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PART I

NUMERICAL POLARISATIONS



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

GOAL:
compute jet cross sections for unpolarised scattering using
numerical methods; focus on
» general algorithm,
» high particle multiplicity (e.g. 2 — 6,7, 8 particles) and
» speed
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NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

GOAL:
compute jet cross sections for unpolarised scattering using
numerical methods; focus on
» general algorithm,
» high particle multiplicity (e.g. 2 — 6,7, 8 particles) and
» speed

U:/dam /dcpn_z Y M 2E
n M

s ‘/)‘11

Perform integration with Monte Carlo methods!

Error scales like \F’ independent of d!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

“CLASSICAL” METHOD: HELICITY AMPLITUDES

Y Maal= 1 o L Maneal
M=t

My A==
= MAgss s P+ A P+ A P

» compute all squared amplitudes, called helicity amplitudes
» 2" amplitudes per phase space point

Possible speed-ups:
» use parity conservation — only 2"~! amplitudes
Aridgeds = = AN Ay A,

» recursive methods: store off-shell currents with same
helicity configurations and reuse them

N



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

RANDOM POLARISATIONS
Replace helicity sum by MC integral:

L a2 = [ 01460,
/\1,...,/\,, [0’1)”

where we use a different parametrisation [1] for particle polarisations:

ep0) =e e, (p)+ee_(p)

[1] — [Draggiotis, Kleiss, Papadopoulos; Phys. Lett. B439, 157 (1998)] 3



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

RANDOM POLARISATIONS
Replace helicity sum by MC integral:

L a2 = [ 01460,
/\1,...,/\,, [0’1>”

where we use a different parametrisation [1] for particle polarisations:

ep0) =e e, (p)+ee_(p)

Why does this work?
Analytically, we can pull out polarisations of squared amplitude:

2 “AAl)\nlz = H |:Ze)\:: el/\'zl :| X MVlr"'”n/Vl,m,Vn

Ay m=1

(0)("(9)" = e (€4)" et (61)" +e ek (et)" et (et )"

A==+

1
/dG e (0)("(8))" = Y el (ey)”
0

[1] — [Draggiotis, Kleiss, Papadopoulos; Phys. Lett. B439, 157 (1998)] 3



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

RANDOM POLARISATIONS
Replace helicity sum by MC integral:

L a2 = [ 01460,
/\1,...,/\,, [0’1>”

where we use a different parametrisation [1] for particle polarisations:

e(p,0) = ei(p) +e e (p)

Features:

» combine the integration with phase space integral by increasing
dimension d!

» effectively only one squared amplitude per phase space point!

» similar for fermion spinors!

(replace € by u/#/v/ and polarisation sum by spin sum)

[1] — [Draggiotis, Kleiss, Papadopoulos; Phys. Lett. B439, 157 (1998)] 3



RANDOM POLARISATIONS
Replace helicity sum by MC integral:

L Manl = [ 0146, 0,
Ao 01"

where we use a different parametrisation [1] for particle polarisations:

How does this work in practice?

dimension d!
» effectively only one squared amplitude per phase space point!

» similar for fermion spinors!

(replace € by u/#/v/ and polarisation sum by spin sum)

[1] — [Draggiotis, Kleiss, Papadopoulos; Phys. Lett. B439, 157 (1998)] 3



BORN-LEVEL EXAMPLE: e*e~ — 4 JETS

e & > 4Jets, Q = 90 GeV, yey; = 0.0006

T
helicity summation = |

0, deviation from helicity summed result

T
random polarizations |

time in hours




BORN-LEVEL EXAMPLE: e*e~ — 4 JETS

e e > 4 Jets, Q = 90 GeV, yey; = 0.0006

01 T T T T T
helicity summation e
random polarizations =
009 - B
0.08 -
007 -

Monte Carlo error in percent
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BORN-LEVEL EXAMPLE: e*e~ — 6 JETS

e & > 6 Jets, Q = 90 GeV, yoy; = 0.0006

T
helicity summation =t

T
random polarizations B
005 - 4

0, deviation from helicity summed result

-0.05 B

time in hours




BORN-LEVEL EXAMPLE: e*e~ — 6 JETS

e & > 6 Jets, Q = 90 GeV, yey; = 0.0006

3 T T T T T T T T T T

T T
helicity summation e
random polarizations =

Monte Carlo error in percent

1 15 2 25 3 35 4 45 5 55 6 6.5 7 75 8

time in hours




PART II

DIPOLE SUBTRACTION



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 9000 0000000
:

