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Outline of the talk

short introduction to SM and BSM in the LHC era

present my past research:

NLO subtraction scheme for event generators (C.H.Chung, M.

Krämer, TR)

Unitarity based NLO calculations for WW+ jet (J. Campbell,

A. Graham, D. Miller, TR; work in progress)

Mass determination for BSM particles at the LHC (Les

Houches 2009 working group; TR)

some words on future directions...(very very short)
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Introduction:

SM at NLO, BSM, Monte Carlo generators
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SM and BSM

SM at LO

SM of particle physics:

accurate description of current collider data

(particle data group; http://pdg.lbl.gov )

?? Why higher orders for SM ??

?? Why BSM physics ??
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SM and BSM

SM at NLO

?? Why higher orders ??

many processes governed by strong interactions:
next to leading (and even higher) order contributions can be
huge (NLO: O(100%) for many processes; NLO Les Houches

report 2010, arXiv:1003.1241)

also important: reduction of scale dependencies (usually huge

for LO calculations)

⇒ match experimental accuracies, make meaningful statements:
need at least NLO

also important: have differential corrections; use of overall
global corrections (K-factors) can lead to wrong predictions for
differential quantitites

⇒ wanted: NLO corrections for differential distributions
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SM and BSM

Why BSM ??

SM: very accurate descriptions of todays collider data
SM alone boring ?? No !!

remember: Higgs is part of SM, not yet found...
...however....

some things not explained by SM (alone)...
most famous example:
fine tuning of NLO corrections to the SM Higgs mass
also unclear: flavour structure, number of generations, ....
last but not least: Dark Matter content of the universe
(let alone dark energy, (Physics Nobel Prize 2011)...)

most BSM theories try to cure at least one of the above

very often: also guided by ”esthetic” concepts, ie gauge or
mass unifications, etc
(has worked in the past: SU(3) in the quark sector)

many theories: SUSY, higher dimensions, extra gauge groups,
....
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SM and BSM

MSSM in supersymmetry

common BSM model for mass studies: SUSY in the MSSM
version

SUSY: additional symmetry, each particle obtains a partner
with ∆ s = ± 1

2 (but a priori same mass)

partners not observed: SUSY is broken to give higher masses
to new particles

leftover w ∼ 100 new parameters, some constraints
⇒ MSSM (minimal...)

studies here: use specific (collider friendly (and already

excluded)) scenario SPS1a, masses O(102 GeV)

important feature: new mass eigenstates in the
collider-observable range,
”standard” (scalar, fermionic) coupling structures
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Monte Carlo generators

Tools: Monte Carlo event generators

MC event generators: Generate event samples
(same form as experimental outcome)

experiments: see final decay products

need to compare with simulated event samples

⇒ too complicated for analytic computation, need numerical
simulations

also need to simulate parton showers, underlying events,
detector behaviour,...

also: important irreducible background effects ⇒ need full
matrix elements

many tools around; most popular general purpose codes:
Pythia (Sjöstrand ea),Herwig (Gieseke ea), Sherpa (Krauss ea),
Isajet/ Isasusy (Baer ea), Alpgen (Mangano ea), ..

+ many more (more specialized) (N)LO (B)SM codes...
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SM and BSM in the LHC era

(A personal view)
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Era of the LHC: status

Currently: Era of the LHC

⇒ VERY EXCITING ERA FOR PARTICLE PHYSICS ⇐

Since LHC startup...

highest (controlled) energy particle collisions in a collider
machine
(of course there are always cosmic rays...)

LHC runs beyond expectation !! already at more than 1 fb
−1

integrated luminosity, running on...

many many publications !! from both theory and experiment

(sure many locals know more about this than me...)
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Era of the LHC: quests

Currently: Era of the LHC

WHAT DO WE WANT TO KNOW ??

test and reconfirm the Standard Model

find the origin of electroweak symmetry breaking

find physics beyond the Standard Model (in case its there...)

find the unexpected (possible ??)

other (keep your minds open)
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Era of the LHC: SM

Currently: Era of the LHC

⇒ VERY EXCITING ERA FOR PARTICLE PHYSICS ⇐

Since LHC startup...

SM confirmed and reconfirmed extremely well !! ,

many ”Standard Candle measurements”, eg vector boson + n
jets, well measured and compared to several Monte Carlo
codes

discrepancies atm more on the Monte Carlo side (disagreement

of different codes), call for authors to resolve the issues...

from the theory side: soft physics becomes more and more
important: resummation, underlying events, parton
distribution functions, ...
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Era of the LHC: BSM

Currently: Era of the LHC

⇒ VERY EXCITING ERA FOR PARTICLE PHYSICS ⇐

Since LHC startup...

still no (scalar) Higgs, but closing in on a SM-like one...
(unfortunately through exclusion)

many searches !! downside: many many BSM scenarios are
already excluded !!

however: only specific scenarios are tested, still room for
many untested models

important message (at least for some): SUSY is not dead yet !!

same can of course be said of other models...
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Era of LHC: SM and BSM

SM and BSM studies are mutually dependent

SM from BSM: where is precision most crucial/ which
observables are most important for BSM discoveries ??

