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Why two-loop Bhabha scattering?

o N

® Necessary for luminosity determination at running and future
electron-positron colliders

» High-Energy Small-Angle Scattering (iLc-Gigaz)

required accuracy 0.1 pm available accuracy 0.5 pm

» Low-Energy Large-Angle Scattering
(BABAR/PEP-II, BELLE/KEKB, BES/BEPC, KLOE/DA®NE, VEPP-2M)

required accuracy 1 pm available accuracy 5 pm

® Test ground for new methods of multiloop calculations

® Classical problem of perturbative QED
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Born approximation

do©® a2 /1—x+x2\? 1— cosB
s () romes, x-
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dQ s

do©® a2 /1—x+x2\? 1— cosB
(F575) vom, x=17

Phenomenologycally interesting:

#® High energy region s, t, u> mé
#® Small angle Bhabha scatteringt < s, X~ 0
® Large angle Bhabha scatteringt ~S, X~ 1
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Radiative corrections

o N

Only inclusive processes are IR finite and observable

o= 5 (Yo, oo ral, oo +ofl +o..
i\
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Radiative corrections

o N

Only inclusive processes are IR finite and observable

° 2 (=) o™ oW=a+af”,  o® =0l +ai) +ai?...

Two types of IR divergences:

#» Soft divergences, regulated by A or €. Disappear in
soft-photon-inclusive cross section with the energy cutoff
Ecut ON the emitted photons

® Collinear divergences, regulated by meor €. Disappear in
collinear-photon-inclusive cross section with the angular
cutoff Bt on the emitted photons
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| nclusive cross section
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| nclusive cross section

-

Two ways to include the photon bremsstrahlung

o |

A. Penin, TTP Karlsruhe & INR Moscow Bhabha Workshop, Karlsruhe, April 2005 — p.5/24



| nclusive cross section

o N

Two ways to include the photon bremsstrahlung

® Putm.=0
» Define QED “structure function” for initial states

» Define QED ‘jets” with angular resolution B¢y > 1/NE/s
for final states
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| nclusive cross section

| N

Two ways to include the photon bremsstrahlung

® Putm.=0
» Define QED “structure function” for initial states

» Define QED ‘jets” with angular resolution B¢y > 1/NE/s
for final states

® Keepme=#0
» Split real radiation into “soft” and “hard” by Eoyp < Me

» Compute the virtual+soft real part analytically

» Compute the hard real part with actual experimental
cuts by means of Monte Carlo

| |

A. Penin, TTP Karlsruhe & INR Moscow Bhabha Workshop, Karlsruhe, April 2005 — p.5/24



dO'(l) 1)
o = oln ( 2) 3" + O (m2/s)
e
&Y = 4In<ECUt T =/5/2
do®® - _ S (=) +80 )In 52 + O (m2/s)
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History and current status of two-loop calculations

o N

#® Logarithmic corrections to SA scattering
A.B. Arbuzov, V.S. Fadin, E.A. Kuraey, L.N. Lipatov, N.P. Merenkov, L. Trentadue

#® Logarithmic corrections to LA scattering
E.W. Glover, J.B. Tausk, J.J. van der Bjj

® Full massless result for virtual correction

Z. Bern, L. Dixon, A. Ghinculov

® m # 0, fermion loop insertions

R. Bonciani, A. Ferroglia, P. Mastrolia, E. Remiddi, J.J. van der Bij

® Photonic corrections, leading order in m2/s
A. Penin
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Framewor k of calculation

-

® Purely photonic corrections

#® Nonzero photon mass A << Me

#® Leading order in m2/s
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#® Leading order in m2/s

Systematic expansion of Feynman integrals in mé /S
| Expansion by regions|  smimoy
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Framewor k of calculation

o N

® Purely photonic corrections

#® Nonzero photon mass A << Me

#® Leading order in m2/s

Systematic expansion of Feynman integrals in mé /S
| Expansion by regions|  smimoy

In the leading order in mg/sthe massless and massive results
are related by change of IR regularization scheme:

[Infrared subtractions]
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| nfrared subtraction
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| nfrared subtraction

® For a given amplitude 4 construct an auxilary amplitude 1
with the same structure of IR singularities.
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| nfrared subtraction

® For a given amplitude 4 construct an auxilary amplitude 1
with the same structure of IR singularities.