JET CROSS SECTIONS @ NLO: SUBTRACTION

oNLO — / do® + / doV
n+1 n
Problem : terms separately IR divergent, only sum finite.
Numerically : need way to match singularities locally (i.e.
per PS point)



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 9000 0000000
:

JET CROSS SECTIONS @ NLO: SUBTRACTION

oNLO — / do® + / doV

n—+1 n
Problem : terms separately IR divergent, only sum finite.
Numerically : need way to match singularities locally (i.e.
per PS point)

Subtraction using local counterterm do?:

0 _ [ (ark—aot) + [ (dau /d)

n+1 n

New do” must
» have same pointwise singular behavior as do®,
» be integrable over the unresolved one-parton PS.



JET CROSS SECTIONS @ NLO: SUBTRACTION

oNLO — / do® + / doV
n+1 n

Problem : terms separately IR divergent, only sum finite.
N . . o

How to construct do?

oNLO _ / (do® —do) + / kdav%— 1/ daA)

n+1 n

Su

New do” must
» have same pointwise singular behavior as do®,
» be integrable over the unresolved one-parton PS.



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

DIPOLE FORMALISM
formulated at level of squared, helicity summed amplitudes.

External-leg insertion rule: [A,41|> = |[Au]* ® Vi

I1

<>

|
1
_ Z ””,,,, n finite
~ t

e {l]k} v erms

n+1

approximates soft & collinear poles

Factorisation in dipole formalism:

1

Vij contains ) !
AisAj

n+1

Formalism & figures: [Catani, Seymour — Nucl. Phys. B485 (1997) 291-419] 6



NUMERICAL POLARISATIONS
0000

DIPOLE SUBTRACTION

O

000

RANDOM POLARISATIONS @ NLO
0000000

DIPOLE FORMALISM: SUBTRACTION TERM

do? « d¢,_q

where

Dijg =

W, e

(i) K8 Ay s

2pip;

i

)3

At

Diix F ](") + initial state dipoles. ..

-

ij

58 R T Tij B R
(An (G 6)] == Vi [An (5, K))

Vijx derived from singular part of squared, helicity summed splitting vertex:

*

use smooth momentum parametrisation:

ﬁi ij

?k

Pitpri—7q

1
1=k

Yijk

Pk,

=Y

Pk
ijk

Yijk

Zi

PiPk
piPj + PjPk + PkPi
PiPk —1—z
PPk + PiPk



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

DIPOLE FORMALISM: SUBTRACTION TERM

do? de¢;,—1 Z Z Diik F}m + initial state dipoles. ..
(1)) k#ij
whd )
Note: each D has to be computed 271 times,
once for every helicity amplitude A, (i, k)!
Viik = reduce computation time by computing only one ex:

amplitude per dipole!

How? use random polarisations!

\ i)\ )

use smooth momentum parametrisation:

P PiPk
o pibj + PPk + Pipi
. - PP _ g,

PjPx + PiPk !



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
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:

SUBTRACTION FOR RANDOM POLARISATIONS?

Vijx obtained from squared, helicity summed soft & collinear limits
of splitting vertex:

*
6/\i 6)\1.

Y| i —< —ij

AiAj €) €\

Publication [1]: V;; for helicity eigenstates, i.e. without sum

*

€. €\
& A A -~ Aie{'i_/_}/
1] Z] 4 )\,e +’_
— o) o >— j€ {4}

1 — [Czakon, Papadopoulos, Worek — JHEP 0908 (2009) 085] 8



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0008 0000000
:

SUBTRACTION FOR RANDOM POLARISATIONS?

Vijx obtained from squared, helicity summed soft & collinear limits
of splitting vertex:

*
E/\x. 6)\1.

Y| i —< —ij

AiAj €) €\

Publication [1]: V;; for helicity eigenstates, i.e. without sum

€. * €\
& A A -~ Aie{'i_/_}/
1] Z] 4 )\,e +’_
— o) o >— j€ {4}

Now: random polarisations (RP)
RP made up of helicity eigenstates
— why can’t we use the terms in [1]?

1 — [Czakon, Papadopoulos, Worek — JHEP 0908 (2009) 085] 8



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0008 0000000
:

SUBTRACTION FOR RANDOM POLARISATIONS?

