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Why EW corrections?

p Formally suppressed by a/as with respect to QCD and numerically
O(a) ~ O(aZ) = NLO EW ~ NNLO QCD

D Possible large (negative) enhancement due to universal virtual

Sudakov logs at high enerzgies (1.e. In the tails of the distributions):
NLO EW ~ —alog® (]WAV> [Ciafaloni, Comelli'98;

$ Lipatov, Fadin, Martin, Melles, '99;
Kuehen, Penin, Smirnov, '99;
Denner, Pozzorini, '00]
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What are EVW corrections!?
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...
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Perturbative power counting

LO subleading Born contributions
do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

>mm~<>rmm~< >WM<M MM llustrative example: qQ — qQ
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

—|—O'( n+1 m)_|_d0_( n m—l—l)_|_0_( n—1 m—|—2)_|_0_( n— 2am—|—3)_|_”.

"NLO QCD"  "NLO EW”
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Perturbative power counting

LO subleading Born contributions
do = do(a™a™) + do(a” o™ ) 4+ o(a”2a™T2) + . ..
O(as)
n—l—l m —|—d0’ n m—l—l n 1 m—|—2)_|_0_( n— 2am—|—3)_|_”.

“NLO OQCD”  “NLO EW” subleadmg one-loop contributions”
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

—|—O'( n+1 m)_|_d0_( n m—l—l)_|_0_( n—1 m—|—2)_|_0_( n— 2am—|—3)_|_”.
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

>mm~<>mm~< >WM<M MM llustrative example: qQ — qQ

—|—O'( n+1 m)_|_d0_( n m—l—l)_|_0_( n—1 m—|—2)_|_0_( n— 2am—|—3)_|_.”
“"NLO QCD”

0
=

Automated NLO QCD+EW corrections for the LHC Jonas M. Lindert



Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

O O O O™

llustrative example: qQ — qQ

—|—O'( n+1 m)_|_d0_( n m+1)+0( n—1 m—|—2)_|_0_( n— 2am—|—3)_|_.”

"NLO QCD™  “"NLO EW”
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

>mm~<>mm~< >nmm~<M MM llustrative example: qQ — qQ

—|—O'( n+1 m)_|_d0_( n m+1)+0( n—1 m—|—2)_|_0_( n— 2am—|—3)_|_.”
"NLO QCD"  “NLO EW”
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” o™ ) 4+ o(a”2a™T2) + . ..

MM M M llustrative example: qq — qQ

n—l—l m_|_d0_ n m—l—l)_|_0_(n1 m—|—2)_|_0_(n2am—|—3)_|_.”

“‘NLO QCD” “NLO EW"”  “subleading one-loop contributions”

5 5 Note:
WW ww * No diagrammatic separation in NLO QCD and EW
i * An IR finite & gauge invariant result is only obtained
including all virtual and real contributions of a given
" perturbative order.
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Perturbative power counting

LO subleading Born contributions

do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...

—|—O'( n+1 m)_|_d0_( n m—l—l)_|_0_( n—1 m—|—2)_|_0_( n— 2am—|—3)_|_”.

“‘NLO QCD” “NLO EW"”  “subleading one-loop contributions”

\/ Automation requires universal power counting and bookkeeping in (¢ and (X including different
interference effects for all contributions: virtual, real, subtraction.

Input:
. mn _.m
|. Born process and desired order g &

2. type of correction,ie.“NLO QCD" = an+1am or “NLO EW’ = anam+1
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Automation of NLO QCD

AP (B+V + 1)+ [ d®r (R — S)

Monte-Carlo-Framework:

Sherpa
O pe N LOO ps [Gleisberg, Héche, Krauss, Schénherr, Schumann,

Siegert, Winter et. al.]

[JML, Maierhéfer, Pozzorini] M U N I C H .

MUIti-chaNnel Integrator at swiss (CH) precision
[Kallweit]

POWHEG-BOX
[Alioli, Nason, Oleari, Re, et. al.]

Herwig++/Matchbox
[Bellm, Gieseke, Grellscheid, Papaefstathiou,
Platzer, Richardson, Seymour, Siodmok, et al.]

