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SM Cross Sections at ATLAS

Standard Model Production Cross Section Measurements
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W+W~+Jets Signatures

» Measurement of trilinear and quartic couplings

» In tt production, as the top quarks decay t — W + b

» In vector boson scattering, vector boson fusion (VBF)
» In Higgs phenomenology, when it decays into W+ W~

» Scenarios of BSM, in which heavy colored particles decay
in chains of leptons and jets

» In particular, W*W ™+ 3-Jet production is of relevance to
understand radiation gap in and as background to VBF
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WTW 4+ n-Jet Measurement at CDF
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Parton Level Calculations for WW + n Jets
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NLO QCD with BlackHat+Sherpa

BlackHat: Zvi Bern, Lance Dixon, FFC,
Stefan Hoche, Harald Ita, David Kosower,
Adriano Lo Presti and Daniel Maitre;
Berger, Diana, Forde, Gleisberg, Ozeren

We employ the BlackHat library, based on unitarity and on-shell
techniques, for the computation of the one-loop MEs

SHERPA: Hoche, Krauss, Kuttimalai,
Schoenherr, Schumann, Siegert,
Thompson, Winter and Zapp

We employ the Catani-Seymour Dipole subtraction implementation
of Sherpa, together with their integration algorithms
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Trees from On-Shell Information

[Britto, Cachazo, Feng, Witten, hep-th/0501052]
Introduce complex momentum at leg 1, remove it at leg n.

k1(2) + kn(2) = k1 +kn

S o A(0) — A(2)

special limits <=> poles in z

Cauchy: If A(oo) =0 then
_ 1 A(z) _
o_szdz = A(O)-{-Xk:Res[

z

Al=))

2=z,

residueatz, = [kt factorization limit] =




Trees from On-Shell Information

[Britto, Cachazo, Feng, Witten, hep-th/0501052]
Introduce complex momentum at leg 1, remove it at leg n.
k1(2) +kn(z) = k1 t+k
S " A0) — A(2)
ki(z) =kp(z) =0

special limits <=> poles in z

Cauchy: If A(oo) =0 then
A(z)

Al=))

O:%fdz = A(o)+zk:Res[
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Trees from On-Shell Information

[Britto, Cachazo, Feng, Witten, hep-th/0501052]
Introduce complex momentum at leg 1, remove it at leg n.
k1(2) +kn(z) = k1 t+k
S " A0) — A(2)
ki(z) =kp(z) =0

special limits <=> poles in z

Cauchy: If A(oo) =0 then
A(z)

Al=))

O:%fdz = A(O)-{-Xk:Res[

z

2=z,

Recursion: Amplitudes from amplitudes!
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Scalar Integral Basis at One Loop

At one loop complex plane looks a bit messier: Appearance of branch cuts and un-

physical poles. Nevertheless, we get a little help...
[See Bern, Dixon, Dunbar, Kosower, hep-ph/9212308]

All external momenta in D=4, loop momenta in D=4-2¢
(dimensional regularization)

Rational part Cut part

\ / ‘ Process dependent D=4 rational integral coefficients |

A = R+C |
C = Zb, +ZC,' +Zd,'><><
i i i

e Cut Part from unitarity cuts in 4 dimensions
e Rational part from recurrence relations or D-dim unitarity

We end up with an expression for the amplitude in terms of scalar integrals (known) and
a series of coefficients and the rational part
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Rational Terms

« If we subtract from the Amplitude the Cut part in 4-dim, the left overis a
purely rational part
* In principle one can apply a BCFW approach to extract this piece recursively

physical poles

A

spurious poles |~

* But one finds that spurious (un-physical) poles
appear, actually related to the integral basis

* They are related to Gram determinants

* These terms cancel actually against the Cut part
(they are un-physical)

* Employing Taylor expansions of integrals around
Gram determinants one indeed can extract the
related poles

» BlackHat has implemented this recursive approach
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Rational Terms

« If we subtract from the Amplitude the Cut part in 4-dim, the left overis a
purely rational part
* In principle one can apply a BCFW approach to extract this piece recursively

physical I‘”]"‘i,x, _ |i
/ ’ . ™ .\
[3" b\
)

spurious poles

* But one finds that spurious (un-physical) poles
appear, actually related to the integral basis

* They are related to Gram determinants

* These terms cancel actually against the Cut part
(they are un-physical)

* Employing Taylor expansions of integrals around
Gram determinants one indeed can extract the
related poles

» BlackHat has implemented this recursive approach
» Alternatives include the OPP approach R = R; + Rs

» Also D-dim unitarity is employed. BlackHat has implemented a
variant of Badger and Forde's approach
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A Powerful Technique!