V... obtained from

Recall: for both particles i and j, we have to use
e"(0)(e"(0))" = Y_ el (eh)” + el (V)" +e e ()"
A==+

Right hand terms mix different helicities of same particle!
p{ Example combination for particle i:

*
(B

7 { €(+9j) €(6)) } 7

Not accounted for in [1]!

J

=z

IInade up OI NELCITY CIgCEnstdies

— why can’t we use the terms in [1]?

1 — [Czakon, Papadopoulos, Worek — JHEP 0908 (2009) 085] 8



PART III

RANDOM POLARISATIONS @ NLO



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

SUBTRACTION FOR RANDOM POLARISATIONS!
Take a second look at the product of RP:

e"(0)(e"(0))" = Y €l(e})" +et el (V)" +e 0! ()"
A=t

includes polarisation sum! < includes all terms from do?!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

SUBTRACTION FOR RANDOM POLARISATIONS!
Take a second look at the product of RP:

HO)('())" = X h(en)” +e el (1) e (e )"
A=+

includes polarisation sum! < includes all terms from do?!
= we only need additional term taking care of helicity mixing terms!

oNLO / (dUR — [doh + daﬂ) n n/ (dav n l/ daA)

n+1

we need no integrated subtraction term because:

1 1 _
/dei/dej ach =0
0 0



SUBTRACTION FOR RANDOM POLARISATIONS!
Take a second look at the product of RP:

HO(E(0) = T ehleh) + el (e0) 4 e ()"
A=+

How to construct dag?

n+1 no\ 1 /

we need no integrated subtraction term because:

1‘ 1‘ B
/ do; / d6; do™ =
0 0



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0@00000
:

COMPUTATION OF do#

Similar to dipole formalism, we have a sum over new dipoles:

do? d¢,,—1dO, 11 Z Z @ij,k F](n) + initial state dipoles. ..
(i) k#ij
where
~ T Tk = /
Dyj = —4rasp? (Ar)° Z]T.z. [Vif,k(Pif'PifPfkar91‘/91')]gé/ A
ij

Ag: amplitude where polarisation of emitter particle (ij) is missing;
¢, &": Lorentz index (ij gluon) or Dirac index (ij quark)

10



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0@00000
:

COMPUTATION OF do#
Similar to dipole formalism, we have a sum over new dipoles:
dag « d¢,_1dO,41 (2 Z @ij,k F](n) + initial state dipoles. . )
(i) k#ij

where

= T;i - Ty /
Dij,k = *47'[“5#26 (‘A:;)g Z{TZ [ ij, k(pl]/ PirPjs Pks 6i,6; )} e A,%
ij

Ag: amplitude where polarisation of emitter particle (ij) is missing;
¢, &": Lorentz index (ij gluon) or Dirac index (ij quark)

We need only helicity mixing terms = define operator R

:Rf(ai/ 9]) 91/9 Zf )‘ll)\
Then:
Viik = Clijysitj R {P(ij)aiﬂ' + S(ij)%z#j}

where Cy—q0 = Cf, Cg00 = C4 and Cqg5 = TR. 0



COMPUTATION OF do#

Similar to dipole formalism, we have a sum over new dipoles:

da‘z‘ « d¢,,—1dO,+q (Z 2 rbij,k F}") + initial state dipoles...)

(i) ki
where
To obtain 13(1']-) iy and g(ij) _iyj, look at
soft & collinear limits of A, 1
?%/ain with random polarisations!

We need only helicity mixing terms = define operator R
Rf(0;,6) =f(6:,0,) — Y f(Ai, A))
AA;
Then:

Viik = Clijyitj R F (if)—i+j T g(ij)a#j}

where Cj—q0 = Cf, Cgs00 = C4 and Cog5 = TR. o



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 0000000

COLLINEAR LIMIT (I)

1 )
1
l] _
o vl R < j
N
n+1 »ipj
. Y (P e
lim A = qu Ty i Y Split,.h . .(pii < K A
Al nt+l = 8H° L (i) —itj % P (1])~>1+](p1]) e ﬁij) n

where Split* is made up of Feynman rules (¢; = €(p;), etc.):

. /\ ~ 1 - /\ o~
Split; .o (Pij) = wu(rii)v"ey (pj)u” (Pij)

. = 2 * * *
Sphtg%gg(pi]-) = T [(e,--e]-) (pi- (61);) )+ (e (ef]?) ) (pj-€i) — (ei- 5?}) ) (pi - €j)]
Split) () = 5 —a(p0) 7"l ) o)

P g—qq pl] zplp] pi)Y " Pl/ p]

all external particle polarisations given by RP!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 0000000