Whizard
[Kilian, Ohl, Reuter, Bach, Chokoufe Nejad, Weiss, et.al.]

Openloops with NLO QCD is publicly available at
http://openloops.hepforge.org
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Automation of NLO QCD+EW

/d<I>B(B+V+I)+/d<I>R(R—S)

Monte-Carlo-Framework:

Sherpa
O pe N Loo ps [Gleisberg, Hiche, Krauss, Schénherr, Schumann,
Siegert, Winter et. dl.]
[JML, Maierhéfer, Pozzorini] M U N I C H .
MUIti-chaNnel Integrator at swiss (CH) precision
[Kallweit]

* NLO corrections in the full SM (QCD & EW) are implemented in OpenlLoops
together with Sherpa and MUNICH (will be included in upcoming public releases)

* missing: PS matching & merging (work in progress)
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The Openloops program

[F. Cascioli, ]IML, P Maierhofer, S. Pozzorini, 1 4]

p FAST and flexible implementation of the Open Loops algorithm (7 Cascioli, P Maierhiter; S. Pozzorini, "I 2]

a process- and model-independent numerical recursion for the calculation of one-loop amplitudes

» Publicly available st http://openloops.hepforge.org

p Amplitudes for any 2 = 4(5) NLO QCD process in the SM available:
tree & (renormalized) virtual amplitudes, color correlations, spin correlations

) Installation (Requirements: gfortran > 4.6, Python 2x,x = 4):  $ cd ./OpenLoops && ./scons
p Interfaces to reduction/scalar integral libraries:

® (utlools [Ossola, Papadopolous, Pittau; '07] + OHGLOOD [Van Hameren], COLLIER [Denner, Dittmaier, Hofer],

Samural [Mastrolia, Ossola, Reiter, Tramontano; "1 0]
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The OpenlLoops NLO QCD process library

p Public library includes > 100 LHC processes including tt+0,1,2 j, ttV+0,| |, tth+0,| |, H+0,1,2,3 ...

p List of available process will grow continuously

Opeloops is hostad by Heplorge, IPPP Durham

« Home

« Download & Installation

« Change Log

« Process Library

« Documentation
o Getting started
o Native Fortran interface
o Native C/C++ interface
o BLHA interface
o OpenLoops+Sherpa
o Openloops+Herwig++
o Parameters
o Stability system

« Pheno studies

« Third party tools

« Contact

OpenlLoops Process Library

http://openloops.hepforqge.orq

The following libraries are available within OpenLoops and contain all relevan matrix elements to compute NLO
QCD corrections, including color- and helicity-correlations. NLO electroweak corrections will be supported soon

as well,

Note: the set of available processes will be significantly extended in the near future, However, please do not
hesitate to send us an email if the process you want to study is not (yet) available.

Library Process Category Decription
pptt pp—1t pp = tsjets  Top-quark pair production.
ppttj pp — pp — ti+jets  Top-quark pair production with an additional jet.
ppttii  pp—ti pp—tisjets Top-quark pair production with two additional jets.
PP P~ pp ~ jets Production of two jets.
ppill pp— N pPp — jets Production of three jets.
ppatt pp=- At pp - Vit+jets Photon plus t t-bar production.
ppatf pp— At pp—+ Vit+jats Photon plus t t-bar jet production.
. - Off-shell Z/A boson plus t t-bar production with leptonic
ppitt pp—itt pp— Vitsjots secays (1+- and nn)
- - Ofi-shell Z/A boson plus t t-bar jet production with leptonic
ppittf pp—ittf pp— VitHets decays (I+- and nn)
ppintt pp—intt  pp = Vit+jets Oﬂ-slyw:'l W+/W- bason plus t t-bar production with leptonic
ppintli pp—intti  pp — Vit+jets Oﬂ-sr;:I W+/W- boson plus t t-bar jet production with leptonic
ppwit  pp = Wit pp = Vitejets W+/W- plus t t-bar production.
ppwity pp— Witj pp - Vit+jets W+/W- plus t t-bar jet production.
ppztt pp—2Zit pp— Vit+jats Z plus tt-bar production.
ppztti pp—2ttfj pp— Vit+jets Z plus t t-bar jet production.
. - Production of four leptons (all combinations of lepions and
pplll  pp—M  pp— VW+ets neutrinos).
pplll2 gg=—W  pp=— VVsjets Loop-induced production of four leptons (all combinations of

