,.
| P+, P~ | 0,0 0-0.8 03-08 008 -0.30.8
agc(’g"), n6 | 1.6537 1.8040 2.2572 1.5034 1.8440
agf", n6 | 1.7611 1.9212 24039 1.6011 1.9638
agfg;‘, n6 | 1.8360 1.9447 2.4261 1.7273 2.1271
5, % 11.03% 7.81% 7.49% 14.89% 15.36%
o—gfj'k, n6 | 1.8547 1.9614 2.4466 1.7480 2.1532
5, % 531% 2.10% 1.78%  9.18%  9.64%
agyg), n6 | 4534 4923  6.115  4.145  5.047
5, % 1742% 172.9% 170.9% 175.7% 173.7%
UE\LV, n6 | 4728 5132 6376 4323  5.263
5, % 168.5% 167.1% 165.2% 170.0% 168.0%
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ete™ — u p': Acummetpus Apr B 3aBUCMMOCTU OT costiy C
B R

3C PI

e 0.5
— E Born: 91.1867 GeV
<< 0.45F 1-loop: 91.1867 GeV
. asaass Born: 250 GeV
i 1-loop: 250 GeV
04 £ annan Born: 500 GeV
- - 1-loop: 500 GeV
035 :_ ----- Born: 1000 GeV
0 3 F eees 1-loop: 1000 GeV
0.25F
0.2
o
0.15)
01 7 i
:.“
005 :4_ _______________________
=
0 +’ 11 | I 11 | I 11 | I 11 | I 11 | I 11 | I 11 | I 11 |

-1 -0.8 -0.6 0.4 02 0 02 04 06 08 1
cos 0,




ete” — pupt, /s =250, 500, 1000 3B.

100

—
o

do/dcos?,
o
—_

0.01 L

10
!

—_

N
0.1}

Vs = 250 GeV

Born - - - -
1-loop ——

cosv,
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Masa 5. Poxpenne ete™ — 7

DTOT NpOLLECC MNpPeACTaBAseT 0CODbIA UHTEPEC A/t MOUCKA OTKJIOHEHWIA OT
CraHpapTHOl Mofenn TPEXDO30HHBLIX KOHCTAHT B3aumopaelcTeus Buaa
doTOH-Z-6030H-poTOH UK doToH-Z-6030H-Z-6030H.
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ete” — ZA: HA for Born and Virtual parts, example

Me 1 Sk‘tu .
Herrr = 75 [2 ~37.7, sin’ 07} VY
ktu S +
v {c+ (FF - Ff - Ff) e FE+ P - 2c+]-"13} ,

ktu . [4M§m6
SOy | ——F—

H =
T :F4ﬁMZ AVA!

+ ko FSE + k1 Fg — koFf + kyc FE — sF + ;klflﬂg] :

0
cos O~ veF,

2
Haygze = ‘fkm sin® 6 [ Zﬁ“@ F-Ff+F+F -F+ ;ffg] ,

Hegir = \fktu sin? 0., {le e FU + sfi?)] ,

ktu . 2
H =4+———sinf M cos O Ue]'—o =+ ktyaeF,
FFL0 V2M, W[le2 ( K ' )

1
- Z(ﬁf +FE - klfﬁ)}

s 1. \
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Higis = q:SiI;H [4MZ FiE =k [sey (FE — FE) +4FE + 2sc_fﬁ]],

T iSiI;G {4M§ FE — k [8FF + sc_ (FF — Fff) — AF5 + 2sc

Hiero = — Vs [ Z]-'O kg (ke FE + kn FfE — AFE — 2k+c]-'ﬁ)}
8v2 M,

Heso = 2 fz\i [ 821;43 Fof 4 kpu (8Ff + ko + i Fyf — AF + 2k f

S . 2
Higss = $§kztu sin 0,c4 []_-g: + ]_-g: — ]-"gt _ 2]:111]7

S .
Hi:'::,:i == igktu Sin 0’70_ |:Z Z

Fo +Fr —Fy — 2fﬁ].

