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Why Study Jets?

* Complex Standard Model Process
Therefore complex test of tools

* Test models of jet vetoes etc. here before Higgs
* |F new physics is hiding, need precision to find it

* Many tools available... with different strengths




Higher Orders

* Already seen (n+1)-jet rates are not small
e.g. ATLAS Z+jets (n+1)-jet rate

~ 0.2, n=1,...,6 ()

n-jet rate
Rises to 0.3 after VBF cuts! arXiv:1304.7098
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Merging Higher Orders

* NLO + Parton Shower: POWHEG, MC@NLO

* New approaches available to merge NLO at
different orders. Loénnblad & Prestel (UNLOPS), Platzer

* Alternatively: calculate all-orders in the first place!

* High Energy Jets provides systematic description
of hard, wide-angle emissions at all orders

% Price: have to approximate the matrix element




HIgn Energy Limit

* The High Energy (Multi-Regge) limit is:
Siy —7 OQ, ‘pJ_Z‘ Y ‘pJ_j‘a Z?] e 17 cees T
In practice, particles spread out in rapidity
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* Dominant Momentum Configurations in HE limit
correspond to those which would allow maximum
t-channel gluon exchanges:

* Other orderings are logarithmically suppressed.



A HEJ Amplitude

* All scattering amplitudes factorise in this limit
= Can exploit this to build a simple approximation.

—  Current

!

—  Current

Decreasing
Rapidity

* A HEJ amplitude is
structured:

current-current
X product-of-emissions

EDiiaud

Applies to loop diagrams too (needed to regulate soft).




Pieces |: Currents

Pieces independent of rest of chain - pick convenient

Processes

* Incoming quarks: straight-forward
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Pieces |: Currents

Pieces independent of rest of chain - pick convenient
Processes

* Incoming quarks: straight-forward

DPa P1

875 17" (Pa, 1) - Ju(Ds, P2)|?
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* Incoming gluons: surprisingly so!

* Exact result; %:%can U*(up) - julonpa)P
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* Only t-pole remains explicitly
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Pleces |l: Emission Vertices

Pa P1 Pa P1
q
* Use gQ — qgQ 1 P2 & 3
q2 % (66‘
Db P3 Db p3

* In HE limit, colour factors combine to give
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Gauge invariant in all of phase space.
Andersen & JMS arXiv:0908.2786




Does It Work?
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Even when it's not supposed to!

Gluon now pulled forward of both quarks:
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Pleces lll: Regulation

Last part is to regulate divergences when pi—0

HE limit of virtual 1
corrections Is given by =i exp|a(qi)(Yi—1 — ¥i)]
the Lipatov Ansatz Z

d2+2€]€_|_ 1
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e 3 5D
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Proved to next—to—leading Iog Fadin, Fiore, Kozlov & Reznichenko: hep-ph/0602006
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Build fully-flexible Monte Carlo from these

Match to exact LO if cluster into 2, 3 or 4 jets
Add missing momentum configurations for 2,3 & 4;

Publicly available at

http://cern.ch/he

Jets, W+jets, Higgs+jets, HEJ+ARIADNE



http://cern.ch/hej

IN a Nutshell:

* High Energy Jets describes QCD emissions at
large s;j;
= Captures hard jet production

Sij = 2PTiPT; (COSh(yi = yj) <Y COS(@ =S ij))

* Opposite limit to a parton shower, which sums
large contributions at small s;j;

= Good at jet substructure, underestimates
rate/hardness

* Can combine both (but not straight-forward).

Andersen, Lonnblad & JMS arXiv:1104.1316




carly Jet Results




ATLAS: gap fraction

Gap Fraction =

pr = average pt of tagging jets

Tagging = most forward/
backward

Good agreement with
POWHEG+PYTHIA & HEJ

arXiv:1107.1641
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ATLAS: jet veto analysis

Q_20

Now, average number of
additional jets.