ANS o

leptons and neutrinos) in gluon fusion.
Production of four leptons (all combinations of leptons and

p Install (for example for Z+1,2,3 production) :

./openloops libinstall ppzj ppzjj ppzijjj

R —

e ——
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http://openloops.hepforge.org

Technical implementation of NLO EW

‘/ Virtuals with OpenLoops:
p Fast numerical routines for all tree+loop vertices in the full SM
» O(a) renormalization [Demner 92] + R; rational terms

p Treatment of unstable particles: complex-mass-scheme / narrow-width approximations

\/ Real radiation, subtraction, subprocess bookkeeping

J Sherpa [Hoche, Schonherr; in preperation]

v' MUNICH: MUlti-chaNnel Integrator at swiss (CH) precision

[Kallwelt, in preparation]

p Based on the well established NLO QCD dipole subtraction frameworks with replacements for
QCD = QED
as — o, Cp—Q}  Tr—NeyQ},  TrNy— Y NofQ7,  Ca—0

y f
Tij-Tr Qgg?k if the emitter ij is a (anti)fermion
Tzzj kijk  if the emitter 75 is a photon,

p Mixed QCD-QED l|-operator requires a non-trivial interplay between different Born orders

o e
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Technical implementation of NLO EW

\/ Virtuals with OpenLoops:
p Fast numerical routines for all tree+loop verti~- .
) (9(04) renormalization [Denner, 971

p Treatment of unstah!~

\/ Real » d\ e(\tg C ‘\\l a:‘e CO
g < ..
P\\\ Q32 OOQS N A g m
QQQ(\\/ S\(\e‘(p H) precision
J C\/\ N> CD/dipole subtraction frameworks with replacements for

Tr — Ney@%,  TrNy— Y NefQ7,  Ca—0
f

if the emitter 45 is a (anti)fermion

kijk  if the emitter 75 is a photon,

p Mixed QCD-QED l|-operator requires a non-trivial interplay between different Born orders

T o e o
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Combination of NLO QCD and EW & Setup

Two alternatives:

NLO 1O NLO NLO
OQCD+EW = 0 +00Q¢D + 00Ew
NLO NLO
NLO _ oNLO (1 008w \ _ _NLO 1+ 00QED
OQCDxEW — 9QCD -LO — 0w -LO

Difference between the two approaches indicates uncertainties due to missing two-loop
EW-QCD corrections of O ()

Relative corrections w.rt. NLO QCD:

NLO
IQCD+EW <1+ 50%\%&)

suppressed by large NLO QCD corrections

O O
US%D US%D
ONLO 50NLO
QEDXEW _ (1 4 ZZEW “usual’ NLO EW wirt. LO
73D 70
2 M2\ |
p o= %GMMVQV (1 - WVX) in Gy -scheme with G,, = 1.16637 x 107° GeV~*
4

p or: a(0) =1/137.036 in on-shell-scheme
p PDFs: NNPDF 2.3QED with as(Mz) = 0.118 for LO and NLO QCD/EW

Automated NLO QCD+EW corrections for the LHC Jonas M. Lindert

20



Standard Model Production Cross Section Measurements

Motivation: V + multijet production

Status: July 2014

1011
ATLAS Preliminary  Run1 +s=7,8TeV
10° }
10° LHC pp Vs =7 TeV LHC pp s =8 TeV
I Theory Theory }
10* ~ -
Data 45-471! AY  Data 203t
3
10 0 }
4_0_"A‘
102 | met=0 o
> _O_-A- b1 79 13.0 b
4.9 fb™ JaL - —
) o ot 0.74fb
10 = 201! oA !
Qiss a2
et
1 >4 pjet>6 b oo .--(- |||||
O (o] T
njet>7 I A I 1 H
1 tal & Emia
10 njet>8
=6 0 “ J
1072
10—3 AL
PP Jets Di jets W  Z T tichan WW+ WW 7YY Wt WZ ZZ tty Wy Zy @W tiz ZJJ H-’)’)’W Wi s chan
wz
H‘IM30M30M ial fiducial  total total total total  fiducial  total total total  fiducial fiducial fiducial total ttlfd /fd Ifd /H‘I
njet_O n/et_o
g
-,
 ana
|
/ '
! }

Large cross-sections and clean leptonic signatures
Precision QCD at LHC

Playsround to probe different aspects of higher-order
calculations

(LO+PS, NLO+PS, NLO-Merging, NLO EW....)