BSM from SM: how large are the uncertainties and the
background/ which channels and searches are hopeless (or at

least call for large improvements)

especially important: do we throw away important channels
by looking in the wrong direction (a question to the BSM
community)
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Now to single topics...
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QCD NLO calculations:

Alternative dipole subtraction scheme for event
generators

in collaboration with

C.H.Chung, M. Krämer

arXiV:1001.2704, 1012.4948, 1105.5327
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Introduction (and pre-summary)

era of LHC: QCD-governed processes, large NLO contributions

want fully differential distributions:
need stable + fast NLO Monte Carlo Event generators

full description ⇒ combination w parton showers necessary

Motivation for new scheme

number of phase space mappings greatly reduced

⇒ especially important for large number of external particles

dipoles: derived from splitting functions of
”Parton shower with quantum interference” (Nagy, Soper,2007)

⇒ once shower and scheme are implemented:
facilitates matching with NLO calculations

here: concentrate on subtraction scheme
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NLO calculations - pole structure and treatments

NLO corrections: general structure

Masterformula

for m particles in the final state

σNLO,tot = σLO + σNLO,

σLO =

∫
dΓm |M(m)

Born|2(s) leading order contribution

σNLO = σreal + σvirt,

σreal =

∫
dΓm+1 |M(m+1)|2 real emission

σvirt =

∫
dΓm 2 Re(M(m)

Born (M(m)
virt )

∗) virtual contribution

with dΓ: phase space integral, M matrix elements
(here: flux factors etc implicit)
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NLO calculations - pole structure and treatments

Dipole subtraction: general idea

from factorization of QCD in soft and collinear limits:
know that pole structure always the same

matrix element level: in the singular limits,

|M(m+1)|2 −→ Dij(pi , pj) |M(m)|2, Dij ∼ 1

pipj

(1)

Dij : dipoles, contain complete singularity structure

also means that
∫

dΓm+1

(
|M(m+1)|2 − ∑

ij Dij |M(m)|2
)

= finite

general idea of dipole subtraction: make use of (1), shift
singular parts from m + 1 to m particle phase space

⇒ need to have a good (analytical) parametrization of
the singularity structure
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NLO calculations - pole structure and treatments

Dipole subtraction for total cross sections

Master formula

σ = σLO + σNLO

σNLO =

∫

m+1
dσR +

∫

m

dσV +

∫
dσC

=

∫

m+1
(dσR − dσA) +

∫

m

(
dσÃ + dσV + dσC

)
,

⇒ effectively added ”0”; both integrals finite

σNLO
m (s) =

∫

m

{
|M̃virt(s; ε)|2 + I(ε)|MBorn(s)|2

+

∫ 1

0
dx (K(x) + P(x ; µF )) |MBorn(x , s)|2

}
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Nagy Soper subtraction scheme

Nagy Soper subtraction scheme

many different subtraction schemes are around
(best known: Catani, Seymour, 1996)

all schemes: poles have to be the same; finite parts can differ

Main motivation for new subtraction scheme

basic idea: can use the splitting functions in the parton
shower as dipole subtraction terms

⇒ have same behaviour in singular limits
”turn around” of idea suggested by Nagy, Soper (hep-ph/0503053):

use Catani Seymour Dipoles for shower algorithm

introduce new matching between m and m + 1 phase spaces

⇒ leads to a much smaller number of subtraction terms

especially important for large number of external particles

⇒ same dipoles in shower and subtraction scheme: facilitates
matching with NLO calculations
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Nagy Soper subtraction scheme

Shifting momenta: Example (1)

γ∗ −→ q(p1)q̄(p2) g(p3) (@ NLO)

p1

p2

p3

part of Born contribution

real gluon emissions for this diagramm:

p1

p2

p3

p4
CS: 1 momentum shift/ spectator

p2, p3: 2 transformations

NS: 1 total transformation
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Nagy Soper subtraction scheme

Shifting momenta: Example (2)

p1

p2

p3

p4

CS: 1 momentum shift/ spectator

p1, p3: 2 transformations

NS: 1 total transformation

p1

p2

p3p4

CS: 1 momentum shift/ spectator

p1, p2: 2 transformations

NS: 1 total transformation

⇒ from simple counting:

12 transformations using CS vs 6 using NS dipoles !!
in general: scaling improves by factor Njet !!
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Nagy Soper subtraction scheme

Catani Seymour vs Nagy Soper -
Summary and upshot

NS upshots:

+ less transformations in the subtraction terms (leading to

faster codes for higher multiplicity final states)

− more complicated expressions, and numerically evaluable
integrals, in the subtraction terms (already for “easy” processes)

both due to different mapping procedure

⇒ need to test on higher multiplicity final states to
see net result ⇐
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Summary and Outlook

Status quo (instead of Summary)

goal: establish NS dipole formalism

all integrals are done ©

all singularity structures checked X

finite term cross checks: almost done
(missing: processes w more than 2 partons in the final state)

Checked processes

single W at hadron colliders

Dijet production at lepton colliders

pp̄ → H and H → g g

DIS

e e → 3 jets:
singularity cancellation checked, rest underway
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Summary and Outlook

Numerical results for single W and dijet production

relative difference between CS and NS: σCS−σNS

σCS

� CS � � NS

� CS

� 0.001

� 5� 10� 4

0

5� 10� 4

0.001

0 2 4 6 8 10 12 14√
Shadr[TeV]

single W production

� NS � � CS

� CS

� 0.004

� 0.002

0

0.002

50 100 150 200 250 300√
spart[GeV]

e+e− → 2 jets

agree on the sub-permill level ©
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Summary and Outlook

Outlook

Outlook

continue checks by application to simple processes for
unchecked splitting functions (m > 2 in final state )

implementation on matrix element level

matching with parton shower

apply in (new) higher order calculations

more on this @ IKTP:
talks by G. Somogyi, 28.10.11 (for NNLO) and
C.H. Chung, 11.11.11 (on this work)
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NLO QCD calculations:

NLO calculations using unitarity methods

in collaboration with

J. Campbell, A. Graham, D. Miller

...work in progress...
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NLO using unitarity methods

NLO using unitarity methods

unitarity methods: new method for calculating one loop
coefficient using variations of the Cutkosky rule/ the optical
theorem

