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Quests at LHC

Explore the 1 TeV mass scale:

• Origin of electroweak symmetry breaking.

• Searches for Dark-Matter particles (e.g. SUSY).

WW + jets important in Standard Model:

• Measurements of Higgs & vector bosons.

• As backgrounds to New-Physics searches.

Bullet cluster/Dark Matter:

Higgs boson signal strength.



WW + Jets Signatures

Rich phenomenology including many jets:

• Cubic and quartic couplings of electroweak vector bosons.

• Top-pair production with top decays to W-bosons and b-
quarks.

• Higgs phenomenology:  Higgs coupling to vector-boson pairs.

• In particular, WW+2,3-jet production is background to vector-
boson-fusion (VBF) mechanism: understand radiation between 
tagging jets.  

• BSM models; decay chains of heavy colored particles to leptons 
and jets.



WW + Jets @ ATLAS

• Impressive 
agreement of theory 
and experiment.

• Jet towers help to 
understand QCD.

• Small cross section 
for WW+jets.

• Similar results from 
CMS.



Hadron Collisions

Theory based on QCD improved parton model:

• Parton level prediction.

• Truncated perturbative expansion 
introduces scale dependence @ high 
multiplicity.

• Process dependence in hard partonic cross 
sections. 

• Quantum corrections important: next-to-
leading-order (NLO) effects in strong-
coupling expansion. 
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In practice, perturbation theory is 
complicated:

• Factorial growth of diagrams, 
exponential growth of spin sums.

• Many interesting processes needed 
(Higgs, W/Z, top, jets, photons, susy, etc.).

• Numerical challenges: gauge 
cancellations, tensor reduction, soft and 
collinear cancellations, integrals.

⇒  Must find the right approach!

Complexity

38 Scientific American, May 2012

derground rider is usually better off taking a fairly simple route.
Two decades later physicists extended Feynman’s technique to 

the strong subnuclear force. By analogy with QED, the theory of 
the strong force is known as quantum chromodynamics (QCD). 
QCD is also governed by a coupling, but as the word “strong” sug-
gests, its value is higher than that of the electromagnetic cou-
pling. On the face of it, a larger coupling increases the number of 
complicated diagrams that theorists must include in their calcu-

lations—like an Underground rider who is willing to take very cir-
cuitous routes, making it hard to predict what he or she will do. 
Fortunately, at very short distances, including the distances rele-
vant for collisions at the LHC, the coupling diminishes in value 
and, for the very simplest collisions, theorists can again get away 
with considering only uncomplicated Feynman diagrams.

For messy collisions, though, the full complexity of the 
Feynman technique comes rushing in. Feynman diagrams are 

classified by the number of external lines and 
the number of closed loops they have [see box 
at left]. Loops represent one of the quintessen-
tial features of quantum theory: virtual parti-
cles. Though not directly observable, virtual 
particles have a measurable effect on the 
strength of forces. They obey all the usual laws 
of nature, such as the conservation of energy 
and of momentum, with one caveat: their 
mass can differ from that of the corresponding 
“real” (that is, directly observed) particles. 
Loops represent their ephemeral life cycle: 
they pop into existence, move a short distance, 
then vanish again. Their mass determines 
their life expectancy: the heavier they are, the 
shorter they live. 

The simplest Feynman diagrams ignore vir-
tual particles; they have no closed loops and are 
called tree diagrams. In quantum electrody-
namics, the simplest diagram of all shows two 
electrons repelling each other by exchanging a 
photon. Progressively more complicated dia-
grams add loops one by one. Physicists refer to 
this additive procedure as “perturbative,” mean-
ing that we start with some approximate esti-
mate (represented by the tree diagrams) and 
gradually perturb it by adding refinements (the 
loops). For instance, as the photon travels be-
tween the two electrons, it can spontaneously 
split into a virtual electron and virtual antielec-
tron, which live a short while before annihilat-
ing each other, producing a photon. The photon 
resumes the journey the original photon had 
been taking. In the next level of complexity, the 
electron and antielectron might themselves 
split temporarily. With increasing numbers of 
virtual particles, the diagrams describe quan-
tum effects with increasing precision.

Even tree diagrams can be challenging. In 
the case of QCD, if you were brave enough to 
consider a collision involving two incoming and 
eight outgoing gluons, you would need to write 
down 10 million tree diagrams and calculate a 
probability for each. An approach called recur-
sion, pioneered in the 1980s by Frits Berends of 
Leiden University in the Nether lands and Wal-
ter Giele, now at Fermilab, tamed the problem 
for tree diagrams but had no obvious extension 
to loops. Worse, closed loops make the workload 
overwhelming. Even a single loop causes an ex-
plosion in both the number of diagrams and the 

W H Y  F E Y N M A N  D I AG R A M S  D R I V E  P H Y S I C I S T S  M A D

Too Many to Keep Track Of 
Each Feynman diagram provides an intuitive way to visualize one possible way that 
particles might interact. The trouble is that there are countless other ways, too.  
A quark-quark interaction might produce more than one gluon or involve more than 
one virtual-particle loop, or both. The calculations quickly become unmanageable.

