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Motivation

m Fixed order calculations — predicitions for inclusive quantities

m Shower Monte Carlo (SMC) — exclusive quantities

SMC (LO) NLO
LO (cvg) accuracy NLO (aﬁ”*”) accuracy
Large dependence on ,u,/u, reduced dependence
Sudakov suppression of Wrong shapes in the
soft/collinear emission Sudakov region

— combine both approaches, try to merge benefits
2 matching prescriptions to avoid double counting of radiation:

@ MC@NLO

@ POWHEG (Positive Weight Hardest Emission Generator)
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Shower algorithm

1 1
g J—
(@+9)? —mZ  2E4E4(1 — Bqcos Ogq)
9.‘7(]
soft divergence: E;, — 0
q collinear divergence: fgg — 0 (mg = 0)

= initial or final state collinear & soft emission strongly enhanced
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Shower algorithm

9 1 B 1
(@+9)? —mZ  2E4E4(1 — Bqcos Ogq)
9.‘7(]
soft divergence: E;, — 0
q collinear divergence: fgg — 0 (mg = 0)

= initial or final state collinear & soft emission strongly enhanced
m cross section for extra emission factorizes in coll./soft limit
— Shower algorithm to evaluate enhanced contribution at all orders

m description valid from hard scale down to hadronization scale
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Factorization in the collinear limit
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Pq,qg(z)

Motivation

q

[Mi[2d®y x 52 & P ge(2)dz ng

d®, x dP, (x dt dz dy)

ordering variable: (q + g)?, pz}, E20?

Energy fraction of quark

P+g° +g°

Altarelli-Parisi splitting kernel

Pg,gg(z) = CA( + =

Pg,qq(z) = TF<22 +(1
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Multiple emissions

>~

Mpi22dPpip — |M,[PdP, x —=— P(z

2m ¢ 2m
o dt dyp
/
L L p(2)dz Lo 1)
2m
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Multiple emissions

>~

g dt’ d
IMiyol2d®pis — | Mo|2d®, x ifp( Naz' 22
2T 2T

Qs dt Yo —
X o P(z)dz - o(¢f —t)

m 0, for ncollinear emissions contains factorized integral

&
dt, oty dt
Un%ooag’/ L XUty >ty >t > )
PR A 4
2

= oo )]

m Leading Log approximation

m Q?: ordering variable upper cutoff, ® o = Nqcp: infrared cutoff

scale of hard subprocess
The POWHEG-BOX Processes Conclusion & Outlook

The POWHEG-Method
0000 0000

00@000000

Motivation
. . th
Franziska Schissler — POWHEG & VBFNLO January 127, 2012 6/22



Sudakov form factor

Single emission probability: ~ dPye(t, t + dt) = W [ p . (7)dz
probability of not emitting: ~ dPoe(t, t + dt) =1 — d771e(t, t+ dt)

no-emission probability along line i from scale t; to t by dividing into subintervals

= Poe(t, o) = Jim H(1 _ZO&;(:)C;':,/ k(2 )dz)

= (%)

b a(t) at
_eXp(—/ ();?tZ/PMk(Z)dZ) = A,’(t1,t2)
e )

A(t, t): Sudakov Form Factor
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The POW H E G'MethOd [Nason 2004],[Frixione, Nason, Oleari 2007]
Subtraction formalism

m NLO cross section for 2 — n process,

d¢n+1 = d@n ddsrad; dd}rad X dtdz ng

UV finite .
dono = [B(@n)+Vb(q5n) FR(Brst )dBrag| By Viy = 2Re (MEM,)

seperately IR divergent
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The POW H E G'MethOd [Nason 2004],[Frixione, Nason, Oleari 2007]
Subtraction formalism

m NLO cross section for 2 — n process,

d¢n+1 = d@n ddsrad; dd}rad X dtdz ng

UV finite
P [B(@n)+Vb(q§n) +R(q5n+1)dq5,ad} d,, Vi = 2Re (M5 M)

seperately IR divergent

® add local Counterterms to cancel IR divergencies (KLN theorem)
R(Ppy Prag) — C(Pp, Prag) — finite
V(P,) = W (P /C Dy, Drag)dP oy — finite
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m Counterterms C have to cancel IR divergencies of the virtual and real amplitude

a soft & collinear divergencies are universal

Catani-Seymour subtraction (dipole subtraction) [Catani Seymour 1997]