Important/dominant background for various
BSM searches (lepton + jets + missing E)

Dominant background for monojet DM searches
Dominant background for top physics

Important background for Higgs physics, e.g.VH(—bb)
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pp — WT +1j @ 13 TeV

do /dpt [pb/GeV]

10-12 ;  m=m NLO QCD+EW
' NLO QCDxEW
1.8 |
1.6 W+
1.4 [
oA
=0
zC
s}
~
o}
021 DT W+
oA
=0
zC
s}
\
o}

0.2 |

+ pTajl
1 PR

50 100 200 500 1000 2000

PT [GeV]

W™ + | jet:inclusive

Setup:
- lusive VS =13 TeV
ustv pr; > 30 GeV, |nj| < 4.5
< |% EW corrections 1o = Hr /2 (+ 7-pt. variation)
pt of W-boson

» +100 9% OQCD corrections in the tall

» large negative EW corrections due to Sudakov behaviour:
-20—35% corrections at |-4 TeV

sizeable difference between QCD+EW and QCDxEW !

v

pr of jet
» factor-10 NLO QCD corrections in the tail!
» dominated by dijet configurations (effectively LO)

» positive |0-50% EWV corrections from quark bremsstrahlung

NNLO QCD: [Boughezal, Focke, Liu, Petriello "1 5]

Automated NLO QCD+EW corrections for the LHC

Jonas M. Lindert 27



W™ + | jet:inclusive

pp — W+t +1j @ 13 TeV Setup:
inclusive VS =13 Tev
> pPT,j > 30 GeV, ‘nj‘ < 4.5
O - A
5 <= |% EW corrections 1o = Hy /2 (+ 7-pt. variation)
B — S
S 10| pt of W-boson
10-1 = o 8831% i » +100 % OCD corrections in the tall

» large negative EW corrections due to Sudakov behaviour:
-20—35% corrections at |-4 TeV

£is » sizeable difference between QCD+EW and QCDxEW !
pr of jet
» factor-10 NLO QCD corrections in the tail!
» dominated by dijet configurations (effectively LO)
§§, » positive |0-50% EWV corrections from quark bremsstrahlung
F U w+ q Uj w+ q
L ® v, Z
0.2 i Z)ITajl | | | | I i ; Z ;
. 50I | IiOO 200 | I5OOI | I1I000 2000 |
PT [GeV]

— pathologic with large uncertainties!
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pp — Wt +1j @ 13 TeV

103 : Agi1;2 < 3m/4 :'I
— o F :
> 100k
4 r
SEETEY
& 1077
= r
£ 1076 |
<)
= 4
g 1079 F o
012 F E== NLO QCD+EW
f —— NLO QCDxEW
18 |
1.6 F W+
oA
=0
zc
&)
~
(&)
18 [ .
1.6 | ] |
14 F
oA
=0
zC
o)
\ -
N sk
0

50 100 200 500 1000 2000

PT [GeV]

W™ + | |et: exclusive
Setup:

A < 3T1/4 V'S =13 TeV

(veto on dijet configurations) — Prj > 30 GeV, o] <4.5
Mo = ﬁT/ 2 (4 7-pt. variation)

QCD corrections

» mostly moderate and stable QCD corrections

EWV corrections

» Sudakov behaviour in both tails:
-20-50% EWV corrections at -4 TeV

» EW corrections larger than QCD uncertainties for prw+ > 300 GeV

— exclusive W+ |jet ok!

= inclusive W+ | jet requires W+2 jets at NLO QCD+EW!

Automated NLO QCD+EW corrections for the LHC
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18 |

. . . ]
b Inclusive W+ ]
1.4 .

