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Factorization vs. Monte Carlo

Every Parton Shower Monte Carlo (MC) is based on the concept of
Jactorization. For pp collisions it can be written as:

o= 3 [ dnde it ) 530120500, &1

In MC we want to generate exclusive distributions (full 4-momenta
dependence)

@ Above formula is inclusive!

@ It violates 4-momentum conservation (k; component);

o Features huge oversubtractions (time ordered exponential is
constructed by geometrical series).
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Factorization vs. Monte Carlo

Every Parton Shower Monte Carlo (MC) is based on the concept of
Jactorization. For pp collisions it can be written as:

o= 2 [ dnde im0 61012050, 1)
ij

In MC we want to generate exclusive distributions (full 4-momenta
dependence)

@ These problems have been solved only in LO approximation;
@ Big progress towards NLO (POWHEG, MC@NLO);
@ Still no solution for full NLO in the shower.
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Aim

Ultimate aim

Construct MC with NLO parton shower and NLO/NNLO hard
process

Steps on the way

o reformulate collinear factorization to exclusive (unintegrated)
form;

@ construct new LO shower;
@ include NLO corrections to hard process;

@ include NLO corrections to the shower itself (ladders);
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LO shower

Main features of new LO shower:
@ based on modified collinear factorization;

e conserving 4-momentum (also transverse component)

e giving perturbative series directly in terms of exponent not
geometrical series (avoiding oversubtractions)

o real emissions regularized geometrically in 4 dimensions

e subtractions defined in unintegrated form (corresponding to MC
counterterms)

@ angular ordering;

@ cover the whole phase space — no gaps;
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(re-)constructed LO shower
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(re-)constructed LO MC shower e

[ g ooon)
oo = f dxordxop do(fo,XOF)do(lo,XOB)Z Z f dxF dXB
=0 np,=0
_ . - 2Cray -
X e Sp f: ( 1_[ d*é}(k,)@ <M1 H—I;P(ZFi))éx,::xo,: l—];l:ll -
=<y =1
2Cra
-S 3 Fls
x5 j; . (]—l[d ENOon s =5 PPy 112
j
ny+ny dO'B R
X dty(P — Z kisq1,q2) E(SXFXB,Q)

=

Aleksander Kusina New method of adding NLO corrections to hard process in MC shoy



(re-)constructed LO MC shower e

s

oo = deOFdxos dO(t07xOF)d0(t07XOB)Z ZfdxF dxp
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nj
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do ~
X dty(P — Z kisq1,q2) d—gf(SXFXB,Q)
=1

@ dy(iy, xor) — initial PDF (preferably in MC scheme)
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(re-)constructed LO MC shower e

s

oo = f dxordxop do(fo,XOF)do(lo,XOB)Z Z f dxF dXB

=0 np,=0
ni

_ . 2Cray -
Xe SF f ( 1_[ d*S(k,)H i<nic1 H—I;P(ZFi))é)CF:XOF n"ll 25
<y, =

i=1

B 2Cra;
X eS8 f (ndSS(k )9;7,>17, - P(ZBJ)) XB—XOBH | 2B
E>7ln2 j=1 7r
ny+ny

do ~
X dty(P — Z kisq1,q2) d—gf(SXFXB,Q)
=1

@ dy(iy, xor) — initial PDF (preferably in MC scheme)

@ Sr & Sp — Sudakov formfactors
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(re-)constructed LO MC shower e

s

oo = f dxordxop do(fo,XOF)do(lo,XOB)Z Z f dxF dXB

=0 np,=0
ni

x eS¢ f ( BEFN,
E<in, 1_[ "

i=1

2Cra,
X e~ f 1—[ d*EK)Oy 51, F P(&B/)) xa=xop T17%, 28
E>N,

ZCFO,’S
P(NFI)) XF=XoF ]—]:»l:l1 ZFi

ny+ny

do A
X dty(P — Z kisq1,q2) d_gf(sxeB’e)
j=1

@ dy(iy, xor) — initial PDF (preferably in MC scheme)
o Sr & Sp — Sudakov formfactors
o LO DGLAP kernel P(z5) = $(1 +2%)
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(re-)constructed LO MC shower 2

oo = f dxordxop do(?o,XOF)do(?o,XOB)Z Z f dxp dxg
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J=1

