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Why Susy?

only possible extension of spacetime symmetries

m in R-parity conserving SUSY: (often) LSP is X — candidate for Dark Matter
m Unification of 3 forces at the GUT scale is possible

m local SUSY enforces gravity

m solution to the hierarchy ’problem’
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The Minimal Superymmetric Standard Model
a simplest form of a supersymmetric theory (N = 1, i.e. one SUSY generator)
a (roughly) doubles particle content of the SM:
SUPERSYMMETRY
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a in the following: only squarks (g) and gluinos (g) relevant
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Squark Pair Production
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w for large mg, mg: g (often) dominant sparticle production channel

a large K-factors (K = on0/010)

m (SUSY)-QCD-corrections at NLO only available from PROSPINOeenakier etal. 1997):
a mass-degenerate squarks
a all individual channels summed up
a only total K-factors, no distributions

a (re)calculate the SQCD-corrections fully differentially rropenda 2012

m realistic simulation for LHC physics requires combination with parton shower,

hadronization, ...
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Elements of an NLO calculation

IR finite

dowo = [B(®2) + V(@) + / [R(®2, Prag) — C(Be, Bras)] 0Prag| 0,

IR divergent IR divergent

m Virtual contribution:
IR finite

q ”i“ q ”i”’ q p i
] 3 -
V= V(@) + / C(Ps, Prag)oBrs, 5 :;;JL Eji
q R e A
Vb = ZRG(MB . M}‘;)

m Real radiation:
d@s == dgpzd@,ad 9 g

R Y e

m Subtraction terms:
C — R in soft/collinear limit, e.g. Catani-Seymour, FKS
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Squark Pair Production at NLO - some results

Is the K-factor similar for different subchannels?

Assume myz = 1800 GeV, mz = 1600 GeV for /s = 8 GeV

Prospino

_ —1
op o T =257-107 b,

Prospino
9NLO

=2.99-10"'ftb

for all possible 36 channels (U, d, &, $ production) summed up, using

Hr = HF = Mg

[ channel [[ oo [fb] [ onLo [fb] | K |

U, 1.29-10"" [ 1.43-107" | 1.11
U d; 8.00-1072]9.92-1072 | 1.23
U1 Up 3.40-1072 | 4.00-1072 | 1.18
U.dR 1.39-1072[1.74-10°2 [ 1.26

| Sum [[257-107"[3.00-10" ' [ 1.16 |

— important to treat channels separately if g have different, decay widths
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Are differential K-factors flat?

consider cMSSM benchmark point, first two generations are degenerate in mass:

mg, Mgy my, my,. mg
1799.53 | 1769.21 | 1801.08 | 1756.40 | 1602.91
A = ~ 1o $F
Q I — NLO Q E
2wt ff a‘”%ﬁt R =
g £ r i
S I F 3
ERS i s o
[ :LL}:L 10% =
 uE = Y
g1 g1 i
g B S g e S
x . B e
0 500 1000 1500 § 2000 09 3500 4000 4500 5000 5500 .- 6000
p] [GeV] m* [GeV]

— differential K-factors are not necessarily flat
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Parton showers and why we need them

a soft/collinear emission enhanced:

Dy f— 1

1
(patpg)? — 2EgEq(1—c0s Ogg)* ™ — 0
soft divergence: E; — 0
collinear divergence: 0,; — 0

Py
a parton-shower: recursive calculation of these contributions to all orders

Advantages/Disadvantages

m correct shape for soft/collinear region (fixed order divergent)

m realistic 'events’ after including hadronization effects, UE, ... (fixed order has only low
multiplicity)

m BUT: only LO, description not sensible beyond soft/collinear region

=> try to combine advantages of fixed order calculations and parton shower:
@ higher multiplicity in fixed order calculation — Merging

@ higher order in perturbation theory — Matching
[m] = = =
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The double counting problem

combination of fixed-order NLO calculation with parton shower non-trivial:
avoid double-counting

NLO-contributions

events with Real configuration >< m
(i.e. n + 1 final state particles)

also obtained via splitting of Born Sl
P

configuration in parton shower

two NLO-matching-schemes:
a M C@ NLO [Frixione,Webber 2002]

m POWHEG [Nason 2004]
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IR-safe observable O, = (9(@,-) after first branching in shower, starting from Born process:

one emission with Q> Qg

(O)5= / P B(@)[(QH:ZI(S:,;)‘+ / 6B O A( Q)as(Q) p(oz)]

Q>QR

Q: ordering variable (e.g. pr)
with the Sudakov (probability of NOT emitting between Q and Qna) Qir: IR cutoff

z: energy fraction

. / P /
A(Q) :exp[f‘/d@i&da (@) (Z,)e(o’ - o)] dPraa: dQ dz 22
2 Q P(2): AP splitting kernel
; as(Q) P(Z) oo 2 zE
=1 —/d@,ad o o (@ — Q)+ O(s) E
(1-z)E
= (O)S = / a2, 0, 5(,)
as(Q) P(z) as(Q) P(z) 2
It fi lly NLO dP g | O, -0, } O(a;
erms formally + / ad { AP o 0 + O(as)
Q>QR
Supersymmetry Squark Pair Production Matching NLO calculations with parton showers Applying the POWHEG method to §g Summary