#® Compute the matching term for A, me =0

0A = [/‘Zl (€) —le(s)]

e—0

o |

A. Penin, TTP Karlsruhe & INR Moscow Bhabha Workshop, Karlsruhe, April 2005 — p.9/24
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® For a given amplitude 4 construct an auxilary amplitude 1
with the same structure of IR singularities.

#® Compute the matching term for A, me =0

0A = [/‘Zl (€) —le(s)]

e—0

® Compute the auxilary amplitude 4 for A, Me— 0
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-

® [or a given amplitude 4 construct an auxilary amplitude 1
with the same structure of IR singularities.

#® Compute the matching term for A, me =0

0A = [ﬁl (€) —/’4(8)}

e—0

#® Compute the auxilary amplitude 4 for A, Me— 0
#® The amplitude 4 in the limit A, me — 0 is given by
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How to constr uct ﬁT?
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How to construct fg?

o N

[ |R singularities factorize and exponenti ate]
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How to construct ﬂT?

o N

[ |R singularities factorize and exponenti ate]

Example: vector form factor & =y, ()", (Q% = —s)
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- | N

|R singularities factorize and exponenti ate]

Example: vector form factor & =y, ()", (Q% = —s)

A, Mme=0:

f1) [_212_:’8_2+Zi+( 4+§+2Z(3)>s+(—8+rg+22(3) 2;127;({[4)82](?128

A<M < Q:

o _ (), [t E) §] (Q_Z)_} (E)_ ™
f = 4In <m2>+[2|n(mg +4 In 2 2In 2 1+12
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f F ~ exp{%T [In <S]—;> —1} In (ﬁ)} (D.R.Yennie,S.C.Frautschi,H.Suura)—‘

2
me

G
0In(Q?)

T — [—%{In(QZ)Jr(p(me,?\,S,G)} F (A.Mueller,J.Callins)
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d

0In(Q?)

F = [-%{In(QZ) +cp(me,>\,8,u)} ¥

} (D.R.Yennie, S.C.Frautschi,H.Suura)

(A.Mudller,J.Collins)
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)\, Me = O (7. Matsuura, S.C. van der Marck, W.L. van Neerven):

1 2 (3 @ 3 1 /2\* 1 2
S(f@N (=28 0 — (B _ = _ £

5 (1Y) (32 g " 2Z(3)> 2 (QZ) 128 96T[2 =6 B

A < Me < Q (P Mastrolia, E. Rmiddi):

(1) + (5= 5+ @) () + B+ - 513 gt - T

Me < A < Q (B. Feucht, J.H. Kiihn, A.A. Penin, V.A. Smirmov):

1 2 3 m™ 3 Q? 15

1o s ™ 15 220

5 (1Y) +(32 8 +2Z(3)>'”(A2) 28 1™ ) 360Tl4 S

2 1
ZIn*(2)+16Lis [ =
+3n()+ I4(2)
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ete” — ete amplitude
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ete” — ete amplitude

| o -
=5 (3) A"

® A" are two-component vectors in the chiral basis
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ete” — ete amplitude

| o -
=5 (3) A"

® A" are two-component vectors in the chiral basis

Collinear logs fatorize into extermal legs (. Frenke, J. Taylor)]
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ete” — ete amplitude

| o -
=5 (3) A"

® A" are two-component vectors in the chiral basis

Collinear logs fatorize into extermal legs (. Frenke, J. Taylor)]

a-F%g

® Reduced amplitude 4 is free of collinear logs
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Exponentiation

f o - O 1-x\ _
aln(QZ)/q = ﬁIn (T) A (A.Sen; G.Sterman)