98 12t .

zc

S 1

~

5 08¢
0.6
04
0.2 |
18 L 50 100 200 500 1000 2000 ]

da/dagég

da/dagég

027 prj, )
O N | N L | | N N | N N | |

50 100

200 500 1000 2000

W2

PT

jets: NLO EW

pp — W+ +2j @ 13 TeV
10% |
100 |
2 1073 |
S r
S 1076 §
= r
-9 r
£ 0T
3 10—12 r
S
1015 | wmmme NLO QCD
r == NLO QCD+EW
10718 f —— NLO QCDXEW

50 100 200 500 1000 2000

. T |GeV
QCD corrections pr{GeV]

» small and very stable

» = |0% scale uncertainties

EVV corrections

» Sudakov behaviour in all pT tails:

* -30-60% for W-boson at -4 TeV ‘) different!
e -|5-25% for Ist and 2nd jet at |-4 TeV

» Might need resummation of leading EW Sudakov logs

Automated NLO QCD+EW corrections for the LHC
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do /do§Ed

do/doded

1.8
1.6

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

W™ + 2 jets

+ 3 jets

W+

iInclusive

W inclusive

500

1000 2000 11

0 .

i 100 200 1 50 100 200 500 1000 2000, , [ 50 100 200 2900
el [ ]I ]
e |
[ PT,jy T pris DT,jx
50 100 200 500 1000 2000 ¢ [ 50 100 200 500 1000 2000. .1 50 100 27 )00 ]
pr,j, [GeV] . | .
1.6 | ]2 : ]2 -
1.4 F -
98 1.2t .
&
g 1
s 08|
S © 0
0.6
0.4
0.2 +

50

100

200 500 1000 2000
PT,js [GGV]

50 100

200 500 1000 2000
PT,j2 [GeV]

Automated NLO QCD+EW corrections for the LHC

Jonas M. Lindert

26



HT,tot for W+ + |,2,3 jets

pp — Wt +1j @ 13TeV

103 | : .
100§
> ;
@, 3
=& r
B 1077
e r
= 107% |
o) E
=
S p s NLO QCD
107° | mm=m NLO QCD+EW E
| —— NLO QCDxEW ]
1.8 | ]
oA
=0
zC
o)
~
(o)
0 I 1 L L 1 PSR | 1 L L 1
100 200 500 1000 2000 5000

HT,tot [GGV]

QCD corrections

da/dHT,tot [pb/GeV]

/06D

pp — Wt +3j @ 13 TeV

e pp — W +2j @ 13TeV 10% :
15 100
0 F ] o
10 10 3 E
3 4 T~ E
Fa 5 3
1072 | 1 3 a
i { &
E 1 _6 o
1S wsm: NLO QCD
m= NLO QCD+EW
r mmm NLO QCD+EW 1079 | —— NLO QCDxEW
107? | —— NLO QCDxEW f e .
1.8 + .
1.6 + .
14 .
on 12} .
=0 3 ]
zo 1 = s
Q ,,,,, |
S 0.8 | ——
0.6 | ]
0.4 ]
0.2 F ]
L 0 1 L | R | 1 N N 1
0 U —— ! 100 200 500 1000 2000 5000
100 200 500 1000 2000 5000

HT,tot [GGV]

» for W+2j: large QCD corrections (80-100%)

» starting to be stable only for W+3 jets
= calls for NLO QCD+EW multijjet merging!

EVV corrections

» moderate EW corrections:

HT,tot [GGV]

-20-30 % in the tall

Automated NLO QCD+EW corrections for the LHC
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W™ + 3 jets: topology of EW corrections

pp — W+ +ijj @ 13 TeV pp — W+ +ijj @ 13 TeV
T T T . | T T ‘
2000 | g NLO QCD incl. 21 g NLO QCD o > 2 ToV

m== NLO QCD4EW | L E==m NLO QCD+EW

—= 1000 | —— NLO QCDxEW = - — NLO QCDxEW
& I 2, 0.5 ]

2 500 | 3 [
g [ & 0.2 s
3 I o1l |
S = :