(or old ?? first mentioned in Eden, Landshoff, Olive, Polkinghore,

”The Analytic S-Matrix”, 1966)

idea: project coefficients of one loop contributions on generic
master integrals by subsequent ”cuts”, where inner-loop
particles are set subsequently onshell

reexpression of four-vectors in terms of two-dimensional
helicity spinors: many ”0”s from gauge/ Lorentz invariance
vanish at the amplitude level
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NLO using unitarity methods

NLO using unitarity methods

loop integrals: contain integrals over unresolved momentum
∫

ddp

(2π)d

d =4(−2 ε)

for box/ triangle/ bubble coefficients: 0/1/2 free parameters
for 4-dimensional integration in the loop

results: compact coefficients for one-loop masterintegrals

much progress in recent years (extension to triple or quadruple
cuts, calculation in d dimensions)

cf eg Bern, Dixon, Kosower; Forde; Britto, Mastrolia, Feng,

Cachazo, Buchbinder; Ellis, Campbell, Badger, Williams, Glover;

Zanderighi, Melnikov, Schulze; ...(many more)

Monte Carlo realizations: Blackhat, Rocket, MCFM
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NLO using unitarity methods

advantage for Monte Carlos: relatively quick evaluations,
shorter run times

(explicitely tested in MCFM for several processes)

WW+ jet: implemented in MCFM using numerical methods

status: leading color contributions nearly done, subleading
half way there
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Example for bubble coefficient (easiest leading color)

for process

q(p1) q̄(p6) → W +(p23)W−(p45) g(p7),

leading color, I2(s456; 0, 0):

i
〈45〉 [23]
〈17〉 ×
{

〈73〉2 〈7|p56|4] [74]
〈7|p45|6] 〈7|p456|7]

[
1

〈7|p456|7]

(
[7|p456|3〉

〈37〉 + [74] s456

2 〈7|p56|4]

)
+ [6|p45|3〉

〈37〉 [6|p45|7〉

]

− 〈65〉[54] [6|p45|3〉2
s456 〈6|p45|6] [6|p45|7〉

[
〈65〉[54]

2 〈6|p45|6] + 〈7|p56|4]
[6|p45|7〉

] }

|i〉, |j ] two-component helicity vectors, obey p
µ

i = 1
2 〈i |γµ|i ]
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Status

leading color boxes: done (©)

leading color bubbles: nearly done (80 %)

leading color triangles: not yet done
(only 1 triangle, rest from singularity structure)

subleading color terms: on the way (bubbles 60%), ...

rational terms: underway

...work in progress...
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Now to BSM...
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BSM @ LHC:
Comparison of mass determination methods

in collaboration with

L. Basso, R. Brunelière, T. Lari, J.-R. Lessard, B. McElrath,
S. Sekmen, M. Tytgat, P. v. Weitershausen

http://www.lpthe.jussieu.fr/LesHouches09Wiki/index.php/Mass methods

arXiv:1005.1229
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Collider signatures of BSM theories

generic feature of any (reasonable) BSM theory:
observable deviations from Standard Model predictions

⇒ changed event rates (= modified cross sections)

⇒ resonances of new particles (= new mass eigenstates)

to fully determine theory at low energy scale:
also need spins and couplings

also important: ”indirect” measurements through higher order

contributions: can give important restrictions

further task: determine theory at high scale

don’t talk about that here

so far: only collider exclusion limits exist
(C. Amsler ea: Particle Data Book, http://pdg.lbl.gov/2011/reviews)

+ also important: astroparticle connection !!
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Why masses ??

first obvious choice: cross section measurements

however, depend on knowledge of actual cm energies

usually ”smeared” (eg bremsstrahlung for ILC)
or unknown (LHC), ie only obtainable in form of probability
distributions (in form of PDFs)

furthermore, many experimental issues (calibration of
detector, ...)

variables constructed for mass measurements: depend less
on overall (experimental and theoretical) normalization
uncertainties

⇒ construction of Lorentz-invariant mass variables: even cm
independent (especially useful for processes at LHC)

⇒ ideal candidates for BSM discoveries and measurements

spins, couplings: more complicated; next step on the road...
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Project setup

Les Houches mass determination project

Setup

project started at the Les Houches 2009 BSM session

joint experimental/ theoretical effort
(56% /44%; should withhold at least some ”reality” criticism ,)

generate generic BSM data samples, including all
background, use parton showers and detector simulation

use this data to check several (new/ old) mass determination
methods/ proposals

why ?? most (newer) variables (invented +) tested for specific
scenario points, mainly by authors themselves

⇒ ”reality check” still pending

also: relative low luminosity:
∫

L = 10 fb
−10,

√
shadr = 14TeV

note:
ongoing study, started off as non-experts ⇒ preliminary results
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Project setup

Tested methods

So far, tested and checked the following variables

effective mass Meff

(Hinchcliffe, Paige, Shapiro, Soderquist, Yao 97; Torvey 00; ...)√
ŝmin (Konar, Kong, Matchev 08; ...)

transverse mass (Barger, Han, Phillips 87; ...)

MT2 and MT2-kink (Lester, Summer, 99; Cho, Choi, Kim, Park 07,

08; Burns, Kong, Matchev, Park 09; ...)

edges (Hinchcliffe, Paige, Shapiro, Soderquist, Yao 97; Bachacou,

Hinchcliffe, Paige 00; ATLAS collaboration 99; Allanach, Lester, Parker,

Webber 00; ...)

polynomial intersection (Kawagoe, Nojiri, Polesello 04; Cheng,

Gunion, Han, Marandella, McElrath 07; Cho, Choi, Kim, Park 07; Nojiri,

Polesello, Tovey 08; Cheng, (Engelhardt,) Gunion, Han, McElrath 08, 09)

of course, due to time constraints, cannot explain all in detail
will focus on applicability, results + drawbacks (so far); .......