@ = — Z-boson rapidity (division between F and B hemispheres)
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(re-)constructed LO MC shower 2

oo = f dxordxop do(?o,XOF)do(?o,XOB)Z Z f dxp dxg

1’11=0 n2:O

n
_ - 2Cray -
x =5 ﬁ (l_[d38(k,-)9,7,.<,,,.7|%P(ZF;’))&XF:XUF M 2
=<y =1

_s = 3o/ 2Cra; -
xe S [ ( (1)
E>1ny j=1
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do ~
X dty(P — Z ki q1,q2) d_gf(sxeB’g)
J=1

@ = — Z-boson rapidity (division between F and B hemispheres)

e = % In llj—f — rapidity of emitted gluons (nor > -~ > ey > 1+~ > E)
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(re-)constructed LO MC shower

oo = f dxordxop do(?o,XOF)do(?o,XOB)Z Z f dxp dxg

1’11=0 n2:O

ny
_ - 2Cray
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do ~
X dty(P — Z ki q1,q2) d_gf(sxeB’g)
J=1

@ = — Z-boson rapidity (division between F and B hemispheres)
o= % In ’,i—f — rapidity of emitted gluons (nor > -+ > =1 > 1+ - > E)

@ k; —rescaled 4-momenta
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(re-)constructed LO MC shower v

[ooon gy 1 [ oo

oo = f dxordxop do(to,XOF)do(to,XOB)Z Z f dxr dxp

np= =0 n2—0

_ & _ 2Cra;
X e f ( ]_[ d38(ki)9 i <Ni-1 F P(ZFl)) xr=xor [T}, 2ri
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do A
X dty(P — Z kisq1,q2) d—g;(sxpr,Q)
=1

° d38(k) 2k0 k12 = ngf ‘f{’i dn — eikonal phase-space for real gluon

° % — LO hard process matrix-element
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(re-)constructed LO shower

Analytical integration of LO MC distribution

i
d
xdr(P= ) kg o G

over the multigluon phase-space gives the standard collinear formula:

1
oo = f dxp dxp Dp(t,xp) Dp(t, xp) 0p(sxpxp)
0
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LO MC shower vs. collinear factorization
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NLO correction to hard process

1-st order corrections

*"y
(profonyll | || g proton]
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NLO correction to hard process

oo = f dxordxop do(?O,XOF)do(fo,XOB)Z Z f dxp dxp
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NLO correction to hard process

Bi(q1,92.k) N Z Bi(q1,q2. k)

WMLO — 1 4 Agoy + Y — E _ K
mc i ZP(sz) dop(3,0)/dQ P(zg;) dop(3,0)/dQ

jeF jeB
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NLO correction to hard process

Bi(q1,92.k) N Z Bi(q1,q2. k)

WMLO — 1 4 Agoy + Y — E _ K
mc N ZP(ZFJ') dop(3,0)/dQ P(zg;) dop(3,0)/dQ

jeF jeB

@ soft+virtual NLO correction (kinematics independent!)

Cras (2, 5
Ay,s = =22 (7 2_7)

37 T2
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NLO correction to hard process

Bi(q1. g2, k) +Z Bi(q1,q2. k)

WMLO — 1 4 Agoy + Y — E _ E
mc i ZP(ZFJ') dop(3,0)/dQ P(zg;) dop(3,0)/dQ

jeF jeB

@ soft+virtual NLO correction (kinematics independent!)

oo (203)

Ayys = 3” 2

@ real correction (with subtraction)

. 1-8)%d 1-a)d
Brtaras b = [ USEE 0T gy + L5290 s gy
q q

1+(-a-p)>dog

» 1+(-a-p?dog
op 2 aQ,

—=(5,0).
2 aa, %

(3,0) = basp
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NLO correction to hard process

Bi(q1,92.k) N Z Bi(q1,q2. k)

WMLO — 1 4 Agoy + Y — k _ E
e " ZP(zF» dop(3,0)/dQ P(zg)) dop(3,6)/dQ

jeF jeB

@ soft+virtual NLO correction (kinematics independent!)

oo (203)

Ayys = 3” 2

@ real correction (with subtraction)

- 1-8)*d 1-a)d
Braran b =[G gy 4 LS008 )
q q

1+(-a-p)>dog

» 1+(-a-p?dog
op 2 aQ,

—=(5,0).
2 aa, %

(3,0) = basp

@ summation over all partons!
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Summation in NLO weight for hard process

Bi(q1, g2, k) N Z B1(q1, g2, k)

WNLO — 1 4 Agyy + > — k _ k
mc ' ZP(ZF]‘) dog(3,0)/dQ P(zg)) dos(5.,0)/dQ2

JeF jeB

1-st order corrections

[proton il [ proton
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NLO weight distribution

h_wtlr
o 3j10'3 v oas:| Correcting to NLO requires
- NLOweight == only reweighting with W0
0.25 weight:
- @ strongly peaked
0.2 .
i @ positive
0.15 o without long-ranged tails
01f
0.05-
O:\‘\\\‘\\\‘\\\‘\\J_LM/'—\J\\\‘\\\‘\
14

0O 02 04 06 08 1 12
wt

NLO
WM C
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NLO weight distribution

h_wtlr

o 3i10'3 v osss| Correcting to NLO requires

- NLO weight == =221 only reweighting with WZLCO
0.25 weight:

; o strongly peaked
02F .