[Giele, Zanderighi

10% A'®%(14- ) DP] arXiv:0806.2152]

A'(+-+-.) [DP] = ]

fit to degree 4 polynom. - -

fit to degree 9 polynom. —

10 15 20
Number of gluons

BUT STILL VERY COMPUTER INTENSIVE [ BlackHat + Sherpa ]

NTUPLES: STORE AS MUCH INFO AS POSSIBLE DURING YOUR COMPUTATION!
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NTuples: Full Flexibility for NLO

BH Ntuples arXiv:1310.7439 [hep-ex] I

» Generate files containing:
» Kinematic information
» Information needed to change factorization and
renormalization scales
» PDF weights
» Information for multiple jet algorithms (type, R's,
f-parameter, etc)
» Publicly available (CASTOR, LHC Grid)
» Full implementation in SHERPA
» We also provide a C++ library to read and handle them
» Many processes provided for the LHC
W +0,1,2,3,4,5 jets
Z4+0,1,2,3,4 jets
2,3,4 jet production
Yy + 2 jets

v

v vyy
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NTuples: Full Flexibility for NLO

BH Ntuples arXiv:1310.7439 [hep-ex] I

» Generate files containing:
» Kinematic information
» Information needed to change factorization and
renormalization scales
» PDF weights
» Information for multiple jet algorithms (type, R's,
f-parameter, etc)
» Publicly available (CASTOR, LHC Grid)
» Full implementation in SHERPA
» We also provide a C++ library to read and handle them
» Many processes provided for the LHC
W +0,1,2,3,4,5 jets
Z4+0,1,2,3,4 jets
2,3,4 jet production
Yy + 2 jets
WHW= +0,1,2,3 jets — to appear!
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NLO at Work at the LHC

CMS arXiv:1406.7533 [hep-ex] I

_ CMS Vs=7TeV 5.0 fb*
g 10ET PP R '
z Eo= sadiatstens (L0) » CMS has performed a full
‘_i E e &= MadGraph+Pythia (LO) . .
< F ’ study of W¥ production in
> = peient . . . .
3 E association with jets

1s . .
T o sccton — > Several theory predictions

10" - anti-k, (R = 0.5) jet: H

oo s 24 V.7 compared with data
g asp v By » NLO QCD results produced
5 § directly employing BH NTuples
F 0.5E glackHat+Sherpa (1 to 5 jets NLO) . 5
g ooy (including small non
R — perturbative corrections)
£ 05 Sharp, nomatized o ..
. misih:wm' S » Similar study by ATLAS on
ER arXiv:1409.8639 [hep-ex]
£ 055 MadGraph+Pythia, normalized 00,0 5 o E
e » Also similar studies performed

Neg .
” with Z bosons
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Exploring Very High Multiplicity Observables

» There is good agreement
between LO W + 6 result
and extrapolated
distribution

10°F Vs=7Tev NLO (BLACKHAT+SHERPA)
pr=pr=H7/2
pi' >25GeV, gy <3 T W+3

_10F BTGt socey T W+ 4 > Fit ratios of distributions
> R = 0.5 [anti—kt] Wts

© + Extrapolate parameters of
9 102 W™+ 6 (extrapolated) fit
=) . —

= 1olk » Fit lower multiplicity
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BlackHat in a Nutshell

: ’
one Loop.P e B One Loop Partial Amplitude M E S
plitude
-~

Square

_ Ita and Ozeren [arXiv:1111.4193]
Anger, Hofmann, Ita

Badger [arXjv:0806.4600]

Direct from D-dim

boxes triangles P
g unitarity

[ar)(?v:0803.4180] Recursive Spurious
[arXiv:0907.1984] diagrams poles

—_—
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New Developments in BlackHat

Produced NLO QCD results for VV+3,4,5
Jets; 4 Jets; yy+2jets; Universality in jet
ratios; Ntuples for NLO QCD