S 200 < 005 [ .
100 T;NW _ 0.02 .
' | | | ] 0.01 | | | | .
18 | ] 18 [ i
16 F § 16 F i
14 [ | 14 i
88 ]_.2 -_ N 88 1.2 I~ _-
ZbO) 1 e — | Zé)’ 1 T ey S SO
S 08 W PN e D ———— 2
0.6 | - 0.6 | .
0.4 . 0.4 L i
0.2 - 0.2 . i
0 L L L 0 I | ! | ]
0 i T m 0 7 3 T

A¢j132 A¢j1j2

. | » stable QCD corrections
» negligible EW corrections

i » upto-25% EWV corrections

j
A ; wW
- o J1J2 - b

j W j
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W + 1,2,3 jets @ sub-LO: y-induced

pp/yp = W +1j @ 13 TeV pp/vp/vy — WT +2j @ 13TeV pp/vp/vy — W +3j @ 13 TeV
T T 100 ] T T ] 100 F T |W+ E
0 W+ ]_O_5 E .11/109 3
10Y + 1 —5 b ) X E 10—10 E E
= = 10 ji/10° =
% + % 10 >q.> 107 £ j2/10" E
S v o 107 ] S 1072 | 3
FEL 10—5 | s /105 i Fa 10—15 o . 19 R —a 10_25 E 3
? J1 ? j2/10 Z‘ 10730 E E
<) < 1072 | ] 5 1075 | 3
T N S f -
~ 10-10 = 10725 | pp O(aga) ] © 1045 F 1
i pp O(asa) 1 i E yp Oasa?)
t p O(a?) 10730 b s vy O(0?) ]
10°
e} o o
& 1071 ~ =
+ = = <
3 3 3
1072
1073 L . .
100 E ]
10°
Q ] @]
° »Jb 10_1 ’Jb qb
J1 < s g
~ ~ ~
3 S s
1072
1073 L 1078 L DT, 4
50 100 200 500 1000 2000 50 100 200 500 1000 2000 50 100 200 500 1000 2000
pr [GeV] pr [GeV] pr [GeV]

» As large as 5 - 100% at ptw+=1-4TeV

» However: giant ¥-PDF uncertainties at large X!
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Motivation: V + multijet production

CMS | &5

p Z(2VV)Htjets irreducible background for
monojet/multijet Dark Matter searches

p can be determined from y+jets and/or W+jets
measurements together with theoretical
predictions for Z+jets/yY+jets and Z+jets/W+jets
ratios

Automated NLO QCD+EW corrections for the LHC Jonas M. Lindert
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/Y + | jet: exclusive

Setup:
pp — Z+1j @ 8TeV pp — v+ 1j @ 8 TeV

10° g . . - 10° o . ' - VS =8 TeV

102 L 102 — pr; > 110 GeV, ‘77.7" <24
?.5 10" [ g 10" pto = Hp /2 (+ 7-pt. variation)
~ o[ -~ 0 _
£ 10 £ 10 A¢j|j2 <25
N - L
e 1071 L = 107t L . . .
5 Cl ; Frixione-Isolation with dR=0.3
E 10_2 2 E 10—2 . o
10-3 [ === NLO QCD+EW 10-3 | === NLO QCD+EW

 — NLO QCDxEW E — NLO QCDxEW

do/dodes

0.5 | - 0.5 | i
250 500 750 1000 1250 1500 | 500 | 1000 | 1500
p1,7 [GeV] P T,y [GeV]
T [GeV]
QCD corrections EW corrections

» mostly moderate and stable QCD corrections ~ » correction in pT(Z) > correction in pT(Y)

» (almost) identical QCD corrections in the tall, » -20/-8% EVV for Z/y at | TeV

izeable diff; f IpT
sizeable differences for small p » EW corrections > QCD uncertainties for prz > 350 GeV
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/Y + | jet:pl-ratio

pp — Z/y+ 1j @ 8 TeV
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Overall

>

mild dependence on the boson pT

QCD corrections

4

< 0% above 300 GeV

EVV corrections

>

>

result in an almost constant shift between LO and
NLO QCD+EW of ~15%

sizeable difference between QCD+EW & QCDxEW
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/Y + | jet:pl-ratio
[CERN-PH-EP-2015-089]
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Note: fiducial regions not identicall
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Conclusions

» V + multijets at QCD+EW:
e ) = 4 NLO EW feasible!