-
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W 2

3 2

Exponentiation

-

(A.Sen; G.Sterman)
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Exponentiation

-

(A.Sen; G.Sterman)
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Two-loop infrared divergences
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Two-loop infrared divergences

|70ur prediction —‘
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Two-loop infrared divergences

fOur prediction T

1 2 2
@ _ L (A @ _ (1) (2)
A Z(A )+2f (f )+6A
Catani’s formula

1

AL — |(1)_|_A§in)

2
NG H(lm) +H<2>]+|<1>A<l>+A§i?
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Two-loop infrared divergences

fOur prediction T

A % (Am)z Lof@ (f(l))z L 5A®)
Catani’s formula
AD = 04 Al
NG H (I(l))2+H(2)] L IWAD 4 AR
Scheme invariance
'y, AW =Al_G

fin fin

2 2 2 1
H® =H® 4 A=Al - (éGZ+F)
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Two-loop infrared divergences

fOur prediction T

1 2 2
@ _ 1 (0 2) _ () (2)
A Z(A ) 4 2f (f ) + A
Catani’s formula
1
AL — |(1)_|_A§in)
1 2 ,
A2 [—5 (10) +H(Z)] IRTCCIINGS
Scheme invariance
1 1 1
|/( ):|(:|-)_|_G7 A/lgin):A]Ein)_G
H@ —H@1p AP Al (%G%F)
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|nfrared matching
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|nfrared matching

o N

I /(1) — _ I
= one-loop correction to 4,
® Change of the scheme

H/(?) = two-loop correction to In #
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|nfrared matching

o N

11D = one-loop correction to 4
® Change of the scheme

H/(?) = two-loop correction to In #

#® Change of the reqgularization \
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|nfrared matching

o N

11D = one-loop correction to 4
® Change of the scheme

H/(?) = two-loop correction to In #

#® Change of the reqgularization \

# Inverse change of the scheme [ 1D, me), HD(A, me)]

o |

A. Penin, TTP Karlsruhe & INR Moscow Bhabha Workshop, Karlsruhe, April 2005 — p.16/24



|nfrared matching
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Catani’s operators in massless case
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Catani’s operators in massless case

1 177 11, 3 7
In<mi% +|n(ix>—m]+a+2—4 - 22(3)— T~ TEIN(2)
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Result (page 2 of 2)
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Two-loop photonic correctionsto SA Bhabha scattering
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Two-loop photonic correctionsto SA Bhabha scattering

o N

a\2 do® 3 2)y2( s (2) s
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Two-loop photonic correctionsto SA Bhabha scattering

o N

(5)° 85 x 10 B (%) +8n (%)
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Two-loop photonic correctionsto L A Bhabha scattering

o N

0 20 40 60 80 100 120 140 160 180

o |
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Two-loop photonic correctionsto L A Bhabha scattering

o N

2 da(2) (2) (2)
(&) g x> &I (5)+87 (%)

0O 20 40 60 80 100 120 140 160 180
VS =1GeV, In(fﬂ> =0
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Two-loop photonic correctionsto L A Bhabha scattering

o N

2 4a(2) (2) (2)
(8)? 905 x 103 &7 (%) +87 (%)

0O 20 40 60 80 100 120 140 160 180
VS =1GeV, |n(7ﬂ)=o
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Two-loop correctionsto SA Bhabha scattering

o N

__| photonic

total

—1 fermionic
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Two-loop correctionsto LA Bhabha scattering

o N

do(0)
6 | i
’ = = | photonic
4 | | total
2
0
| fermionic
) I
4 |
\

0 20 40 60 80 100 120 140 160 180
eO
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Summary
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Summary

o N

® After long way the two-loop QED corrections to Bhabha
scatterng are here.

o |
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Summary
f ® After long way the two-loop QED corrections to Bhabha T
scatterng are here.

® They should be incorporated into the Monte Carlo event
generators.
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