In order to extend the library to handle Di-vector boson processes,
we have made the following extensions:

» Tree on-shell recursion relations with quarks, gluons and
several vector bosons (with leptonic decay products)

» To cross check, tree level off-shell recursions (Berends-Giele)
have been implemented

» Added infrastructure to compute loop amplitudes based on
new tree amplitudes

» Automated assembly of tree- and loop-level MEs

17 /30



Our Setup

>

We employ a leading-color approximation (only) for the virtual
correction of WTW ™+ 3 Jet. We have checked that this
approximation works well, at the level of 1%, in the lower
point cases

We consider double resonant contributions and include
Breit-Wigner propagator for intermediate W and Z bosons
Top quark contributions are excluded. We drop also finite
bottom quark contributions

We work with a diagonal CKM matrix

We decay the W bosons into different lepton flavors (e & )

JITTIEISITIIRINL!

‘HHHHMHH

RS

0
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Cross Checks of Results

» We have checked IR/UV poles of (full-color) virtual matrix
elements

» We have checked collinear limits

» We have cross checked lower point (n = 0,1, 2) one-loop
matrix elements with GOSAM

» We have cross checked our results with independent
implementations within BlackHat

» We have checked aqipole independence of the real corrections
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Cross Checks of Results

» We have checked IR/UV poles of (full-color) virtual matrix
elements

» We have checked collinear limits

» We have cross checked lower point (n = 0,1, 2) one-loop
matrix elements with GOSAM

» We have cross checked our results with independent
implementations within BlackHat

» We have checked aqipole independence of the real corrections

» Fully integrated results for WTW =40, 1,2 jets being carried
out employing Madgraph5_aMC@NLO
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Phenomenology

We employ a dynamical scale 1 =y, = pp = Hr and the
MSTW2008 set of PDFs. We take the o provided by the PDF
sets and employ My = 80.399 GeV, Mz = 91.188 GeV,

'y = 2.085 GeV and I'y = 2.4952 GeV. For the results we
present we employ the following kinematical cuts:

> pp > 20 GeV » Jets defined with
> n9t < 2.4 anti-kp algorithm
» B > 30 GeV » R=04

> pi' > 30 GeV > pl" > 30 GeV

> mey, > 10 GeV > |7 < 4.5

We have collected results for the LHC with /s = 7,8 and 13 TeV.
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Scale Sensitivity for W W~ + n-Jet Production
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» Total cross sections as
function of unphysical
scales

> WHTW~40 Jet not
shown (corrections very
large, NNLO needed)

» Small scale sensitivity
at NLO

> Large multiplicity needs
NLO

PRELIMINARY
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Total Cross Section and Jet Ratios at /s = 8 TeV

(in fb) PRELIMINARY
KN oW"'W‘[—&-njet 5 (W‘;W —[l—n]et) / (W+WO+ (n—1) jet)

n L NL L

0 141.7(4)}925 207.9(7)}3;‘; — —

1 61.1(2)735 76.4(4) 75 0.431(2) 0.367(2)

2 || 29.44(m)F755 | 28 8(2)+° 3 0.482(2) 0.377(3)

3 [ 1112755 |9 22(16)1“{_}); 0.378(1) 0.320(1)

4 ] 3592)7757 — 0.323(2) —

v

v

v

Noticeable reduction of scale sensitivity
For WTW =+ 3 Jets goes from 45% to 15%

Jet ratios seem to decrease for larger multiplicities
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Total Cross Section and Jet Ratios at /s = 13 TeV

(in fb) PRELIMINARY
1 [ ‘3/+W_—[i-njet 5 (W‘E)W_?—njet) / (W+W(_)+(n—1) jet)
n L NL L NL
0 231.7(6)%%:% 363(2)f;§ — —
1 [ 132.03)T155 | 166(1)T77 || 0.570(2) 0.458(4)
2 || 22T Y | 270705 || 0.585(2) 0.438(4)
3 || 35.62(7) 71558 | 26.8(3)T9 % [ 0.462(2) 0.367(6)
4 || 1415(9)77 % — 0.397(3) —

With more jets, cross sections increase more with energy

Jet ratios increase, as more energy available for radiation

Need to explore jet ratios behavior more detailed
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Jet pr Spectra
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pr distributions for
softer jets fall more
steeply