Tania Robens Challenges at colliders IKTP, TU Dresden, 27.10.11



Introduction LHC era: mini summary Alternative dipole subtraction scheme NLO calculations using unitarity methods LHC BSM

Project setup

General features and investigated signal

general feature for BSM particle decays at LHC: missing
energy from invisible final states (assumes dark matter

candidate !!)

general feature for BSM particle decays at LHC: long decay
chains ⇒ many intermediate heavy onshell states

most variables make use of at least one of the above

all studies: SPS1a

generated: all production channels, all decay channels

⇒ samples contain complete signature for this
parameter point

lack of time: only comment on some of the variables
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Single methods and results√
ŝmin (J.-R. Lessard)

√
ŝmin: determine scale of new physics by threshold scan

however: requires mass of invisible final state particle as input

definition: ŝ
1/2
min(Minv) ≡

√
E 2 − P2

z +
√

(Emiss
T )2 + M2

inv

− high sensitivity to ISR; solution: cut in jet pseudorapidity

 (GeV)1/2
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min

, different values of Minv, no η cut
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no cut

ŝ
1/2
min

(0) for different values of ηcut

large dependence on η cut !!
also: large effects when resummation is included;

(Papaefstathiou ea, arXiv:1002.4375, 1004.4762; Konar ea, 1006.0653)
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Single methods and results√
ŝmin: including SM background (J.-R. Lessard)
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© peaked at value different from SM background

⇒ useful for BSM discovery
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Single methods and results

MT2 and MT2-kink: definition (M. Tytgat)

MT2 variable: variable which considers processes with more
than 1 invisible final state

between invention (Lester ea, 99) and nowadays use (Burn ea,

09): underwent some major upgrades

look at pp → X + l̃1 l̃2 → X + l1χ̃
0
1l2χ̃

0
1

variable definition:

MT2 ≡ min
6p1+ 6p2= 6pT

[
max

{
m2

T (pl1
T , 6p1), m

2
T (pl2

T , 6p2)
}]

,

needs LSP mass as input; MT2,max = mparent

further improvements (Cho ea 07, Kong ea 09): derive analytic
expressions for MT2,max(mparent, mLSP, mLSP,test, p⊥(X ))

final step: different functions for mLSP,test≷mLSP, with functional
dependence on mLSP, mparent, p⊥(X ): ⇒ use these for fits
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Single methods and results

MT2 and MT2-kink: results (M. Tytgat)
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MT2; ss leptons, parton level. Correct meχ

parton level:
©; maximum value gives

mτ̃ = 130GeV
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Mmax
T2 (mLSP,test), ss leptons, parton level

parton level:
©; fit results for
mLSP,test ≷ mLSP:

mχ̃0
1
= 97 ± 2 (96 ± 4) GeV

mτ̃1 = 133± 3 (133± 4) GeV,
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Single methods and results

MT2 and MT2-kink: results (M. Tytgat)
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As above, detector level.

detector level:
MT2,max quite washed out

⇒ still some work to do....
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Summary

LHC comparative study: Mini-Summary

scope of Les Houches mass determination project:
test different methods on a standard sample in a ”realistic”
scenario, ie w parton shower, hadronization, detector effects,
...

© tested different (older/ newer) methods

© for most methods:
first steps, pinned down (known/ unknown) complications

next steps: include more variables

next steps: try a ”quantitative” comparison
(to be done w great care)

so far: most methods applicable, some problems persisting...

only beginning of the study ⇒ more to come...
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BSM @ LHC:
√

ŝmin resurrected

arXiv:1109.1018
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√
ŝmin resurrected: original idea

definition of
√

ŝmin (Matchev ea, 09):

ŝ
1/2
min(Minv) ≡

√
E 2 − P2

z +
√

(Emiss
T )2 + M2

inv

(E ,
−→
P ): total visible fourvector, Emiss

T
= |PT |, Minv =

∑
invisible m2

i

original definition on calorimeter level !!!

totally inclusive variable

conjecture in original paper: correlation to hard scale

√
ŝ
peak

min ∼
√

ŝ
part

thr

suppression of soft background through cut in pseudorapidity
η
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√
ŝmin and soft background

cut in pseudorapidity: strong cut dependence

remember:
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ŝ
1/2
min

(0) for different values of ηcut

analytic proof of peak shift: Papaefstathiou, Webber, 09/10

solution: define
√

ŝmin on reconstruction level (Matchev ea, 11)

(why not in the first place ?? anyways...)
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√
ŝmin on the Les Houches 09 sample

apply different definitions of
√

ŝmin on Les Houches sample
fully inclusive ⇒ include all final states
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ŝ
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min

q̃q̃, q̃g̃ , , and g̃ g̃ initial states, true
√

s, parton level
√

ŝmin, analysis level√
ŝmin,

√
smin using calorimeters with (without) |η| < 1.4

⇒ analysis level definition nicely reproduces parton level
peaks using Gaussian fit: (1152 ± 4)GeV, (1083 ± 4)GeV
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√
ŝmin on the Les Houches 09 sample

apply different definitions of
√

ŝmin on Les Houches sample
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√

s, parton level
√

ŝmin, analysis level√
ŝmin,

√
smin using calorimeters with (without) |η| < 1.4

even better: use parton level tau fourvectors on analysis level
peaks using Gaussian fit: (1152 ± 4)GeV, (1163 ± 4)GeV

(©)
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SM suppression using
√

ŝmin

got nice results for analysis level peak positions

however, depends on Minv =
∑

invis mi !! what if wrong
guess ??

can at least check SM suppression power of
√

ŝmin

no cut Minv = Mvis, min Meff, min

2 meχ0
1

0 400 103 400 500 400 500

W+ jets 254.2 62.53 81.13 48.73 46.73 70.29 42.41 75.89 43.3

tt̄+ jets 151.4 52.99 64.67 51.77 50.14 64.63 46.3 63.98 40.12

BSM 31.05 28.82 29.82 28.42 27.80 27.07 24.43 29.99 28.72

units are pb and GeV.
√

ŝmin,cut = Minv + 500GeV.