30ecb Mbl BBOAVUM C/IEAYHOLINE COKPaLLEHHbIE 0003HaYeHUS

.7:3[ = ve]:g(sjt,u) + ae]:c?(s, t,u),
FE=Fl(s,t,u) £ Fi(s,t,u), j=1,..13,

5

—~



MaTpuupbl Jupaka B 6-MepHOM NpoCTpaHCTBe

Aare® = {75, +1}, AMAN L ANAM = 9gMN

\ ? MN .
Y = {5, — 1}, g = diag[g"”, 1, —1]

CnnHopHas meTpuka
. R AB 0
eaB _ eﬁa :|

€
= € P =
o e [0 €iB

Bd=5
AOTMPOBAHHbIE N HELOTUPOBAHHBIE CMINHOPHBIE UHAEKCHI MOXHO HE
pasnuyath, nockosbky 49,7 = 1"

(JleBn-YueuTa) NONHOCTBIO AHTUCUMMETPUYHBIA CMIMHOP

604[375 — 3€[a,86'y§] _ 6(1[3675 - 6(176,86 + eaéeﬁw’ 61234 -1

B3



ConpsixxeHHble CUHOPSI

lu) = ua*, (u] = u,” = 6aﬁuﬁbﬁba

[MpoekTuBHLIA onepaTop

p = |[uful = [uNua| = p + myy + 1wy, p° = mm

[lyanbHbili NpoeKkTOp U AyanbHble CMNHOPbI

= _ipa/j’ﬁa’gw, I\) = |Ua]][[ua| = ]5 —m—m = 3# — MWy — Mw—_

CooTHowenune Tuna CxoyteHa u ypasHeHne [Jupaka

eaﬁﬁyéuaaulgbuwc = —e“bﬁwuvc =0 = plu)=0 = [uslu’)=0

B4



ObpaueHune maTpuy, Manoi rpynmnbl
1

lalp)

1

(plalp) = (pldllalp) =2p-q¢ =

(wldl ~

)

2p-q

la[p)

_ (pld]

2p-q

ToxgectBo CxoyTteHa gnsi d = 6

Mbl MOXXeEM PazNoXXUTb MPON3BOJIbHBIN CMIMHOP |u) Ha JMHERHYO

KOMDOMHALNIO 3afaHHbIX CMMHOPOB |p) 1 |q)

lu) = Ip}mﬂqw} +1q)

1
Wﬂpm)

BB



Mpouecc ete " Zy 0B d=6
e (p1) + e (p2) + Z(ps) +(pa) = 0

A=

Pr=p,—m, p3=p,+0, z214=2p1 ps=223, o
é2:p2+m7 ]54:p4+07 224:2152'[\)4:'214a

Fy = paey

/

[NpaBuna Peiinmana patoT
(1]esposcs|2) L

(1|e4p2ses|2)

1 . 1
A = (1lles+—¢4]2) + (1]ea~—e3]2) =
P24 3

224

223

B6



Tensop HanpsixxeHHocTn Makceenna

/Y \ \

kE =0, F=kAZ bk =k2 =0

BeKTOp nonsapnsauumn B AKCUANbHOIA Ka}'ll/l6pOBKe

/ ) ﬁ / \ ! \
5=&, e- k=0, e-g=0
g-k
BbipaxkeHune yepes cnuHopbl
g = V2K [kal, F = V2K (k|

BY7



MpuMep BbIKNaAKM
(P2 + Pa)eal2) = |2K2|€4|2) + Fu|2) = |2)(2p2 - €4) + Fu2)

Kanubposo4Ho-nuHsapuaHTHas copma ansa ete” Zy — 0 B
d=06

_Tr[ﬁlz\uﬁx]me?)m N {1lesFy|2) N (1] Fyes|2)
214294 294 214

A=

Toxpectso Yopaa BbINOJIHAETCA 4SSt KAX40r0 CNaraeMoro.