* inclusion of EW corrections crucial at the TeV scale (up to 50%)
* non-trivial interplay between QCD and EW

* multi-jet final states genuinely different from V+ et

* /+jets / Y+jets ratio sensitive to EW corrections below TeV scale

» Outlook:
* decays of V's (ll+ets, In+jets)

* PS matching & multi-jet merging
* NLO corrections in the full SM (QCD & EW) publicly available in Openl.oops+Sherpa
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Origin of electroweak Sudakov logarithms

Originate from soft/collinear virtual EW bosons coupling to on-shell legs

fy)Z7 W:l: 77Z7 W:l: W7Z7 Wi? H7 t? U

Universality and factorisation similar as in QCD  [Denner, Pozzorini; 01]

1—loop a a 2 Skl S
OLL+NLL = A Z< _Z Z I7(k)17(1) In 2 +77 (k) IHW

l#k a=~,Z, W=

@ process-independent and simple structure

o tedious implementation (ALPGEN [Chiesa et al. '13]) due to nontrivial SU(2) x U(1)
features (P-violation, mixing, soft SU(2) correlations, Goldstone modes, .. .)

o 2-loop extension and resummation partially available
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Treatment of Photons

} QED IR subtraction [Catani,Dittmaier,Seymour, Trocsanyi; Frixione, Kunszt, Signer] i
p Problem of IR safeness in presence of FS QCD partons and photons:

p Democratic jet-algorithm approach (jets = photons)

collinear q = qy singularities v soft gluon singularities <> hard photons
cancelled clustering g, g, Yy on inside jets: cancelled in jet-production
same footing ! (NLO EW) + y-production (NLO QCD)

p Separation of jets from photons through Ey/Ejet < zy, inside jets
® rigorous approach: absorb g = qy singularity into fragmentation function

® approximation: cancel singularity via gy recombination in small cone AR, < 0.1

difference < 1% for typical zin/!

p QED factorisation for IS photons and PDF evolution [MRST2004, NNPDF2.3]

L
p Y-Induced processes = possible TeV scale enhancements !
(However large uncertainties!)
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Decays of heavy particles

» Leptonic decays of gauge bosons are trivial at NLO QCD. At NLO EWV corrections in production, decay
and non-factorizable contributions have to be considered.

» Scheme of choice: complex-mass-scheme [Denner, Dittmaier]

« gauge invariant and exact NLO

* computationally very expensive: one extra leg per two-body decay

» Pragmatic choice: Narrow-width-approximation (NVWA)
* gauge invariant in strict on-shell limit of NWA
* allows to capture all Sudakov effects (not present in decay)
* allows to go to higher jet multiplicities

* not applicable to all processes at all perturbative orders
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Technical note: pseudo-singularities for W+2,3 jets

gluonic channels fermionic channels

U W U W U; W q U; W q
:& " % ’ ZZZ{

d; d; d; d di !
At the considered order only effects QCD-EW interferences
Complex-mass-scheme can not be used with on-shell/stable W's

NWA: finite width L'reg. in potentially s-channel propagators for W, Z t H =
Smooth gauge-invariant limit and negligible numerical dependence for Lreg. — 0

Q2 . M2
(@2 — M?)? + T5g M?

Goal:

* Investigation of technical performance at
highest possible jet multiplicity

* Investigate dependence of EW corrections
on number of jets
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Performance of NLO EW OpenlLoops amplitudes

p Performance study for pp = tt + n jets with n=0,1,2

Nloop diag tcompile [S] size [MB] trun [Ms/point]
tt+0,1,2j | QCD EW QCD EW | QCD EW | QCD EW
dd — tt 11 33 2.1 3.5 0.1 0.2 0.27 0.69
gg — tt 44 70 3.6 3.7 0.2 0.3 1.6 2.8
dd — ttg 114 360 3.5 5.9 0.4 0.9 4.8 13
gg — ttg 585 660 8.2 8.8 1.4 1.6 40 56
dd — ttut 236 1274 5.3 16 0.8 2.8 12 48
dd — ttdd 472 2140 9.5 56 1.4 1.4 30 99
dd — ttgg 1507 4487 20 47 3.5 8.2 133 327
gg — ttgg 8739 7614 105 79 18 16 1458 1557