⇒
√

ŝmin, Mvis, Meff suppress similarly well
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SM suppression using
√

ŝmin

got nice results for analysis level peak positions

however, depends on Minv =
∑
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can at least check SM suppression power of
√

ŝmin
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√
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√
ŝmin: Outlook

if correlation between threshold and maximum of
√

ŝmin

√
ŝ
peak

min ∼
√

ŝ
part

thr

holds: powerful handle on new physics scale !!!

however, only empirically shown for several cases

analytic proof far from trivial !!

aside: analysis level objects always implicitely dependent on cuts

(η, pT , ...)

first step: check for many different spectra
(⇒ SUSY without prejudice ??)
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Summary and Outlook
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Summary and Outlook

LHC era: very exiciting for particle physics

many important topics, both for SM and BSM searches

QCD: higher orders, soft physics, differences between different
(higher order) codes

BSM: exclusions are progressing; by far not everything tested/
excluded !!!

tried to describe my contributions: subtraction scheme and
unitarity methods for NLO QCD, mass determination for new
physics searches

did not talk about: ILC higher order Monte Carlo and ILC
mass determinations (past)

did not talk about: model-independent searches for BSM
physics (future ??)

,! Thanks for listening ! ,
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Appendix
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Addenda to subtraction scheme

Addenda to subtraction scheme
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Addenda to subtraction scheme

Dipole subtraction for total cross sections

Master formula

σ = σLO + σNLO

σNLO =

∫

m+1
dσR +

∫

m

dσV +

∫
dσC

=

∫

m+1
(dσR − dσA) +

∫

m

(
dσÃ + dσV + dσC

)
,

⇒ effectively added ”0”; both integrals finite

σNLO
m (s) =

∫

m

{
|M̃virt(s; ε)|2 + I(ε)|MBorn(s)|2

+

∫ 1

0
dx (K(x) + P(x ; µF )) |MBorn(x , s)|2

}
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Addenda to subtraction scheme

Integrated Dipoles in more details: I , K , P

in principle, obtain
∫

dΓ1 D =
∫ 1
0 dx

(
I(ε) + K̃(x , ε)

)

I(ε) ∝ δ(1 − x): corresponds to loop part

K̃(x , ε) contains finite parts as well as collinear singularities

latter need to be cancelled by adding collinear counterterm

1

ǫ

(
4πµ2

µ2
F

)ǫ

Pqq(x)

depends on factorization scale µF (Pqq(x) splitting function)

PDFs come in again: term already accounted for by folding w
PDF, needs to be subtracted
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Addenda to subtraction scheme

Interlude: energy momentum conservation (1)

...unfortunately, some complications are involved...

previous slide: add and subtract ”0” in terms of

∫
dΓmF̃sing|M(m)

Born|2 −
∫

dΓm+1Fsing|M(m)
Born|2

addition and subtraction takes place in different phase spaces

m ←→ m + 1

somehow need to define a matching (m + 1) ⇒ (m)

why ?? want all external particles to be onshell

here: p2 = 0 for massless particles
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Addenda to subtraction scheme

Interlude: energy momentum conservation (2)

example: q → q + g splitting

m + 1 : q(pi ) + g(pj), m : q(pĩ )

everything onshell: p2
ĩ

= 0, p2
i = 0, p2

j = 0

not possible if pĩ = pi + pj !!

⇒ need to redistribute the momenta somehow

p
(m)
ã = F

(
p

(m+1)
a , p

(m+1)
b , ....

)

also need to keep total energy/ momentum conserved:

∑

m

pã
!
=

∑

m+1

pa

(sum over outgoing particles only)
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Addenda to subtraction scheme

Second ingredient: Parametrization of integration variables

again: remember you have

Fsing ∝ Dij , F̃sing =

∫
dΓ1 Dij , dΓ1 ∝ d4pj δ(p2

j )

=⇒ F̃sing ∝
∫

d4pj δ(p2
j )Dij

3 free variables (in D dimensions: D − 1)

!! need to be written in terms of m particle variables !!

now all ingredients:
total energy momentum conservation, onshellness of
external particles, need for integration variables
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Addenda to subtraction scheme

Deep inelastic scattering (subprocess of...)

considered process:

e(pin) q(p1) −→ e(pout) q(p4) [g(p3)]

CS: spectator for final state gluon emission:

initial state quark

NS: spectator for final state gluon emission:

final state lepton

(“spectator” = spectator in momentum mapping)

⇒ first nontrivial check of NS scheme ⇐
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Addenda to subtraction scheme

DIS: Catani Seymour

Real emission subtraction terms

D43,1 =
4παs

p3p4

1

x43,1
CF

»

2

1 − z̃4 + (1 − x43,1)
− (1 + z̃4)

–

|M|2Born(p̃1, p̃4)

D13,4 =
4παs

p1p3

1

x34,1
CF

»

2

1 − x34,1 + u3
− (1 + x34,1)

–

|M|2Born(p̃1, p̃4)

z̃4 =
p1p4

(p3 + p4)p1
, x43,1 = x34,1 =

pipo

p1p4 + p1p3
, u3 =

p1p3

(p3 + p4)p1

Mapping

p̃1 = x43,1p1, p̃4 = p3 + p4 − (1 − x43,1)p1

Integrated subtraction terms
Z 1

0

dx|M|22,tot =

Z 1

0

dx

x

(

−
9

2

αs

2π
CF δ(1 − x) + K

eff
fin (x) + P

eff
fin(x ; µ2

F )