Amnnutyaa
A 1 1

1
ﬁ__m{m]] el ©(1]es]2) + (1]es|4)® RERVIEEY

1
) e

B8



)+ e (p2) + Z(p3) + v(pa) +v(ps) =

XKW S QXK
LA

1. 1, o1 1 . 101

A= (1]es~ )+ (1245 )+ (1as )
P13 P25 P14 P25 P14 P23
1. 1, o1 1 . 101

+ (1les~ ) + (1les~ )+ (Llles~—¢ )

P13 P24 P15 P24 P15 P23




ete” — ZA: CkanapusosBaHasi amnauTyaa

A= (-

Tr[p1peFy] Tr[pipes]  TrlpoFapeFs]  Trpy Fypr F)
+ + (1]es|2)
214224715225 2942245225 2142145215

it

2)

ALY

FyFses

(1

. (Tr[]ﬁlg‘)zﬂ] Tr[pops 4] ) {1\63F5\2}
214724 2242245

. <Tr[]51f92F4] Tr| p1p5F4 > 1’F5€3‘2
214224 2142145

n (Tl"[ﬁlﬁzFE)] p2p4F5 > ’6’3F4
215225 29252245

. (Tr[plg‘)zfg] Tr[p1paFs) > 1\F463\2
215225 2152145

lesEutsl2)  (tessEuf2) (1] FyesFs2)

2952245 2942245 214225

(1

1%51%463‘2>

2)

215224

2142145

2152145




eteZyvy—0Bd=26

_ o3
A= —(S4®S5 n V1549 V145 n Vos4 y245)®8
2145 2945

_ . c .

+ (54 + M)@@C% — 2 eCyy | @G5
L 2245 2245 ]
- e e -

+ (54 - Y 54)®C15 — =P aCyy|€Gas
L 2145 2145 ]
- e e -

+ (55 + M>®CQ4 — 228 9Cy5 | ®G1s
L 2945 5 |
- e c -

+ (55 - M)®C14 — 2 8C15 | ©Gas
2145 2145 ]

— C14®Co50H 45 — C150C24@H 54

B = (1]es|2),
Gis = (1]es|5),
7‘[45 = {4’63|5b,
Eu5 = [4]5),
Coe — 1
15 [[ Hb’
1 1
Sy = ——(1)2 ,
> = 1 A G
1
Visa = mm‘lﬂ,
~ 1
Vias =




YucneHHble pe3yJjibTaTbl

[Ba Habopa obpe3aHnii

@ yrnosble npegenst cos ¥y € [—0.9,0.9] ans bopHosckoro un
BMPTYaJIbHOrO BKIAZOB, a TakKXe ANl BKJafa MSATKOro TOpMO3HOro
W3NYYEHUs, KOrAa CTb TONBbKO OAUH (POTOH B KOHEYHOM COCTOSIHUW U
N5 BKJ1afa XKECTKOro TOPMO3HOMO U3nydeHus oba hoToHa AO/KHbI
VMETb SHEPruto B C.U.M. bosblie ;]

Habop |: gnsi Toro, 4tobbl XEcTkoe cobbiTne bbIN0 NPUHATO, cos ¥y 1
cos v, Ans hoToHa ¢ Hanbonbluell SHeprielt JOMKHbI NeXaTb B
nHtepsase [—0.9,0.9];

Habop Il: 4Tobbl xecTkoe cobbiTue BbINO NpUHATO, oSy 1 x0T Obl

Ans OgHOro mn3 df)OTOHOB COS 1971, COS 1972 OOJIKHbI N€XXaTb B MHTEPBasie

[—0.9,0.9].
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Ceuenus o (B nb), n oTHOCMTENbHbIE NONPABKU 0