- @ positive
0.15 o without long-ranged tails
01f i NLO -

- Good behavior of W7 is a
0,05 profit form reformulating the
r ;_,.J collinear factorization and

0 o2 04 08 08 1 1z 14 rebuilding LO shower.

wt
NLO
WM C
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NLO correction to hard process

As in LO, the NLO MC distribution can be integrated analytically
over the multigluon phase space giving standard collinear formula:

i
o= fdxF dxg dz Dp(t,xp) Dg(t, xg) 0p(s2xrxp){0,=1(1 + Agsv) + Cor(2)}
0
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NLO correction to hard process

As in LO, the NLO MC distribution can be integrated analytically
over the multigluon phase space giving standard collinear formula:

i
o= fdxF dxg dz Dp(t,xp) Dg(t, xg) 0p(s2xrxp){0,=1(1 + Agsv) + Cor(2)}
0

e “coefficient function”: Co(2) = L% (1 - 7)
is different then the MS one: C8(z) = o _2 [21In(1 - 2) — In(2)]

ln(l z)

@ singular logarithmic terms of MS are absent

@ we have a build-in resummation of % terms
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NLO correction to hard process — proof of concept

To test concept of our method we compare numerically inclusive
distributions obtained from the full scale MC generation (4-momenta
conserving)

© o
og = f dxopdxog do(o,xor)doGo,x08) Y, Y| f dxp dxp

n=0 ny=0

n
_s 3o 2Cra;g -
X e Ff ( & E(k;)by; P(z ‘))5 d
=<, R ] P sp=xor ), 2R

i=1

n
_s 3ot 2Cray - )
x eS8 ( BECy sy 1 LD Py
¢ f5> W )y =3 Pa) <p=x0p 12, 28
iy j=1 J

ny+ny
do, ~ .
xdry(P— 3 kiqr.q2) e (sxpag.0) Wyl
J=1

and from the collinear formula

1
oy = deF dxg dz Dp(t,xp) Dp(t, x5) 0p(s2xpxg){.=1(1 + Assy) + Co(2)}
0
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NLO correction to hard process — proof of concept

B

-~ 3t
8 = PN
3 C
z 20— - s
o = b
§ b
S -
z 10:7 L
£
of by : T @ 1}, —in collinear limit —
rapidity of W boson
= 12F
§ b @ agreement of < 1%
S up
9 105;
G
U‘JS? f’
DS;
035;
- ; b : P

My = 3 In(xr/xp)
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NLO correction to hard process — proof of concept

LO and NLO

Ratio NLO/LO

0.045
004
0035
003
0025
002
0015
001
0.005

My = 3 In(xr/xp)

Aleksander Kusina

@ 7y, —in collinear limit —
rapidity of W boson

@ NLO correction is only
~ 1.5% of LO!
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Summary of presented scheme

@ NLO corrections to hard process added on top of the LO MC
with a simple, positive weight;
@ There is a built-in resummation of lnnl(% terms;

@ Virtual+soft corrections Ay g are completely kinematics
independent (all the complicated dX°* contributions of
MC@NLO scheme are absent);

@ There is no need to correct for the difference in the collinear
counter-terms of the MC and MS scheme
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Summary of presented scheme

@ NLO corrections to hard process added on top of the LO MC
with a simple, positive weight;
@ There is a built-in resummation of lnnl(% terms;

@ Virtual+soft corrections Ay g are completely kinematics
independent (all the complicated dX°* contributions of
MC@NLO scheme are absent);

@ There is no need to correct for the difference in the collinear
counter-terms of the MC and MS scheme

but there is a price for it:
@ we needed to rebuild LO shower

e deviations from MS factorization scheme means different
coeflicient function and PDFs (this is well controlled)
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Relation to other methods

There are two well established methods for including NLO
corrections to hard process in MC shower:

e POWHEG
e MC@NLO

There is also an effort of Japanese group of H. Tanaka (arXiv:1106.3390)