FKS Subtl’action (POWH EG'BOX) [Frixione, Kunszt, Signer 1996],[Frixione 1997]

a Write Real term R as sum of terms with AT MOST 1 singular & collinear
singularity associated with 1 parton (FKS parton)
a Singular regions:

m /:final state parton i soft/coll to initial state parton

m jj: final state parton i soft/coll to final state parton j

[

s R=3,Ri+ ZUR/]
m add Counterterm for every region with specific mapping of momenta
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Finite NLO cross section

dono = {B(@n) + Vb(@n) + C((pm @rad)dgprad
+ [R(éna érad) - C(@na ¢rad)] d@rad:| d@n,

divergent

V() = Vo(Pn) + /C(@,,,@rad)d@,ad — cancel divergencies analytically

finite

R(Pn, Prag) — C(Pp, Prag) — numerical cancelation
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Finite NLO cross section

dono = [B(@n) + Vb(@n) + C(@ny érad)d@rad
+ [R(dsm @rad) - C(Q)na dsrad)] dq)rad} dén,

divergent

V(D,) = V(D)) + / C(Pp, Prag)dPg — cancel divergencies analytically

~/

~~
finite

R(Pn, Prag) — C(Pp, Prag) — numerical cancelation

B = / dUNLO dérad = [B(@n) + V(@n) + /[R(@na ¢rad) - C(!ZS,,, érad)] d@rad] dén

Inclusive NLO cross section at fixed underlying Born kinematics

= L = oA C
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PowWHEG master formula

a first branching at scale t starting from higher scale t is independent of
subsequent ones:

B nas(t) d dp
dpﬁrst - Ai(t7 t ) o 7 % P,-J-k(z) dz E
K
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PowWHEG master formula

a first branching at scale t starting from higher scale t is independent of

subsequent ones:
as(t) dt’ dy
o | Pt [
(i)

m Standard Shower MC'’s first emission

dPrist = D(t, f/)

ag(t) 1
dosyc = B(@)n) d@n ASMC(tO) + ASMC(t) S( )*P(Z) @rSaI\E/IIC
—— 2m t
Born Y
limiy —0 R(Pn+1)/B(Pn)

* ASMC(t) - exp[ fd@)rad ;(7r %P(Z,)e(t,— t)
SMC Sudakov factor: Probability of not emitting a parton at scale greater than t
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PowWHEG master formula

a POWHEG first emission

R(@n. @,ad)

——————0(kr — pr)d®
B(@n) ( T pT) rad

m POWHEG Sudakov factor: Probability of not emitting with transverse momentum
harder than pr

Dpwe(Pr, pr) = exp [ / d@,adg%éf‘")@(kr(@m@,ad) - PT)]

dOppe = B(Q)n) ad, |:APWG(¢I77 pr_}vin) + APWG(@IH kT)
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PoOwHEG master formula
a POWHEG first emission
R(d}nf gZ)rad)
B(2,)
m POWHEG Sudakov factor: Probability of not emitting with transverse momentum
harder than pr
‘pnadsra
Dpwe(Pn, pr) = exp [ f d@,adBT)d)e(kT(@m@rad) - PT)]

® NLO cross section for inclusive quantities

dJPWG = B(q)ﬂ) d@n |:APWG(¢I77 pr_}vin) + APWG(@IH kT) 9(/{7 - pT)d@rad:|
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PowWHEG master formula

a POWHEG first emission
_ ) R(d') , P d)
dOppe = B(q)n) dd, |:APWG(¢I77 pr_}v/n) + APWG(@IH kT)WQ(kT - pT)d@rad
n
m POWHEG Sudakov factor: Probability of not emitting with transverse momentum

harder than pr
Dpwe(Pr, pr) = exp [ fd@,adg#@e(kr(@m@rad) PT)]