[P+, P ]0,0 | —1,-1 —1,41 [ +1,-1 [ +1,+1
agggg' 4.094(1) | — 6.3528(1) | 10.025(1) | —
tloop | | | 4.281(1) [ 0.0025(1) | 7.254(1) [ 9.863(1) | 0.0029(1)

a(0) [ 4.487(1) | 0.0058(1) | 7.572(1) | 10.364(1) | 0.0060(1)
5o o | L 1455(2) |- 14.19(1) | —1.62(1) | —
00 T 9.60(2) | — 19.19(1) |3.38(1) | —
g 4.361(1) | — 6.7664(1) | 10.678(1) | —
Jiloop | | [ 4.311(1) [0.0026(1) | 7.341(1) [ 9.896(1) | 0.0025(1)
G 1| 4.529(1) | 0.0057(1) | 7.679(1) | 10.428(1) | 0.0064(1)
5. o |1 —116(2) | — 849(1) | —7.33(1) | —
G0 IT387(2) | — 13.48(1) | —2.34(1) | —

ansi y/s = 250 3B, npn pasnuyHbIX NONSPU3aLNSAX HAYaNIbHBIX Y4acTuL, B

3C cxemax a(0) n G, anst Habopa | n Habopa I
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CeyeHne n nonpaBka B 3aBUCUMOCTU OT cos v,

do_ /dcosdz, [pb]

doy_/dcos?dz, [pb]

L5 3 25
1f — 20
: E 15
[ S 10
0.5} & 5
L o
3 0
L T s
o [ NLO, Setup I, ag()}
0.2 L —- < _10 | NLO, Setup II, a(0) - -
S NLG, Setup I G,
—15 | NLO, Setup I, G, —--- 1
s s s s s s L s —20 s s s s s s s s
0 01 0.2 03 04 0.5 06 0.7 08 0.9 0 01 0.2 03 04 05 06 0.7 08 0.9
cosVz cosVz
10 T T T T T T T T
2 5} i
1
0.5
+_-30} NLO, Setup I, o(0
< 7301 NLOSetnp I, anﬂ _—
— - —35 | NLO, Setup I G,
02f-=-—"" ] _40 | NLO,Setup IL, G, —--- ]
" " " " " " " " —45 " " " " " " " "
0 01 0.2 03 04 05 06 0.7 08 0.9 0 01 0.2 03 0.4 05 06 0.7 08 0.9
cosVz cosVz

npu /s = 1000 3B. BepxHsisi nanens - ans KoHdburypauumii co
CNUPanbHOCTBIO (—+), HUKHSS - Ans koHdurypauyuii (+—).




AcummeTtpusa A Kak pyHKUMSA coS ¥y

0.3 T
[ NLO, 250 GeV - - - ]

0.25 E NLO, 500 GeV ]
o NLO, 1000 GeV —: - ]
0.2 F ]

I S ]
<0.15 F 3
0.1f =]
0.05F o= - ]

0 [ P EEPU TR RN RPN BRI RPN B
0O 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9
cos Uz

ans /s = 250, 500, 1000 3B B cxeme «(0) n Habopa Il.
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OcHoBHble nybnnkauyum

PesynbTaTbl N0 TeMe AuUccepTauun U3NoXeHbl B 6 CTaTbsX,
13 KOTOpbIX 4 U3gaHbl B XXypHanax, pekomeHgosaHHbix BAK nau B
Hay4HbIX XXypHanax, nHgekcupyembix Web of Science u Scopus:
@ One-loop electroweak radiative corrections to polarized Bhabha
scattering Phys.Rev.D98,013001(2018) arXiv:1801.00125
@ One-loop electroweak radiative corrections to polarized eTe™ — ZH
Phys.Rev.D100,073002(2019) arXiv:1812.10965

© One-loop electroweak radiative corrections to lepton pair production in
polarized electron-positron collisions
Phys. Rev.D102, 033004 (2020) arXiv:2005.04748

© QED and electroweak radiative corrections to polarized Bhabha
scattering J. Phys.: Conf. Ser. 1525 012011(2020)

© One-loop electroweak radiative corrections to polarized ete™ — Zv
arXiv:2111.11490

@ Development of the automatic procedures for spinor matrix element
calculation with massive particles. Ornpasneno B J.Phys.:Conf.Ser.




Anpobauus pe3ynbTaToB:

2021, Virtual and IBS Science Culture Center (FOxHas Kopes): 20th
International Workshop on Advanced Computing and Analysis
Techniques in Physics Research (ACAT2021). [doknaa:
«Development of the automatic procedures for spinor matrix element
calculation with massive particles.