Zero loops One loop

One 
gluon

Two 
gluons

Three 
gluons
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The Unitarity Method

Many contributors: [Arkani-Hamed, Badger, Berger, Bern, 
Bjerrum-Bohr, Brandhumber, Britto, Cachazo, Dixon, Dunbar, 
Ellis, Febres-Cordero, Feng, Forde, Giele, Harmeren, HI, 
Kosower, Kunszt, Maitre, Mastrolia, Melnikov, Ossola, 
Papadopoulos, Pittau, Schwinn, Spence, Travaglini, Weinzierl, 
Witten] 

[Bern, Dixon, Dunbar, Kosover]

⇒

[Chew, Mandelstam; Eden, Landshoff, Olive, Polkinghorne; 
Veneziano;  Virasoro, Shapiro; …]

Origins in bootstrap program for strong interactions in 60s which 
aims to construct amplitudes directly from analytic properties.  

Replaced in 70s by rise of field theory (QCD) and Feynman rules. 
Return of analyticity as boost for field theory unitarity method. 

• Built from analytic inspiration: N=4 super Yang-Mills.

• Poles explained by factorisation.

• Branch cuts from optical theorem, generalised cuts.

• Spinor helicity, color ordering.

Numerical unitarity methods are algorithm to construct loop 
amplitudes from tree amplitudes:

• Good numerical stability.

• Multiplicity independent setup.

Reviews: e.g. [Britto; HI;  Ellis, Kunszt, 
Melnikov, Zanderighi]



NLO with BlackHat
BlackHat:  

• A loop matrix element generator based on unitarity & on-shell 
methods. 

• Linked to SHERPA Monte-Carlo for partonic cross sections [Hoeche, 
Krauss, Kuttimalai, Schoenherr, Schumann, Siegert, Thompson, Winter, Zapp] 

• Recent results:  W/Z +3,4,5 jets; 4 jets; γγ+2jet; Ntuples

WW + 0,1,2,3 jets:

• New infrastructure & tree input [Diploma thesis of P. Hofmann]

• Cross checks: UV/IR-structure, factorisation, 2nd implementation 
using off-shell recursion [Brends, Giele], literature for WW + 1, 2 jets 
[GOSAM; Melia, Menikov, Zanderighi], consistent dipole subtraction.

[Bern, Dixon, Febres Cordero, Hoeche, HI, Kosower, 
Maitre. Former: Berger, Forde.]



Parton-level predictions WW+Jets
W-W+:  

• LO (1979): [Brown, Michaelin]

• NLO (1991): [Ohnemus; Frixione; Campbell, Ellis; Dixon, Kunszt, Signer; Campbel, Ellis, 
Williams]

• NNLO (2014): [Gehrmann, Grazzini, Kallweit, Maierhoefer, von Manteuffel, Pozzorini, 
Rathlev, Tancreedi]

W+W- + 1jet:  

• NLO (2007): [Campbell, Ellis, Zanderighi; Dittmaier, Kallweit, Uwer; Campbell, Miller, 
Robens]

W+W- + 2 jets:  

• NLO (2011): [Melia, Melnikov, Rontsch, Zanderighi; Greiner,  Heinrich, Mastrolia, Ossola, 
Reiter, Tramontano; Alwall, Frederix, Frixione, Hirschi, Maltoni, et al.]

W+W+  + 2 Jets:  

• NLO (2010): [Melia, Melnikov, Rontsch, Zanderighi; Campanario, Kerner, Ninh, Zeppenfeld]



WW+Jets Setup

Work @ Uni Freiburg [in preparation: Febres 
Cordero, HI, Hofmann].

Matrix elements:

• BlackHat for WW+1,2, 3-jets

• Omitted sub-leading-color terms (good at 
percent level; better than PDFs)

• Double resonant contributions.  

Standard kinematical cuts: 

• PT e,μ > 20 GeV,  |ηe,μ| < 2.4, ETmiss > 30GeV, PT eμ > 30 GeV, meμ >10GeV,

• Jets: anti-kT algorithm, R=0.4,  pjet >30GeV, |ηjet|<4.5 

• Scale μr = μf = HT and MSTW2008 set of PDFs,  



Scale Sensitivity

• Total cross sections as 
function of unphysical 
scales.

• Small scale sensitivity at 
NLO.

• Large multiplicity needs 
NLO corrections.

• Reduction of sensitivity 
from 45% to 15% .

PRELIMINARY



Jet PT Spectra

• Jet PT of softer jets fall 
more steeply.

• Quantum corrections 
shift PT of softest jet.

• More structure in 
harder jets. 

• Similar to QCD NLO 
corrections for V+jets.

PRELIMINARY



Conclusions
• Precision theory plays an important role to exploit the potential of the 

LHC.

• New methods such as unitarity approaches extend theorists’ reach.

• Presented first NLO QCD predictions for WW+3-jet production. This 
adds to very few such predictions for processes with more than 5 
objects in the final state (V + 4, 5 Jets from BlackHat+Sherpa and 5-Jet 
production from NJet).

• NLO QCD corrections provide reliable predictions at large  
multiplicity.

• All is in place to explore di-vectors (Z, W & photons) in association with 
jets.

• Future: more detailed phenomenology will follow including VBF studies 
and jet production ratios.





WW + Jets @ CDF

• Based on full dataset [CDF: 
1505.00801].

• Differential cross sections.

• Approximate agreement 
between theory and 
experiment.

• At Tevatron tt background 
is small.