In the following I show some of the conceptual differences between
our scheme and POWHEG and MC@NLO methods (concentrating
on POWHEQG).
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Relation to other methods

Main differences with respect to POWHEG and MC@NLO are:

@ “Democratic” summation over all emitted gluons, without
deciding explicitly which gluon is involved in hard process

Bi(q1.92.k) +Z Bi(q1.92.k))

WMLO | 1A + — = = =
Mc AP PGarp) dopG,0)/dQ " 4 P(gy) dorp (s, )/d0

JjEF JjeB

@ differences related to modified factorization scheme (like absence of
(1/(1 - 2)), distributions in the real part of the NLO corrections)

Here I concentrate only on the first point.
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Relation to other methods

For better visualization we restrict to one “ladder” and a simplified
weight:

Z Bi(q1, 42, k)

Wyl =1+ ) = -
mc P(zrj) dop(3,0)/dQ

jeF
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Relation to other methods

LO 1-gluondistr. p(tv) Plateau at 2C_ % =0.10;

i
:imi:||||||||||||||
il muuumu i

(1) Ap, o(TV)

NLO'

Aleksander Kusina

Inclusive distribution of gluons on
the log Sudakov plane of:

o rapidity t = ¢

e v=In(l-2)
NLO correction located near the
rapidity of the hard process
t=§& = max

@ complete phase space near

(z =0, t = tyax) corner
e standard LO MCs feature

empty “dead zone” (used by
POWHEG and MC@NLO )

New method of adding NLO corrections to hard process in MC shov



kr—ordering & hardest emission

We can anticipate that the dominant contribution to

NLO _ NLO
Wi =1+ )W,
JjeF

comes from the gluon with the highest
Inkl ~ t; +In(1 - z;)

that is the closest to the hard process corner (z = 0, t = fiax)-

We can easily relabel gluons generated in MC (3; — k), so they are
ordered in transverse momentum

KKk+1 < KK, KK ~ 11’1/(17(‘

with K = 1 being the hardest one.
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kr—ordering & hardest emission

hardest in &’ gluon rest

LO gluon K=1 LO gluon K>1

(Do, )

@ K =1 component reproduces
the LO distribution over all
the region where NLO o
correction is non-negligible o:f
(hard process corner). '

@ This represents the hardest
emission of POWHEG.
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kr—ordering & hardest emission

Comparison of the full NLO correction: }; WJNLO and its two hardest

WNLO WNLO

c T
(in k) components W=,

o
=

NLO total and K=1,2 contribs.

NLO xDg(x)
=

@ K = 1 saturates the entire
sum very well

ous @ K =2 component is small

(additional NNLO terms)

0004

0.002

log 4

x=115
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Ordering & hardest emission — summary

@ We can keep the sum }; WNLO or restrict to W[/;’i(l) .

@ We use angular ordering but no vetoed/truncated showers are
needed (we just relable already generated gluons)
@ In POWHEG scheme K = 1 gluon is generated separately in the

first step, requiring the use of vetoed/truncated showers in case
of angular-ordered LO MC shower.
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NLO corrections in the MC ladder (gluons out of quarks)

2,
"’//,,,Z//
@
Ny 58
&
24
(£-)
ool
[picton A L
o0
( x,0)=¢" Sisk Z {
n=0

:e‘sm{ax:wi(ﬁ f T]zp(lg(k))[l‘*'ZBm(/7)+izw(kpk)] Seerrr, }

n=1 i=1 0>a;>a; p=1j=1
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Summary/Prospects

The “proof of concept” of the methodology is done!
v/ we extended collinear factorization to be suitable for MC;
v/ we constructed a new LO Parton Shower;
v/ method for implementing NLO corrections in hard process is
working;
v/ we have a method for including NLO corrections in the shower
ladders;
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Summary/Prospects

The “proof of concept” of the methodology is done!
v/ we extended collinear factorization to be suitable for MC;
v/ we constructed a new LO Parton Shower;
v/ method for implementing NLO corrections in hard process is
working;
v/ we have a method for including NLO corrections in the shower
ladders;

but... this is done for non-singlet case (gluonstrahlung), now we need
some more work to go to the practical level

X include singlet diagrams (easier)
X optimize technique of adding NLO corrections to the ladders;

X work on implementation of W/Z production at LHC
(first: LO shower + NLO hard process);
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BACKUP SLIDES
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Angular ordered shower