Quantum corrections
only shift softest jet p1
distribution

Scale bands
considerably reduced
over phase space
Similarities in
corrections for different
(large) multiplicities
Similar trends to what
is observed in NLO
QCD corrections to
V+Jets

PRELIMINARY
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Jet pr Spectra
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Jet pr Spectra
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Hadronic Transverse Energy
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Important for BSM
searches

The dynamical scale
choosen appears as
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reduction of scale
sensitivity
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Lepton Rapidities

’J -2 -1 0 1 2 3 -3 -2 -1 [ 1 2 3
20 — T W T T T
L as 1 r o
W'W +3jets+X —- 10 1 L WW +3jets+X —- Lo
NLO ] L NLO
15 [F e 137e — — 15 5= 3TV
p V5 = 13Tev ] =T VF = 13Tev
< <
&
=10k w=w=H2 [ — =10 we=w= /2 —
5 = ) 5 [ T -,
: i~ ! I 5
3 - L g 0 i [
R — [ ] ST ]
0 T — T ) S — TE——
--- LO/NLO 3 E --- LO/NLO
25F = 4
2F = -
1SE e e E 15 [—— e
1E = 1= 4
05 L L L L 3 05 L L L L L
3 2 1 1 2 3 3 2 1 2 3

0 -3 - -1 0
Electron 1 Antimuon 1

» Lepton 7 distributions shapes not affected by corrections
» Very similar distributions (both leptons are treated massless)

» Considerable reduction of scale sensitivity

PRELIMINARY
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Missing Transverse Energy

0 50 100 150 200
10°F ‘ ‘ : : ;
. 10 ] » Neutrinos scape
—r——ea VW S jes+ X — NLO ] detector, and

produce Frp

E » Important
1 observable for BSM

do/dp, [fb/GeV ]
s
]

i (T e 3Ty searches
Hg = W = AT/ 2 T » 1
BlackHat+Sherpa Experl mental rel
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24 } ——- LO/NLO [ NLO scale dependence { to aVOid

r I Lo dependence ] H
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12k
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i 1 1 1 1
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Radiation Gap

T T T T T T T T T L e e e e e S N
1+ B L ]
L (W W +3jets) /(W W+ 2jets ) - k]go ”: (W'W 4+ 3jets ) /(W' W +2jets ) == 1%180 ]
208 W B
LR V3= 13Ty i : [ V= 3 Tev et
g X ¢ ) =
= 061 W =ty = 1,72 B s r W=ty = f,2 I 1
El: 1 T —a ]
Bl [T T T L 4 ]
g e - ]
[ q 05 " -
02 F AJ”* 4
I BlackHat+Sherpa ror BlackHat+Sherpa |
S S H U B Eed 000 b e ]
“U 1 2 3 4 “(\ | é : ‘
ang, An
» A clear signature of VBF processes is a low rate of radiation in the gap between
tagging forward and backward jets
» Background processes can have very different features
> A way to study this: look at ratios of W W~ 4 3 Jets to WHW — 4 2 Jets
» Left plot jets pr ordered and right are n ordered
» Noticeable reduction for large An when 7 ordered

PRELIMINARY
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Outlook

» We presented first NLO QCD correction to WHW ™~ + 3-Jet
production. This results joins the few NLO QCD results for
processes with more than 5 objects in the final state (V +4,5
Jets, 5-Jet Production and fully off-shell Ht¢ production)

» We are ready to explore in general NLO QCD production of
Di-vector bosons with jets

» Ntuple sets are ready for phenomenological studies

» NLO QCD corrections provide reliable predictions for large
multiplicity processes

» More dedicated results will follow, including jet ratio
observables
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» We presented first NLO QCD correction to WHW ™~ + 3-Jet
production. This results joins the few NLO QCD results for
processes with more than 5 objects in the final state (V +4,5
Jets, 5-Jet Production and fully off-shell Ht¢ production)

» We are ready to explore in general NLO QCD production of
Di-vector bosons with jets

» Ntuple sets are ready for phenomenological studies

» NLO QCD corrections provide reliable predictions for large
multiplicity processes

» More dedicated results will follow, including jet ratio
observables

Thanks!
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