® NLO cross section for inclusive quantities
m NLO accuracy preserved in the hard region, Appg(P,, pr) ~ 1

B(®,)

B0 P Ps) 02a0Pras ~ R( Py Prag) (14 O(01)) o 6Pr

dOpys =
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PowWHEG master formula

m POWHEG first emission

- , R(D,, P,
dUPWG = B(q)n) d@n |:APWG(¢I77 pr_}v/n) + APWG(@IH kT)M

B(2,)
m POWHEG Sudakov factor: Probability of not emitting with transverse momentum

harder than pr
Dpwe(Pr, pr) = exp [ fd@,adg#@e(kr(@m@rad) PT)]

® NLO cross section for inclusive quantities

m NLO accuracy preserved in the hard region, Appg(P,, pr) ~ 1
B(2,)
B(2n)

m LL accuracy of a SMC in soft/collinear limit kr — 0

9(/(7 - pT)d@rad:|

———R(Py, Do) dPndDPag = R(Prry Prag) (1 + O(vs)) dPp, dPrag

dOpys =

R(@m gzsrad) ~ O 1 dﬁ ~
quﬁ,ad N tP(z) dt dzzﬂ, B~ B(1+ 0O(as))
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The POWHEG'BOX [Alioli, Nason, Oleari, Re 2010]

m FORTRAN code

Projection of real cross section into singular regions

a Counter terms (soft/coll. approximation) & radiation phase space

a pdfs
m NLO differential cross section — comparison to VBFNLO
a LesHouches event files (unweighted events)
a Calculate upper bounds for efficient generation of Sudakov suppressed events
m Hardest emission according to POWHEG Sudakov
Motivation The POWHEG-Method The POWHEG-BOX Processes Conclusion & Outlook
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Needed ingredients

obtained from VBFNLO-subroutines, converted into POWHEG-BoOX format
@ Flavour structures of Born & Real processes

Coupling constants

Born phase space

Born squared amplitudes B3, Bj;, B,

Real matrix elements squared

Virtual finite part (2 Re (B* Vjp))

Born colour structures in N, — o0 limit
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Needed ingredients

@ Flavour structures of Born & Real processes

m find all subprocesses
m recycle old processes
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Needed ingredients

@ Flavour structures of Born & Real processes

m find all subprocesses
m recycle old processes
@ Coupling constants (conversion to POWHEG-format): wager, zanderighi 2011]

@ Born phase space (PS)
!
m ’easy’ PS: take VBFNLO one (Jacobian 7& 0, 1 to 1 correspondence)

Otot

a ‘difficult’ PS: produce ‘'unweighted’ events (weight:m)
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Needed ingredients

@ Flavour structures of Born & Real processes

m find all subprocesses

m recycle old processes
@ Coupling constants (conversion to POWHEG-format): wager, zanderighi 2011]
@ Born phase space (PS)

!
m ’easy’ PS: take VBFNLO one (Jacobian 7& 0, 1 to 1 correspondence)

Otot

a ‘difficult’ PS: produce ‘'unweighted’ events (weight:m)

@ Born squared amplitudes B, Bjj, B,
m devide into different flavour structures (not calculated in 1 step)
a Flag smartsig

!
m Y helicity combinations (3 # 0)
® colour-correlated By 3, ., By = C;B
w spin-correlated B,,,,: Z# L 9B =B
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@ Real matrix elements squared R

a Flavour structures, (anti-)particles
a soft approximation, parton k radiated

k - k K2
_ 2¢ . T _ i Ci f
R = amasy ZB" K - k)(k - k BZ ki - k)2 R
i#j 1 i

a collinear approximation, final state singularities:

99
R X Buy, Pggg

R¥oc B, Py
R o BW’ Pg-,qﬁ
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@ Virtual finite part (2 Re (M3, My,,))

Qg 1 1 1 2k,"kj
Vb:Nf —Z(EC/i‘FE")/ﬁ)B‘FEZbg ? B,']""Vﬁn s

2T

i€Z ijET
i#i
where ( ) N
47)° %
N=—"L_(E) a=pu
r1—e <02> H

12\
NVBFNLO = (47T)6 r(1 T E) <S) '
2 1 2 2

Moorwo _ - eln(i) + € In2<li) + &+ 0()
N s/ 2 s/ ©

need € poles of virtual part to match normalization constant.