2019, /IHEP(lekun, Kutaii): CEPC Topical Workshop: Theoretical
Uncertainty Controls for the CEPC measurements. Joknaa: «Helicity
amplitudes for Bremsstrahlung .

2019, CERN: 11th FCC-ee workshop: Theory and Experiments.
Hoknag: «One—/o_op electroweak radiative corrections to

ete™ —ete, ff, ZH for polarized eTe~ beamsy.

2018, OVAU: Helmholtz International Workshop “Calculations for
Modern and Future Colliders (CALC2018)". [Joknaga:
«Bremsstrahlung helicity amplitudes with massive fermions>.

2018, HUW Al (Munck): “LHC Days in Belarus”. [doknag: « Complete

one-loop electroweak corrections to polarized ete™ scattering in
SANC>.




Te3VICbI, BbIHOCMMbIE€ HaA 3alnNTy

Bnepeble Boiuuncnensl ogronetnessie IC Pl ¢ yyérom nonsipusauun
BXOAALMX YacTul ans npouecca Baba-paccesHuns. Maccel Bcex vactuy,
yaepXaHbl.

Brepsbie nonyyersl ogHonetnesble 2C Pl ¢ yyérom nonsipusauum Bcex
4acTuy, ANs NpoLecca POXKAEHUS JIENTOHHbLIX Nap B
S/IEKTPOH-MO3UTPOHHbBIX CTOJIKHOBEHUSIX A NMOSHOro ¢ha3oBoro obbéma.

Brepebie nony4yensl ogHonetnessie IC Pl ¢ yuétom nonspusaumm
BXOASLMX YACTUL, 4J1s1 MpoLecca acCoLMMPOBaHHOMO PoOXKaeHust 6030Ha
Xurrca coemectHo ¢ Z-6030HOM.

Bnepeble nonyyersl ogHonetnesblie C Pl ¢ yyétom nonsipusayum
BXOAALLMX YacTuL, A1t NpoLecca poxaeHus napbl poToH-Z-0030H.
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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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Setup for tuned comparison

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

Initial parameters

a~1(0) = 137.03599976,
My = 125.0 3B,
me = 0.5109990 M3B,
mg = 0.083 B,
m, = 0.062 3B,

My = 80.4514 3B,

ms = 0.215 3B, my = 4.7 3B,

me = 1.5 3B, my = 173.8 3B.
with cuts |cosf| < 0.9, E, >1GeV

Iy = 2.0836 3B,
My =91.1876 3B,  I'y = 2.49977 3B,

m,, = 0.105658 3B, m, = 1.77705 3B,

WHIZARD and CalcHEP

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




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

do

dcosf
1nb
0.1nb

10pb | -

P § + 4+ -+ E

f Pt T i

Ipb | b e =

- RS T ~ae T+ |

[ —H T TR S

| | | . 3 A




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

d_O' - -

dn | %

— ==+ ]

i +— +- ]
0.1nb

g =T+ |

10pb

1pb b




ete” = ete”

: WHIZARD vs SANC (Born)

P-,P+ || 00 [ -080 [-08-06]-08 06
Vs = 250 GeV

oBom  pb [[ 56.677(1) | 57.774(1) | 56.272(1) | 59.276(1)

oBom  pb || 56.677(1) | 57.775(1) | 56.272(1) | 59.275(1)
Vs = 500 GeV

oBom  pb [[ 14.379(1) [ 15.030(1) | 12.706(1) [ 17.355(1)

oBem  pb || 14.379(1) | 15.030(1) | 12.706(1) | 17.354(1)
Vs = 1000 GeV

oBo b [[ 3.6792(1) | 3.9057(1) | 3.0358(1) | 4.7756(1)

‘jf;" pb || 3.6792(1) | 3.9057(1) | 3.0358(1) | 4.7755(1)
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ete™ = ete™

: WHIZARD vs SANC (hard)