COLLINEAR LIMIT (I)

1 .
1
l] .
o vl R < j
n+1 | D i
n+1 »ipj
. A ST () A
lim A1 = gu€ Ty Y Split, ) . (Pi) < i A
A n+ (if)—i+j \Z”: (i) —i+j \Fii e (Pij) . n

where Split* is made up of Feynman rules (¢; = €(p;), etc.):

. /\ ~ 1 - /\ o~
Split; .o (Pij) = wu(rii)v"ey (pj)u” (Pij)

. ~ 2 * * *
Splite eq (Pif) = 5, | (€~ &) (pi+ (€5)") + (& (€5)) (- &) = (i~ €)") (pi - &)
888 2p1 pj
. = 1 = N
Splity_, .7 (7y) = 2 pj“(Pi)’Y” en(pip) o(py)

all external particle polarisations given by RP!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 0000000

COLLINEAR LIMIT (I)

1 .
1
1 _
o vl Lo T <j
% Z\ € E‘/
n+1
| 2"’11’1/
A _ . (ur (By)

lim A1 = gp° Tiig Zspht(l-]{)ﬁ,-ﬂ-(r?i/) < i\Piv) - gt

pillp; f” ex; (i) /

where Split* is made up of Feynman rules (¢; = €(p;), etc.):

1 A
Split) . (7j) = w“(ﬁi)”ﬂ‘ eupj)u” (pij)

2 * . *
SPlite s (Pi) = 35, (616 (i (€)) + (&5 (€)7) (- &) = (ei-€))") i)

1
a(p;) v et 7: ) o (p;

Splltq%q(i’u) 2pi.pj“(?71)7 €, (Pij) o(pj)

all external particle polarisations given by RP!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 0000000

COLLINEAR LIMIT (I)

1 ; , :
pillpj ® —>— o —<
R R N j
n+1 N Z’\zi/ €ijij

| PiPj

ur; (Pif)

€T A 7 ¢
lim A,y =gu°T ()it ZSpht ()it (Pz;) < if i A

x” Pj ] i/ p’/ &

where Split* is made up of Feynman rules (¢; = €(p;), etc.):

1 A
Split) . (7j) = w“(ﬁi)”ﬂ‘ eupj)u” (pij)

2 * . *
SPlite s (Pi) = 35, (616 (i (€)) + (&5 (€)7) (- &) = (ei-€))") i)

1
a(p;) v et 7: ) o (p;

Splltq%q(i’u) 2pi.pj“(?71)7 €, (Pij) o(pj)

all external particle polarisations given by RP!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 00®0000
:

COLLINEAR LIMIT (I)

1 .
i
U .
. Pin] . 9 X g I i
n+1 Ly i
n+1 »ipj
. e ST () A
LWm A,q = gu Ty Y, Split . (Pi) < T A
pilly n (if)—i+j % (i) —i+j \PY 6/\,7' Pz‘j) : n

where Split* is made up of Feynman rules (¢; = €(p;), etc.):

- 1 e
Split; .o (Pij) = w“(ﬂi)’ﬂ‘eu (pj)u” (Pyj)

Splity o, (Fi) = 2;7%7,» [(ef -€) (pi (€))*) + (&5 ()" (pj &) — (ei-€)") (pi- 6]')]

A = N — P A (3 V¥
Split;_, .7 (Pij) = Wu(mv”ey (#ij) o (pj)

all external particle polarisations given by RP!



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0008000
:

COLLINEAR LIMIT (II)

. LA = “A,--(}’NJ")
hlm An+t = 81 T(iinj Y Splity) . (7y) < ! ~1])> A

pillpj p €Ny (P c
Squared amplitude:
lim Ay = dreasp® (A5) Ty i [Byoins] ., A5
pillpj ¢
where s .
[ﬁ(ij)ai-%—j] ) (i) = )‘ZN (:};((;;?J Split""Split"’ Cg/ g;:;)

Product of Split-functions automatically generates correct product of polarisations!