. a

FKS-subtraction — )V = ?; (QB + g ;B + Vﬁn)
€T
o

Motivation The POWHEG-Method The POWHEG-BOX Processes Conclusion & Outlook
000000000 oooe 0000

. n th
Franziska Schissler — POWHEG & VBFNLO January 12, 2012 17/22



WW production, pp — WW — ITvI™ T

POWH EG: 0 = (1 31 2246 :l: 0001 024) pb [Melia, Nason, Rontsch, Zanderighi 2011]
VBFNLO: PS+ME, (0 = 1.313733 + 0.000754) pb
Cuts:
pr,; > 20 GeV, |n| < 2.5, prmss > 20 GeV, pr; > 20GeV, |n;| < 3.5
ShOWer: PYTH|A 6421 + VBFN LO, [Sjostrand, Mrenna, Skands 2006]
my mr
0.0045 T T T T T T T T r 0.003 T T r
X P —— -
0.004 |- ﬁ PWG+Pythia 1 PWG+Pythia
L‘ 0.0025
0.0035 - 1
= 0003 | | q = 0002 -
5 3
S 00025 | LH 2
] 2 00015 -
£ o0z | ‘ 5
S ooots | S oo .
0.001 | H&L\_‘q 1 b“"!t-\_
{ 0.0005 e,
0.0005 ‘ H%'""‘——-N__“ 1 "‘\-..E_AR N
° 0 50 100 150 200 250 300 350 400 450 500 0 0 50 100 150 200 250 300 350 400 450 500
my [GeV] my [GeV]
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0.01 - T T T T T T r T
PYbmmg ——
L nio
0.009 PWG.+Pythia
0.008 | 1
s 0007 |- 1
)
9 0.006 q
=]
g 0.005 1
E
& 0004 1
B
© 0003 1
0.002 ]
0.001 | 1
0 . .
0 50 100 150 200 250 300 350 400 450 500
Pr,miss [GeV]
Py, wio cuts Py, with cuts
1 T T T T T T T T T 0.007 T T T T T T T T T
Powheg —— Powheg ——
Vbinlo Vbfnlo ——
04 PWG+Pythia 0.006 - PWG+Pythia ——
0.005 - 1
= 001 ] _
> >
] ]
<] S 0004 1
5 K]
2 0001 ] 2
& & 0003 1
B B
©  0.0001 E ©
0.002 - ]
1e-05 < 0001 | ]
1e-06 . . . . . . . . . 0 . . ; ;
0 50 100 150 200 250 300 350 400 450 500 0 5 100 150 200 250 300 350 400 450 500
Pyl [GeV] =} pe [GeV]= =
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ZinVBF,pp — Zj — I jj

PS: unweighted events, ME: VBFNLO
LO VBFNLO: 0 = (986.2 + 0.4) fo

LO POWHEG: 0 = (986.8 + 0.5) o

my
100 T T T T T T T
. Powheg ——
Vbfnlo
s
®
9
-3
]
£
°
°
0.001 . . . . . . . .
50 100 150 200 250 300 350 400 450 500
my; [GeV]
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Prmax

P&wheg ——
ol Vbinlo

d0/PT max) [PD/GEV]

0 100 200 300 400 500

Pr.max [GeV]
PTmin

40 : !

" Powheg ——
Vbfnlo
35 - q

30 9

25 - q

20 - 1

do/pr min [Pb/GEV]

0 L L I
[] 50 100 150 200

P min [GeV] =
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Conclusion & Outlook

a WW production works fine

a anomalous couplings

a Wz, Wry

m Triboson processes
m unweighted events as Phase space generator \/
m Vector boson fusion

a Zj:LO+/,NLO??

a Wjj: learn more about this

m plenty of other VBF processes
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