—
N

More than one extra jet on

average for Ay > 3
Clearly beyond NLO!
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ATLAS: gap fractlon

o(no jets in gap)

Gap fraction
o1

Gap Fraction =
o(2j inclusive)

Now, tagging jets are
leading pr

Hierarchy N PT (up to factor 10!
pr evolution not in HEJ

Evolution in rapidity
HEJ description good,
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ATLAS: What we now know!

iIncluded in the
1 matching and it
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Didet Comparison

POWHEG+PYTHIA and HEJ gave very similar predictions
Can they be distinguished?
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Didet Comparison

Other variables show little difference, e.g. cos(o f3)
Pfb = azimuthal angle between forward and backward jet
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Azimuthal decorrelation gives measure of extra radiation

Alioli, Andersen, Oleari, Re & JMS arXiv:1202.1475




Recent W+jets Results




Extension to Vs

gg-channel dominant for W+nj at LHC E

Treated in HE limit before, with constraint on decays

Andersen, Del Duca, Maltoni & Stirling: hep-ph/0105146

In HEJ:

+§r~;‘ : .é./;‘* ; f

No constraints on decay products of W (or Z/7")

Andersen, Hapola & JMS arXiv:1206.6763



ATLAS W+dijets

HEJ again gives good description:
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large impact of higher orders!
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DO W+Jets

Really thorough analysis: 40 observables!
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DO W+Jets

Probability of third jet emission versus Ay of:
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* Most forward/backward Jets

<321 % Hardest Jets, counting only

arXiv:1302.6508




HIggs Plus Dijets




Higgs Plus Dijets

; : W, Z
* Vector Boson Fusion is 2nad
largest production channel W
* Key opportunity to study VVH
vertex
H” £ fusion — Backward Jet
* Use distinctive topology = T4 — L, -
to select events 200} ; :
Here: wf- | .
pTJ' > 20 GeV, lnj‘ S 5, 50?— : —f
_ . _

Rj; > 0.6 s LRI e




H1ggs Plus Dijets

Typical “VBF” cuts:
D> 2h GeVoig, = 5 dANg F o 28 em o A0 Geld

Puts us right into the difficult region!

0.009

Want to use azimuthal angle ;.| GP-oven, GP-odd ——
P-even -------
between jets to study CP > [
structure of the vertex: § 0.005 |/
T 0.004
§ 0.003
0.002
" " 0.001 \\_ . /' T .’: K s
HE limit tells you how to T R e T
extend to n jets Ad

Andersen, Arnold & Zeppenfeld arXiv:1001.3822 Figy, Hankele, Klamke & Zeppenfeld hep-ph/0609075




Higgs Plus Jets

q q q q
100

In heavy top-mass limit: Vg, (p*, ¢") = s

preg ~pg)
% Different CP structure so can contaminate study.

* Interesting to study in own right

% Gluons expected to radiate more
. use a “jet veto” between tagged jets to separate




Viulti-det Descriptions

To extract couplings cleanly, need to separate Weak
Boson Fusion and Gluon-Gluon Fusion (ideally both!)

From now on, will focus on Gluon-Gluon Fusion.

s 040 Ammmmn :
2 o3s — woes]  Jet radiation patterns
ge — H+Dijets |1 ¢
5 O ‘ universal across
0.25 —
processes.

Use existing data to

0'05; o e test descriptions.




HIggs In HEJ
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Insert this in the gluon chain according to rapidity
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Now also includes one un-ordered gluon emission

Andersen, Hapola & JMS (to appear)




Higgs XS WG Studies

Gavin Salam’s Dec 2012 Talk:

Distributions of ggF+2j BEFORE
VBF topological cuts

MINLO
SHERPA

aMC@NLO
HEJ
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MINLO, Sherpa & HEJ all agree at central jet

aMCG@NLO 25-30% lower

rapidities;

Gavin Salam (CERN) Jets in Higgs Searches

Higgs XS WG 2012-12-06 23 / 30




Higgs XS WG Studies

Gavin Salam’s Dec Talk:

topological cuts

Distributions of ggF+2j AFTER VBF s » « » &
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factor 2 difference between aMC@NLO and Sherpa/MINLO, smaller

differences between MINLO, Sherpa

recall Sherpa is H+2@LO, aMC@NLO & MINLO are H+2@NLO




Higgs XS WG YR3 2013

Rapidity of leading jet Rapidity of leading jet
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% Difference in shape expected

% |Impact on cross section:
About 10% for MCFM, POWHEG & SHERPA; 6% for HEJ

% 2 effects: if well-separated jets, will typically emit a

(harder) jet in between; otherwise Regge-suppression
See update in this year’s LH proc




Summary

* Hard QCD radiation feature of LHC collisions
% Data has clearly shown effects beyond pure NLO

* Flexible MC description from HEJ

Built from HE properties of amplitudes

% Lots of interesting physics in jet data with
Important applications to Higgs+Jets studies

http://cern.ch/hej
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