SOFT LIMIT (g — q¢ AND ¢ — %)

well-known:

. n n u .
lim |y 1|2 = —47mag )0 ) AT Ty Siji(€) An, A= ( W) A
pj~>0 =i }]((;1 ¢

1

where
5. 1(e) = PoDie) i) €) + (e i)
B T b ) (Pi Pi)(pi - pj +pj - Pr)

13



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000800
:

SOFT LIMIT (g — q¢ AND ¢ — %)

well-known:

) non u(v;

lim |.A,,+1 ‘2 = 747‘[115]/[26 2 E .A:, Tj . Tk Sjj,k(ej) An, A = < (pl)) Aﬁ

) i=1k=1 ¢
k#i

where

(Pt' ) (pi - 6]) _ (pi- ])(p}\ e]> (px - € ) (i - 61)
(pz pi)? (i~ p))(pi-pi + i pe)

Siik(ej) =

Beware of double counting!

(Pz' ) (pi - 6])
collinear limit of ;. : lim S _
ik pillp; ik (Pz p)?
. . (i - € )(Pi - &) ( ua(pi)ig(pi)
soft limit of Py ;. : Iim [Py B P — P >
= pﬁo[ <’1H+J<;ze> B P (ey(pi)*ev(pi)

= both limits agree! = we need to supply ﬁ( _itj with missing term from Sy ;!

i)



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 0000800

SOFT LIMIT (§ — g¢ AND § — %)

well-known:

n n ”(” \
Additional soft terms:
whe % (Pi'€f)(;7k'€]) (Px - € ) (pi- 5]) _
5 = — Niae (v;
[ q%qg]aﬁ A m L)
~ (pi-€/)(Pr- &) + (P - €7) (pi - €7)
S == ! De(p)—(i<j) |—
o] R L e
Bew
[gg—mfi]w =0
b PP, T P77 -
= (pi-€)(pi-€) uq(pi)ig(pi)
softlimit of Py iy :  im [Py i)y = — L (1P ’;>
soft limit o (i) ] plm{ if) 1,/}[‘.’}(;"} (}: }74,) (5;1(17‘):: (’,,,,)

= both limits agree! = we need to supply P;_,;;; with missing term from S;; ;!

13



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO
0000 0000 0000080

FINALLY: DIPOLE SUBTRACTION WITH RP

do? depy—1d6ys1 <E Z ﬁij,k F+1S.. ) Rf(6;,6) =f(6:,6;) Z (Ai 7))
(i) k#ij AiAj
. T - Ty [ / _ y
Diix = —dmagp® (AL)F L Vig|  AS = pi+
ik s (A7) TZ [ /,k} e Pij =Pi TPj — 27— Vi Pk

= - 1

Vi = Clijynitj R [ (ij)—i+i T S (if) ~>t+]j| P = mpk
= ( ) A A (p ) i = PiPk

B_eans = k=
[P<’f“’*’]<‘ﬁ‘3> AZ\/ (e* (Pi)* S *’ () I pipy + e+ peps
q—498 8§88 8§49
Clij)—i+i Cr Ca TR
2 *
: w{( &) (pi- (€)7) :
A - ” - .
Spllt(i]')—)i+j 2p;p; (P;)”r"fy(l’/) (pll) +(€j . (e{]‘)*)(p} -&) ;- a(p;)r* G;A (7’1]) (P])
(i ()) (bi- )]
(P, ) Pre€) +Proer) (pivey) (pi-€] ) (Pi-¢)+ (i€ ) pivej)
[g(ii) — +i] - (i m)(pl Pitpi Pk) a (p, p,)(m Pi+piPi) 0
x 1 (p;) g (pi) x eu(pi)*ev(pi) — (i & j)



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 000000e
:

ADDITIONAL REMARKS

Generality of the method

» previous slides: final-state emitter and spectator; using crossing
symmetry one can easily derive other three cases
(final-initial, initial-final, initial-initial)
— see publication below!

» method also works with massive particles: need more complicated
momentum parametrisations p;; and py
— see publication below!

Feature of the method

» does not require knowledge of original subtraction term do4, only
requires that it is formulated for helicity summed squared amplitudes
— use with subtraction scheme of your choice!

[DG, Schwan, Weinzierl — Phys. Rev. D 85, 116011 (2012)] 15



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

SUMMARY

» RP provide great speed-up for numerical calculations!

» To use RP with subtraction method we have to extend
existing subtraction methods due to helicity mixing terms

» There is no new integrated subtraction term!
» Formulate new terms using Feynman rules for splitting
vertex plus a supplemental soft term.

» All cases covered: massless, massive, final & initial
emitters/spectators



NUMERICAL POLARISATIONS DIPOLE SUBTRACTION RANDOM POLARISATIONS @ NLO

0000 0000 0000000
:

SUMMARY

» RP provide great speed-up for numerical calculations!