)

|M|2Born(xp1)

Keff(x) =
αs

2π
CF

(

„

1 + x2

1 − x
ln

1 − x

x

«

+

+
1

2
δ(1 − x) + (1 − x) −

3

2

1

(1 − x)+

)
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Addenda to subtraction scheme

DIS: Nagy Soper - real emission terms

Initial state real emission subtraction

D1,3 =
4 π αs

x y p̂1 · p̂i

CF

„

1 − x − y +
2 z̃ x

v (1 − x) + y

«

|MBorn(p)|2

x =
p̂o · p̂4

p̂i · p̂1
, y =

p̂1 · p̂3

p̂1 · p̂i

, z̃ =
p̂1 · p̂4

p̂4 · Q̂
, v =

(p̂1 · p̂i ) (p̂3 · p̂4)

(p̂4 · Q̂) (p̂3 · Q̂)
.

Initial state: mapping

p1 = x p̂1, pi = p̂i , pµ
o,4 = Λµ

ν(K, K̂)p̂ν
o,4, K = x p̂1 + p̂i , K̂ = p̂1 + p̂i − p̂3 .

Final state real emission subtraction

D4,3 =
4παs CF

y(p̂i · p̂1)

»

y

1 − y
Feik + z + 2

(1 − v)(1 − z(1 − y))

v [1 − z(1 − y)] + y [(1 − y)ã + 1]

–

|MBorn(p)|2

y =
p̂3 · p̂4

p̂1 · p̂i

, z =
p̂3 · p̂o

p̂3 · p̂o + p̂4 · p̂o

, v =
p̂1 · p̂3

p̂1 · p̂3 + p̂1 · p̂4
, Feik = 2

(p̂3 · p̂o) (p̂4 · p̂o)

(p̂3 · Q̂)2
.

Final state: mapping

pi = p̂i , p1 = p̂1, p4 =
1

1 − y
[p̂3 + p̂4 − y (p̂1 + p̂i )] , po =

p̂o

1 − y
.
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Addenda to subtraction scheme

DIS: Nagy Soper - subtraction in the virtual contribution

Z 1

0

dx |M|22 =

Z 1

0

dx

(

αs

2 π
CF δ(1 − x)

»

−9 +
1

3
π

2 −
1

2
Li2[(1 − z̃0)

2]

+ 2 ln 2 ln z̃0 + 3 ln z̃0 + 3 Li2(1 − z̃0) + Itot,0
fin (z̃0) + I1fin(ã)

–

+ K
tot
fin (x ; z̃) + P

tot
fin (x ; µ2

F )

)

|M|2Born(x p1),

Ktot
fin (x; z̃) =

αs

2 π
CF

(

1

x

»

2 (1 − x) ln (1 − x) −

„

1 + x2

1 − x

«

+

ln x

+ 4 x

„

ln(1 − x)

1 − x

«

+

–

+ I1fin(z̃, x)

)

,

⇒ contains integrals which need to be evaluated numerically ⇐
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Addenda to subtraction scheme

DIS: Nagy Soper - integrals to be evaluated numerically

⇒ Integrals contain nontrivial functions depending on m and
m + 1 four-momenta ⇐

I tot,0
fin (z̃0) = 2

Z 1

0

dy

y

(

z̃0
p

4 y 2 (1 − z̃0) + z̃2
0

× ln

2

6

4

2 z
p

4 y 2 (1 − z̃0) + z̃2
0 (1 − y)

“

2 y + z̃0 − 2 y z̃0 +
p

4 y 2 (1 − z̃0) + z̃2
0

”2

3

7

5

+ ln 2

)

.

I1fin(ã) = 2

Z 1

0

du

u

Z 1

0

dx

x

×

"

x (1 − x + u x [(1 − u x) ã + 2])

k(u, x, ã)
−

1
p

1 + 4 ã0 u2 (1 + ã0)

#

.

I1fin(z̃, x) =
2

(1 − x)+

1

π

Z 1

0

dy ′

y ′

"

Z 1

0

dv
p

v (1 − v)

z̃

N(x, y′, z̃, v)
− 1

#

,
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Addenda to subtraction scheme

DIS: Nagy Soper -
variables in integrals to be evaluated numerically

for some integrals, m + 1 variables have to be reconstructed

⇒ HUGE difference wrt standard scheme(s) ⇐
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Addenda to subtraction scheme

DIS: Nagy Soper -
variables in integrals to be evaluated numerically

for some integrals, m + 1 variables have to be reconstructed
⇒ HUGE difference wrt standard scheme(s) ⇐

in initial state subtraction terms

N =
p̂3 · p̂4

p̂4 · Q̂

1

1 − x
+ y

′
, z̃ =

1

x

p1 · p̂4

p̂4 · Q̂

p̂3 =
(1 − x) (1 − y′)

x
| {z }

α

p1 + (1 − x) y′

| {z }

β

pi − k⊥, p̂µ
4 = Λµ

ν(K̂,K)p̂ν
4

k
2
⊥ = −2 α β p1 · pi , k⊥ = −|k⊥|

 

0
1 − 2 v

2
p

v (1 − v)
0

!