ALL: pmc(r,v) = Plateau at 2C_ % =0.10 Angular ordering: J=1

dn
dv dt’

lhm li “'E!\.n
”“\I'IH I
i " il e
T '|||II|III||| i

e
i

Angular ordering: J=2 Angular ordering: J=7 ~<n>
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Mapping (rescalling)

@ We order all gluons by the distance form E — the rapidity of the
produced Z boson. We define permutation r:
|r]7T,’ - E‘| > Inﬂ',;l - E‘|7 i€ FaB

@ Mapping is now defined recursively as:

s(Xi—1 — X;)

i= — -,

2P = S k) Ko,

k,r,. = /ll']_(ﬂ',w i=1,2,..,n +ny.
Features of the mapping:

@ pure rescaling

@ preserves angels

@ preservers soft factors (da/a)

@ no gaps in phase-space
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LO MC algorithm

@ variables Zr and Zp are generated by the FOAM MC Sampler;

© four-momenta I_cf‘ are generated separately in the F and B parts of
the phase space with the constraints Y cr & = 1 — Zr and

2jesBj=1-2p;

© double-ordering permutation 7 is established;

© rescaling parameter 4, is calculated; k,, = /lll_cm is set, such that
(P = kn))* = sx1;

© parameter A is calculated and k,, = /lzl_cﬂz is set, such that
(P —ky, — km)2 = SX2 = SZy,Zr, and so on... ;

O in the rest frame of P = P — 3, ky, four-momenta ¢ and ¢, are
generated according to the Born angular distribution.
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NLO-corrected middle-of-the-ladder kernel, ~ C=

~~~~ 1-st order corrections

1.2 22 n]2
pe P
) =-nn n =-nn n --.:-
oo =esm Y {1t + Y] v X2 |-
n=0 =T p=1j=1 j
2 2
¥ v
n p-1
—e m{ - 1+Z (ﬂ f n,p(llg)(k))[l+z,80 (@) + W(k,,,A)] e, }
"= Q>al>ﬂ, 1 p=lj=1
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Numerical test of ISR pure Cz NLO MC

NLO DGLAP

Enties 51626708
Mean 2232

BMS o568

=5 = ey T o5

log106)

DGLAP NLO Exci/incl

o

10910060

Numerical results for D(x, Q) from two Monte Carlos inclusive and exclusive.
Blue curve is single NLO insertion, red curve is double insertion component.
Evolution 10GeV—1TeV starting from (1 — x).

The ratio demonstrates 3-digit agreement, in units of LO.
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Gluon pair component of the NLO kernel, ~ CrC,4 (FSR)

L
0
., '.‘..-
‘e .
v "
3

Straightforward inclusion of gluon pair diagram in the previous
method would ruin Monte Carlo weight due to presence of Sudakov
double logarithmic +Sgsg in 2-real correction:

T ] 2 L2
’ *:‘ - ’ I y I::‘::: ’ +--.:: - ’% !
and —Sggp in the virtual correction:
2 2

=(1+2RA4 + Vi)

v
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Gluon pair component of the NLO kernel, ~ CrC,4 (FSR)

SOLUTION:

Resummation/exponentiation of FSR, see next slides for details of the
scheme and numerical test of the prototype MC.
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NLO FSR correction at the end of the ladder, ~ CrCy

Additional NLO FSR correction at the end of the ladder:

-f-e; +1-o+1---+1-o41--2

LR

o m M A 2 . *
- m
e S1sk ~SFsr E E n-1 r
nm=0 r=1 I
n-2

where Sudakov S, is subtracted in the virtual part:

FSR

t|

and FSR counterterm is subtracted in the 2-real-gluon part:

- &1 4]

The miracle: both are free of any collinear or soft divergences!!!

=(1+ Z‘R(AISR Visk =S m))

2
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ISR+FSR NLO corrections at end of the ladder

All
Di(x.0) =
2 2 2
-1I--0-1I-01I 011 011 -t-e: e ool 1| -.: 11-011 1I-O,-I-
IR R T N N I - RN
- m B - TR R
© a2 noll gl m
< 34 2 93 b }
n,m=0 o j=1 i =1 ="
==1 -1 1

=e IAR{(SX 1 +Z (l_[ f °ni p(llB)(k,)) Sksk i (ﬁ f d3 ’ (1)(k1))

Q>a,>al 1 m=0 " j=1 0> ap>ay(-1)
n—1 m
x| + Z Wik Ky) + Z Wi B |6 }

2

(1) _ ‘*

(1 = o Wika k) =

2

+
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