Christian Hangst — Matching Squark Pair Production at NLO with parton showers October 1, 2013 1119



The POWHEG method
Observable O at NLO reads

(o= / a2, [0, [B(&,)+ V()] / [OrirR(By11)~C(Br2:)O, )P

Matching NLO and parton shower — subtract these terms consistently:

(O)No= / dsﬁn{(’)n[B—FV]—i— / 0D e K@B P(2) —c> O+ (R— 2:(0) 5 P(2) ) ow} }

2m Q 21 Q

Special case:

— PoWHEG (POsitive Weight Hardest Emission Generator):

a generate the hardest emission (w.r.t. pr) before applying parton shower, using the exact real
emission matrix element

a preserves NLO accuracy (for inclusive observables and for large pr)

m use pr-veto in shower, i.e. all subsequent radiation is softer (if shower is pr-ordered; for angular
ordered shower: truncated shower)
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The POWHEG master formUIa [Frixione, Nason, Oleari 2007]

In full analogy to the first emission for ‘LO+parton shower’:

R(Pri4)

dopwe = B(‘Pn)dg’n [APWG(Q PTmin) + dPrag(pT) A pwa(Pn PT)W

O(pT — pTon)|

with the POWHEG-Sudakov

R
Apwe(Pn, pT) = exp [* / AP /g ZSE( "+§) O(pT' (P, Py) — pT)]
and
B(d)=B+V+ / 0y [R(Brer) — C(Bs)]
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Properties of the POWHEG master formula

NLO accurate for inclusive observables (by construction)

NLO accuracy preserved in the hard region:
Apwe(Pn, pTrin) = 0, Dpwa(Pn, pr) — 1

B(P,
= dUPWG ~ E¢ ;R(@,Hq)d@ dérad = R( n+1) (1 + O(Oés)) d@n ddsrad

leading-log accuracy of a shower MonteCarlo in soft/collinear limit (o — 0) is
not destroyed:
R(Pnt+)
B(®,)

X1 W% B
AP 2 P OP(z) dOdzzW, B~ B(1+ O(as))

a Positive weights, as (usually) B>o0
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The POW H E G - B OX[AIioIi,Nason,OIeari,Re 2010]

m POWHEG-BOX provides process-independent ingredients for a
POWHEG-implementation of arbitrary processes:
m automatized subtraction-scheme (FKS-scheme (rrixione, kunszt, signer 1996])
generation of radiation phasespace
hardest radiation according to POWHEG-Sudakov
NLO distributions as 'by-product’

.
.
.
m LHE-output: unweighted events which can be interfaced to shower program
m user needs to implement the process specific parts

m So far: no processes with strongly interacting BSM particles implemented —
small changes in the main routines of the code concerning the FKS subtraction

Supersymmetry Squark Pair Production Matching NLO calculations with parton showers Applying the POWHEG method to §g Summary

t
Christian Hangst — Matching Squark Pair Production at NLO with parton showers October 1, 2013 15/19



PowHEG at work - inclusive observables

s s
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Exclusive observables

s - NLO
g H — PWG
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a NLO result diverges for small pr,
PWG result 'Sudakov damped’

w for y;: demand p; > 200 GeV

= for large pr the (N)LO result is repro-
duced
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Parton shower effects - PYTHIAG vs. HERWIG++
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dofdy"™ [pb]

g

m hadronization, underlying event turned off

m partons clustered with anti-kr (R =

m only very basic cuts:
pr > 20GeV, |n;| < 2.8

m inclusive quantities hardly affected

0.4)

a P softer than NLO, HERWIG++ slightly

higher rates at low p;

® HERWIG++ predicts‘more centraljets
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Summary

m Squark pair production is important sparticle production channel at the LHC

m NLO corrections are usually different for individual channels, K-factors are often
large and not flat

a Matching NLO fixed order calculation with parton showers important for precise
predictions for LHC physics (— POWHEG method)

a Implementation of squark pair production in public program package
POWHEG-BOX

a Parton shower effects for inclusive observables small, but important for radiated
parton
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Differential K-factors after decay to \,q
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-~ NLO
— LHE
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= two reasons for this discrepancy:

a atNLO: p‘?’ & oy, the pr of the radiated
parton

a low pETE’: Sudakov damping (NLO result
diverges here)

= high p™: LHE/NLO ~ 1.8 = 80%
discrepancy!

@ assumption E/B =~ 1 is not valid here: sizeable K-factor (K = 1.2)
@ different scales for B (1 = mg) and for R/B (pr of the radiated parton)
a check these two points: perform event generation with B — Band e = [F = 400GeV
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® idea jiolNason oleari e 2009): “SPIit’ the real contributions in the master-formula, use

only IR-singular parts for radiation generation
h2
R=Rs+R,=FR+(1—-F)R; ==
s+ R, +(1-F) o

® 'new’ master-formula:

RS (‘Zr)n* (pfﬁ
O me = B (®,) db, [AS(@, ) 4 Dy(By, k) AP Prar)

() O(kr — p7") 0B rag | + R, dDpdD g

—— NLO
------ wo damping
.......... h =20 GeV
h =50 GeV
...... h =100 GeV

10

.

o
S

O [T I I T

t
Christian Hangst — Matching Squark Pair Production at NLO with parton showers October 1, 2013 23119



Shower without ISR
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