,

in final state subtraction terms

k2(x, u, ã) =
ˆ

(1 + ux − x)(z − z
′) + ux ((1 − ux) ã + 1)

˜2

+ 4 u x z
′ (1 − z) (1 + u x − x) ((1 − ux) ã + 1)

ã =
p1 · po

p1 · (pi − (1 − y)po)
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DIS: Nagy Soper -
variables in integrals to be evaluated numerically

for some integrals, m + 1 variables have to be reconstructed
⇒ HUGE difference wrt standard scheme(s) ⇐

in initial state subtraction terms

N =
p̂3 · p̂4

p̂4 · Q̂

1

1 − x
+ y

′
, z̃ =

1

x

p1 · p̂4

p̂4 · Q̂

p̂3 =
(1 − x) (1 − y′)

x
| {z }

α

p1 + (1 − x) y′

| {z }

β

pi − k⊥, p̂µ
4 = Λµ

ν(K̂,K)p̂ν
4

k
2
⊥ = −2 α β p1 · pi , k⊥ = −|k⊥|

 

0
1 − 2 v

2
p

v (1 − v)
0

!

,

in final state subtraction terms

k2(x, u, ã) =
ˆ

(1 + ux − x)(z − z
′) + ux ((1 − ux) ã + 1)

˜2

+ 4 u x z
′ (1 − z) (1 + u x − x) ((1 − ux) ã + 1)

ã =
p1 · po

p1 · (pi − (1 − y)po)
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Addenda to mass determinations

SPS1a mass spectrum and cross sections

d̃L 568.4 d̃R 545.2 ũL 561.1 ũR 549.3 b̃1 513.1 b̃2 543.7 t̃1 399.

l̃L 202.9 l̃R 144.1 τ̃1 134.5 τ̃2 206.9 ν̃l 185.3 ν̃τ 184.7 t̃2 585.

eχ−
1 181.7 eχ−

2 380.0 eχ0
1 96.7 eχ0

2 181.1 |eχ0
3| 363.8 eχ0

4 381.7 g̃ 607.

Relevant masses for SPS1a in GeV. u = (u, c), d = (d , s), l = (e, µ).

X1X2 2 → 2 2 → 3

q̃q̃ (j) 6.56 7.83
q̃g̃ (j) 19.52 21.75
g̃ g̃ (j) 4.53 5.47
χ̃χ̃ (j) 1.97 4.89

Production cross sections in pb for p p → X1 X2, for a cm energy of 14 TeV.

CTEQ6L1 PDFs were used. 2 → 3 sample includes explicitly generated hard jet,

where hard is defined by pT ,jet > 40 GeV.
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Details on data generation (R. Brunelière, T. Lari, S. Sekmen)

SUSY spectrum: generated using SoftSusy
(B. Allanach, hep-ph/0104145)

2 → 2 and 2 → 3 matrix element generation: Madgraph
(T. Stelzer, W. Long, hep-ph/9401258; F. Maltoni, T. Stelzer,
hep-ph/0208156)

generation of decay chains: Bridge
(P. Meade, M. Reece, hep-ph/0703031)

parton shower generation: Pythia (in Madgraph)
(T.Sjostrand, S.Mrenna, P. Skands, hep-ph/0603175)

matching of samples with different jet multiplicities: MLM
matching algorithm in Madgraph (J.Alwall ea, hep-ph/0706.2569;
J.Alwall, S. de Visscher, F. Maltoni, hep-ph/0810.5350)

detector simulation: Delphes
(S. Ovyn, X. Rouby, V. Lemaitre, hep-ph/0903.2225)

data analysis: ROOT (http://root.cern.ch)
Tania Robens Challenges at colliders IKTP, TU Dresden, 27.10.11
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Delphes pre cuts and object definitions (same for
√

ŝmin)

object Delphes predefinition additional requirement

electron/ position |η| < 2.5 in tracker, pT > 10 GeV isolated
muon |η| < 2.4 in tracker, pT > 10 GeV isolated

lepton isolation no track with pT > 2 GeV no track with pT > 6 GeV

criteria in a cone with dR = 0.5 in a cone with dR = 0.5
around the considered lepton around the considered lepton

n leptons —– exactly n isolated leptons
at detector level

taujet pT > 10 GeV —–
jet pT > 20 GeV pT ,jet > 50 GeV, |η|jet < 3

CDF jet cluster algorithm,
R = 0.7

Missing transverse —– Emiss
T

> 100 GeV

energy

Tania Robens Challenges at colliders IKTP, TU Dresden, 27.10.11



Introduction LHC era: mini summary Alternative dipole subtraction scheme NLO calculations using unitarity methods LHC BSM

Addenda to mass determinations

Edges: definition (T. Robens, P.v. Weitershausen)

Edges of invariant masses:
one of the more established methods

idea: look at decay chain as eg
A → B + C → B + D + E → ...

define Lorentz-invariant masses in the form of
m2

ab...n = (pa + pb + ... + pn)
2

assume in between states to be onshell

⇒ inversion formulae for mA,B,...(minv,1;min,max, minv,2;min,max, ...)
”edges” of invariant mass distributions

completely given by phase space

drawback: hierarchy of chain needs to be known

⇒ different inversion formulae for different ”in between”
scenarios

depending on number of final states, system of equations exact/

over-/ under-constrained
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Addenda to mass determinations

Edges: results (T. Robens, P.v. Weitershausen)

chain considered here: q̃ → χ̃0
2q → l̃ lq → χ̃0

1llq
hmll_ana_diff

Entries  80
Mean    57.11
RMS     19.31

mll (GeV)
0 20 40 60 80 100

0

50

100

150

200

250

300

350

hmll_ana_diff
Entries  80
Mean    57.11
RMS     19.31

mll, ana level, os mu pairs - os of leptons

mµ+µ− , after osof subtr, detector level

mll for µ+µ− on detector
level, after osof background

subtraction:
©; theoretical max value:

81 GeV

hmqll_ana_osmu_hardest

Entries  662
Mean    356.7
RMS     156.2

mqll (GeV)
0 100 200 300 400 500 600 700 800 900 1000

0

20

40

60

80

100

120

140

160

180

200

220

hmqll_ana_osmu_hardest

Entries  662
Mean    356.7
RMS     156.2

mqll, ana level, os mu pairs, hardest jet

mqµµ, detector level. q = hardest jet

variables involving jets:
biggest problem:

choosing the correct jet
(hardest or second-hardest)

mqµµ, hardest jet, detector level;
expect

mqll max ∼ 450 − 460GeV

Tania Robens Challenges at colliders IKTP, TU Dresden, 27.10.11



Introduction LHC era: mini summary Alternative dipole subtraction scheme NLO calculations using unitarity methods LHC BSM
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Edges: results (T. Robens, P.v. Weitershausen)

mqµµ on parton and detector level, ”correct” jet choice

mqll (GeV)
0 100 200 300 400 500 600 700 800 900 1000

-1
# 

ev
en

ts
 / 

20
 G

eV
 / 

10
 fb

0

100

200

300

400

500

600

mqµµ, parton level, correct quark

choice.

© mqll ,max ∼ 450 − 460 GeV.

mqll (GeV)
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220

mqµµ, detector level, ”correct” jet

choice.

©

⇒ in principle, no contamination by detector effects etc...
(”correctness” determined by χ2 minimization)
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Addenda to mass determinations

Webbers method: definition (R. Brunelière, T. Robens)

general idea: test a mass hypothesis
(B. Webber, arXiv:0907.5307)

”valid” topology: as in polynomial method

as before: assume onshellness of all intermediate particles

⇒ system of equations:

P = DM + E

P: vector of unknown four momenta for invisible particles,
M: four vector of masses to be tested,
D, E matrices depending on measured quantities
(pvis, p⊥,miss)
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Addenda to mass determinations

Webbers method: definition (R. Brunelière, T. Robens)

reminder:
P = DM + E

obtain P: minimize

ξ2 =
∑

events

[
(p2

4)n − M2
N

]2
+

[
(p2

8)n − M2
N′

]2

consider all possible combinatorics in case of identical outgoing

particles

for many events: scan should find true minima

Webber: repeatedly combine ∼ 20 events, get sufficient accuracy

on parton level
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Addenda to mass determinations

Webbers method: first results (R. Brunelière, T. Robens)

considered chain: q̃ → χ̃0
2 q → l l̃ q → l l q χ̃0

1

very preliminary results with low number of events,
parton level only

MN scan with fixed mass

differences

MN scan, all other masses are

fixed
few events ⇒ ”wrong” minima
biggest challenge: good 8-dimensional scan-routine finding
the overall minimum
(sidenote: method already discarded by authors...)
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Polynomial intersection: definition (B. McElrath)

polynomial intersection: very topology-specific

”valid” topology:

idea: assume all particles onshell, use relations as
(M2

Z =) (p1 + p3 + p5 + p7)
2 = (p2 + p4 + p6 + p8)

2

in every step

combination of 2 events (with same topology):
16 eqns, 16 unknowns ⇒ solvable system

quite computer intense (typically needs a grid to run...)

code available at

http://particle.physics.ucdavis.edu/hefti/projects/doku.php?id=wimpmass
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Polynomial intersection: definition (B. McElrath)

Number of unknowns and constraints for 2 events (1)

event 1):

(M2
Z =) (p1 + p3 + p5 + p7)

2 = (p2 + p4 + p6 + p8)
2,

(M2
Y =) (p1 + p3 + p5)

2 = (p2 + p4 + p6)
2,

(M2
X =) (p1 + p3)

2 = (p2 + p4)
2,

(M2
N =) p2

1 = p2
2 .

px
1 + px

2 = px
miss, p

y
1 + p

y
2 = p

y
miss.

8 unknowns (p1,2), 6 constraints

⇒ system cannot be solved.
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Polynomial intersection: definition (B. McElrath)

Number of unknowns and constraints for 2 events (2)

event 2):
add second event, have

q2
1 = q2

2 = p2
2 ,

(q1 + q3)
2 = (q2 + q4)

2 = (p2 + p4)
2,

(q1 + q3 + q5)
2 = (q2 + q4 + q6)

2 = (p2 + p4 + p6)
2,

(q1 + q3 + q5 + q7)
2 = (q2 + q4 + q6 + q8)

2

= (p2 + p4 + p6 + p8)
2,

qx
1 + qx

2 = qx
miss, q

y
1 + q

y
2 = q

y
miss.

in total 8 + 8 = 16 unknowns, 10 + 6 = 16 constraints:

⇒ solvable system !!

more details in: Cheng, (Engelhardt), Gunion, Han, McElrath,

arXiv:0802.4290, 0905.1344
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Polynomial intersection: results (B. McElrath)

considered chain: q̃ → χ̃0
2q → τ̃ τq → χ̃0

1ττq

Mass (GeV)
0 100 200 300 400 500 600 700 800 900 1000

N
um

be
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of
 S
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ut

io
ns

100

200

300

400

500

600

700

800

Masses (2 jet + 4 tau)

MN , MX , MY , and MZ

polynomial solutions

expected masses:
MZ ∼ 513 − 568GeV, MY = 181GeV, MX = 135GeV, MN = 97GeV

© next step: error reduction using higher statistics
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ŝmin study

SM Background
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SM+BSM (136834 events),

SM only (108017 events)
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ŝ
(SM+BSM)-SM
min

BSM = (SM+BSM) -(SM)

Analysis level
√

ŝmin after a cut
√

ŝmin > 700GeV.

SM background: (W + 2 j , W + 3 j ,W + 4 j , tt̄, tt̄ + 1 j , tt̄ + 2 j).

peak disappears after addition of (some) background
after background subtraction (data driven or other): peak
reappears
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