Timings on i7-3770K with gcc 4.8 —~O0 dynamic and unpolarised tt (significantly faster with decays!) using COLLIER for reduction

p [-loop EW similarly fast as highly competitive |-loop QCD timings up to tt + 2 jets

p code size, compilation- & runtime reflect a moderate increase of complexity w.rit. QCD

p 2 — 4 NLO QCD+EW feasible!
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/Y + | jet: exclusive

Setup:

pp — Z+1j @8TeV pp — v+ 1j @ 8 TeV

1035- T 103§ " T T " \/§:8T€V
102 | 102 | pr; > 110 GeV, |n;| < 2.4
= 10 g: 10" | 1o = Hrp /2 (+ 7-pt. variation)
S E < 5
& 10y 2 10y Agjip< 2.5
= 1071 [ SERTE o | |
cl ; ) i Frixione-Isolation with dR=0.3
o 1072 L LO o 1072 F — —
'O E gz NLO QCD A
1073 [ m=== NLO QCD+EW 1073 | === NLO QCD+EW
F —— NLO QCDXEW . — NLO QCDxEW
3 2
3 ]
3 3 ‘
1} ]
0.9 | ]
0.8 | ]
0.7 1 1 1 1 1
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pT,Z [GGV] pT, [GGV]
PT [GeV] "
QCD corrections EW corrections

» mostly moderate and stable QCD corrections ~ » correction in pT(Z) > correction in pT(Y)

» (almost) identical QCD corrections in the tall, » -20/-8% EVV for Z/y at | TeV

izeable diff; f IpT
sizeable differences for small p » EW corrections > QCD uncertainties for prz > 350 GeV
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W + multijet production

| ! ! ! ! ! !
Theory stat. + syst

CMS Vs =7 TeV 5.0 fb
Ly I I I I I I I
3 1 ~~ Data
) =7 —oe— BlackHat+Sherpa (NLO) =
=4 E g Sherpa (LO) -
T 107 o &= MadGraph+Pythia (LO) =
= = E= 3
= . 2l e .
«w 107 = = —) =
- = PP WHL T
N 10°E == a
+ =
= 10_4:€CMS -SMP-12-023 p =
0 = W—uv selection E
= . = anti- k; (R =0.5) jets =
g10F Pt > 30 GeV, Il < 2.4 E

1 %%%%%ﬁ/ P

BIackHat+Sherpa 2 Jets NLO)
Theory stat.

||| ||||||\\

1.5

Theory/Data Theory/Data Theory/Data
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§ |

NN
=+ 4 \ 4
1 \ 1 | )

0.5 Sherpa normallzed to GNNLO

Theory stat.

1.5

W2

—
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0-5 = MadGraph+Pythla normalized to oNNLO
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H; (= 2 jet) [GeV]

* W+2j production badly described by LO+PS (merged)
* Hr @ NLO QCD small uncertainties (~10 %)
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W =+ 2 jets @ sub-LO: QCD-EW interplay

pp — W+ 4+ 2j @ 13 TeV

10° W+
. 107 /100 Setup.
S V'S =13 TeV
S by ' > 30 GeV, |ni| < 4.5
5 g P, SAEIN U :
= ] pp O(ad) ] A ..
S 10-25 | W pp O(asa?) ] o = Hp /2 (4 7-pt. variation)
pp —O(asa?)
107 F pp O(?) ; — —
10°
1071 .
o Inclusive
Q
2 1073 o B T . . . .
v » Subleading contributions highly suppressed
10~

10_6 E DT, w+t

10°
1o O(aga?) mixed QCD-EW contribution
1072
Tow0e) - » large impact at large jet-pT (10-50% at |-4 TeV)!
1074 } :
. Uj w+ q Uj
1075 | l | ]
100 | — d; q d;
107t ¢ 3 '
NG
10~2 3 . . \\\_ ! /"/
3 s O(a”) pure EW contribution
o » includes contributions from WW,WZ,VBF, single-top
1075 k :
wole, 1y 10-20% at |-4TeV P
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Photon PDF comparison at 10* GeV?
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