» To use RP with subtraction method we have to extend
existing subtraction methods due to helicity mixing terms

» There is no new integrated subtraction term!

» Formulate new terms using Feynman rules for splitting
vertex plus a supplemental soft term.

» All cases covered: massless, massive, final & initial
emitters/spectators

Thank you for your attention!



Backup Slides
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BACKUP SLIDES

RP FOR MASSIVE PARTICLES & CHANGES TO daA

We use light-cone parametrisation for massless fermion spinors.
To obtain a massive spinor with P2 = m?, use parametrisation

! S m) 0,0

)

where

» PP—p_

2
2p-q"
» gis an arbitrary light-like reference momentum (q2 =0).

New momentum parametrisation for massive final-final do:

pij = Q—pr

@ g\ @ndond
Pk = Pk Q)+ 22 Q
VM (pi +pj)2 )
where

> Q=pi+tp+re
> A(x,y,z) = x% +y? + 2% — 2xy — 2yz — 2zx.



BACKUP SLIDES

RP & DIMENSIONAL REGULARISATION

Three different variants of DR wrt. spin/helicity treatment:
1. Conventional DR: all spin dof extended to d dimensions,

2. 't Hooft-Veltman: only spin dofs of unobserved particles extended to d
dimensions,

3. four-dimensional helicity scheme: all spin dof 4 dimensional

There may be additional spin degrees of freedom for 1. and 2. N
— e-helicities denoted by 65,7 ¢)
Polarisation sum given by

* * —2e)* (—2e
e: €V++e}¢ Ey —&—e}(( ) el(/ )

Let RP €,(0) act in four-dimensional subspace. We then find

_2e)* (— 9\ k (Lo
€u(0)*eu(0) +€;(l 20)7e(~29) _ (e;*ej +e, e, +e£, 297 ¢( 2”)
+ e4”ioeﬁlr*ev_ + e’4”weﬂ’*ei

= RHS again polarisation sum plus helicity mixing terms!
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ALTERNATIVE METHOD: HELICITY SAMPLING
Replace sum by integral:

Z|‘AAH |2 = 2” / dnu |'A“1“2--~”n |2

Ay 01)"
with
o e+(pi)) for05<u; <1

(analogously for fermion spinors)

= perform integral via MC alongside PS integral (increase d!)

» only one helicity amplitude per PS point!

but: not ideal for VEGAS algorithm
» mapping u; — €(p;, 4;) is not a continuous function,
» no factorisation as required by VEGAS!
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BORN-LEVEL EXAMPLE: efe™ — 4 JETS

e* & > 4 Jets, Q = 90 GeV, yeyq = 0.0006

T T T
0.03 [~ helicity summation 4

helicity sampling =

-0.01 - *

-0.02 - |

cross section, deviation from summation result

003 random polarizations M

time in hours 21
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BORN-LEVEL EXAMPLE: ete™ — 4 JETS

Monte Carlo error in percent

0.1

0.09

e* e > 4 Jets, Q = 90 GeV, yeue = 0.0006

T
helicity summation e
helicity sampling ===
random polarizations ==

0.5

15

time in hours
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BORN-LEVEL EXAMPLE: efe™ — 5 JETS

cross section, deviation from summation result

e* & > 5 Jets, Q = 90 GeV, yeyq = 0.0006

T T T
0.03 [~ helicity summation

0.01 -

-0.01 [~

-0.02
I I I I I I I I

T
0.03 |- helicity sampling

0.02
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BORN-LEVEL EXAMPLE: e"e~ — 5 JETS

et e —>5Jets, Q = 90 GeV, yqyt = 0.0006

Monte Carlo error in percent

T
helicity summation e
helicity sampling ===
random polarizations ==

o

25

time in hours
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BORN-LEVEL EXAMPLE: efe™ — 6 JETS

e* & > 6 Jets, Q = 90 GeV, yeyq = 0.0006

T T T
0.05 - helicity summation

-0.15 £ 1 1 1 1 L L E|

T
helicity sampling = _|

cross section, deviation from summation result

T
005 random polarizations = _|

time in hours 23
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BORN-LEVEL EXAMPLE: e"e~ — 6 JETS

e* &> 6 Jets, Q = 90 GeV, yeue = 0.0006
3 T T T T T

T T
helicity summation e
helicity sampling ===
random polarizations ==

Monte Carlo error in percent

1 15 2 25 3 3.5 4 4.5 5 55 6 6.5 7 7.5 8

time in hours
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