P-,P+ || 00 | -080 [-08-0.6]-0.8, 0.6
Vs = 250 GeV

ohd pb || 48.62(1) | 49.58(1) | 48.74(1) | 50.40(1)

ohard  pb || 48.65(1) | 49.56(1) | 48.78(1) | 50.44(1)
Vs =500 GeV

ohard pb || 15.14(1) | 15.81(1) | 13.54(1) | 18.07(1)

ohard pb || 15.12(1) | 15.79(1) | 13.55(1) | 18.11(2)
V5 = 1000 GeV

ohard pb || 4.693(1) | 4.976(1) | 3.912(1) | 6.041(1)

ohrd pb || 4.694(1) | 4.975(1) | 3.913(1) [ 6.043(1)
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ete” — et

e~ alTALC vs SANC /5 = 500GeV

cos 6 Ef;n . pb Ef;n+th+soft pb
-0.9 2.16999 - 10~ | 1.93445- 10!
2.16999 - 10~ | 1.93445- 107!
—0.5 2.61360 - 10~ | 2.38707 - 10!
2.61360 - 10~ | 2.38707 - 10!
0 5.98142 - 10~ | 5.46677 - 10!
5.98142 - 107! | 5.46677 - 10!
+0.5 4.21273-10° | 3.81301 - 10°
4.21273-10° | 3.81301 - 10
+0.9 1.89160 - 102 | 1.72928 - 102
1.89160 - 102 | 1.72928 - 102
+0.99 2.06556 - 10* | 1.90607 - 10*
2.06555 - 10* | 1.90607 - 10*
+0.999 | 2.08236-10° | 1.91624-10°
2.08236 - 10 | 1.91624 - 10°
+0.9999 | 2.08429-10% | 1.91402- 108
2.08429 - 10% | 1.91402 - 108




ete” = utp~

: alTALC vs SANC, /s = 500GeV

cos ¥V O'Bgm,, pb O';;if#,, pb O-Z(ifilfi pb Biz‘j_v'rt+50ft, pb
al| -09 O 09458936 0.007074202 -.01137770 0.09028587
S 0.09458937 0.007074200 -.01137770 0.09028587
a| -0.5 0.08929449 0.01142066 -.01603201 0.08468314
S 0.08929448 0.01142066 -.01603201 0.08468313
a| 0.0 0.1503198  0.02280391 -.03291616 0.1402075
S 0.1503199  0.02280392 -.03291616 0.1402075
al| 05 0.2865049  0.06366626 -.07403504 0.2761361
S 0.2865049  0.06366627 -.07403505 0.2761361
al| 09 0.4495681 0.1596106 -.1428113 0.4663674
S 0.4495682 0.1596107 -.1428113 0.4663675

An Integrated Tool for Loop Calculations: alTALC

A. Lorca and T. Riemann, Comput. Phys. Commun. 174 (2006) 71-82,
hep-ph/0412047
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ete” — ZH: WHIZARD vs SANC (Born), fb

\/s=250 GeV
P, P 0,0 11 11 11 1,1
WHIZARD 225.59 6.368E-8 552.34 350.01 6.368E-8
CalcHEP 225.59 4 411E-8 552.34 350.02 4 411E-8
SANCee 225.59 0 552.34 350.01 0
v/s=500 GeV
P, . P 0,0 11 11 1-1 1,1
WHIZARD 53.738 3.762E-7 131.57 83.377 3.762E-7
CalcHEP 53.738 5.994E-8 131.57 83.377 5.994E-8
SANCee 53.737 0 131.57 83.377 0
/5=1000 GeV
P, P. 0,0 11 11 1-1 1,1
WHIZARD 12.054 4 .801E-7 29.515 18.703 4.801E-7
CalcHEP 12.054 2.639E-8 29.515 18.703 2.639E-8
SANCee 12.054 0 29.515 18.703 0
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ete” — ZH: WHIZARD and CalcHEP vs SANC (hard), fb
\/s=250 GeV

P, P+ 0,0 -1-1 -1,1 1-1 1,1

WHIZARD | 82.00(1) | 0.009143(1) 200.7(2) | 127.2(1) | 0.01470(1)
CalcHEP | 82.00(1) | 0.02596(1)| 200.8(1) | 127.2(1) | 0.02596(1)
SANCee | 82.00(1) | 0.02596(1)| 200.7(1) | 127.2(1) | 0.02597(1)

v/s=500 GeV

P_. P+ 0,0 1,1 11 1-1 11

WHIZARD | 38.96(1) | 0.1256(1) | 95.10(8) | 60.27(1) | 0.1169(1)
CalcHEP | 38.96(1) | 0.2201(1) | 95.12(1) | 60.27(1) | 0.2198(1)
(1

SANCee | 38.96(1) | 0.2200(1) | 95.10(1) | 60.25(1) | 0.2199(1)
/5=1000 GeV
P P+ 0,0 11 11 1-1 1,1

WHIZARD | 11.67(1) | 0.07051(1)| 28.41(1) | 18.00(1) | 0.07018(1)
CalcHEP | 11.67(1) | 0.1326(1) | 28.41(1) | 18.00(1) | 0.1326(1)
SANCee | 11.67(1) | 0.1327(1) | 28.40(1) | 18.00(1) | 0.1326(1)
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ete” — HZ: o distributions on E~

do

dE~'

with (P, P,~) = (—1,—1), \/s = 500GeV

600

500
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b b b b becnc b b e
10 15 20 25 30 35 40 45#E50
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ete” — Z~v: WHIZARD and CalcHEP vs SANC (hard), fb

\/s=250 GeV
PP+ 0,0 11 1.1 11 1,1
WHIZARD | 46.22(1) | 2.53(1) | 110.07(2) | 69.75(1) | 2.53(1)
SANCee | 46.18(2) | 2.51(1) | 110.04(3) | 69.71(2) | 2.45(1)
s=500 GeV
PP+ 0,0 11 1.1 11 1,1
WHIZARD | 11.36(1) | 0.76(1) | 26.90(1) | 17.05(1) | 0.76(1)
SANCee | 11.34(1) | 0.73(1) | 26.88(1) | 17.03(1) | 0.72(1)
\/s=1000 GeV
PP+ 0,0 11 1.1 11 1,1
WHIZARD | 11.28(3) | 1.032(2) | 26.43(3) | 16.63(3) | 1.043(3)
SANCee | 3.07(2) | 0.198(1) | 7.265(2) | 4.605(1) | 0.196(3)

w=10"%
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Maxwell's bivector in spinor notation

L9+l k) |9+ )K[ + |K)9+]
ef(k,gy) = \f[k|/;+]’:>¢+(k gy) = V21t L +
- (g-|ulk] g )E| + kg |
ek, g-) = \TWH ) ¢ (kyg-) = V2 kg
Bt b = 3 (1%10k1 + rk>[kr)(rg+]<kr +FIRol) V2
[kg+]
Maxwell tensor in terms of Dirac spinors
_ )| _ |k )K| _
= V2[k) k| = V2 [ \k][kl]aa’ F = V2|k)o[k|
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Eikonal factor in terms of Maxwell’s bivector

2¢4-p2  2e4-p1 _  (P1-pa)(p2-c4) — (P2~ pa)(p1 - 24)

2p2-ps 2p1-Dp4 214224

P1-P4a D2 P4
P1-€4 P2-€4

(?1 /\pz) ) (¢4 /\P4>

214224 214224

_ _4<p1p2F4>0 _ _Tr[p1p2F4]

214224 214224
_ 28 py  KP Fappe

 2py-pa 214224

with

214 = 2p1 - p4,
294 = 2p2 - P4
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Phase space variables

Phase space volume

5
dR3 = d*ps6(p3 — m3)d"psd(p] — m3)d*psd(p3)6* (D pi)
=1
5
dR3 = d"k3d(k3)d" kad(k3)d k50 (k3)6* (Y ki) K’
=1
Some notations
2

Di.j =Pit: - +Dj Sij=Di.;

kij=ki+-+ki zi.j=Fk_,
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