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Why EW automation!?

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

: . . . [Ciafaloni, Comelli,'98;
D Possible large (negative) enhancement due to universal virtual Lipatov, Fadin, Martin, Melles, '99;

Kuehen, Penin, Smirnov, '99;

Sudakov logs at high enerjg]es (l.e. In the tails of the distributions):  Denner Pozzorini,'00]

NLO EW ~ —Cklog ( SV> 0.00 L 5 W NNLO/LO —1 —— -
0.10 | PP I NLO/LO =1 o |
o NLL/LO —1 — |
L. - ]
o 020 NNLL/LO — 1
U L
-0.30 +
-0.40 |
[Kuhn et al.; 2007]

200 400 600 800 1000 1200 1400 1600 1800 2000
pr [GeV]

p NLO EW known for most (some) 2—2(3) processes

P ...missing for a multitude of 2—3(4) processes (and with decays and/or PS matching)
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Why EW automation!?

p Photon bremsstrahlung known to be important for various precision observables, e.g.
for determination of Mw .

p Origin: soft/collinear photon radiation ~ «log

2
My

QQ

p Possible important corrections in sufficiently exclusive observables.

do/dMr ,,1[pb/GeV]
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Perturbative power counting

LO subleading Born contributions

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

S S
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Perturbative power counting

LO subleading Born contributions

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

| | llustrative example: Q@ — qQq
"7 e »e [Dittmaier, Huss, Speckner ;'| 2]
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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”
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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 QCD” “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)_|_”.

8

"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™ ) + ...

| | llustrative example: Q@ — qQq
"7 e »e [Dittmaier, Huss, Speckner ;'| 2]

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

0
=
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Perturbative power counting

LO subleading Born contributions

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

O O O O™

llustrative example: Q@ — qQ

[Dittmaier, Huss, Speckner ;' 2]

—|—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” ta™ ) + o(a”2a™ ) + ...

llustrative example: qQ — qQ
"7 i e [Dittmaier, Huss, Speckner ;"1 2]

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

A
A
54
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Perturbative power counting

LO subleading Born contributions
do = do(a™a™) + do(a” ta™ ) + o(a”2a™ ) + ...
| llustrative example: Q@ — qQ
>mm< >mm< [Dittmaier, Huss, Speckner ;' 2]
O(e)
oo a™) + do( n—2qmt3) 4

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

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

Input:

. n _.m
|. Born process and desired order &g &

2. type of correction, i.e."NLO QCD" = Oé?JrlOém or “NLO EW" = ()én&m+1
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Perturbative power counting forV-+jets/VBF

QCD interference VBF

do = do(ala™) + do(al™ 1 mH )+ o(al™ zam+2

II MI EE

n—l—l m —|—d0’ n m—l—l n 1 m—|—2 n 2 m—|—3

NLO QCD NLO EW NLO QCD NLO EW
V+iets V+jets VBF VBF
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Perturbative power counting for V+2 jets/VBF-V

QCD interference VBF

NLO QCD NLO EW NLO QCD NLO EW

V+ets V+jets VBF VBF
[Campbell, [5. Kallweit, ML, [Oleari, Zeppenfeld, ‘03] [unknown]
R.K Ellis, ‘03] P Maierhéfer, S. Pozzorini

M. Schénherr; "1 4, " 5] .
in VBF approx.
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Automation of NLO QCD+EW
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[Gleisberg, Hoche, Krauss, Schénherr, Schumann,
Siegert, Winter et. al.]

OpenLoops MUNICH:

[IML, Maierhéfer, Pozzorini] MUIti-chaNnel Integrator at swiss (CH) precision
[Kallweit]

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

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

Whizard
[Kilian, Ohl, Reuter et. al. ]

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

* missing: NLO EW + PS matching & merging (work in progress, approximation available!)
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Decays of heavy particles @ NLO EW

» Leptonic decays of gauge bosons are trivial at NLO QCD. At NLO EW 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 (NWA)
 gauge invariant in strict on-shell imit 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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V + multijet @ NLO QCD+EW

[S. Kallweit, IML, P Maierhéfer, S. Pozzorini, M. Schonherr; "14, arXiv:1412.5157; "1 5; arXiv:1 51 1.08692]

N CMS Experiment at LHC, CERN

S | Data recorded: Tue Oct 4 02:50:32 2011 CEST

\ i| Run/Event: 177783 /442962676
§| Lumiseci tion: 273

\ p Dominant background for VBF

p Important/dominant backgrounds for various
BSM searches (lepton + missing Et + ets)

p Dominant background for monojet DM searches

p Dominant backgrounds for Higgs physics, e.g.VH(—bb),
H—=>WW

Standard Model Production Cross Section Measurements  siatus: Juiy 2014

3 101!

L

b 106
10°
10*
103
10?
10

1

107!
1072
1073

80 ub7!

ATLAS Preliminary Run1 +s=7,8TeV ;

0.1<pr<2TeV
Q-

03 < my<5Tov LHC pp Vs =7 TeV LHC pp s =8TeV — }

o Theory heory Large cross-sections and clean leptonic signatures

1) - Data 45-47" A Data 2031 _ } PI”eCISIOﬂ QCD a‘t LHC
S p Playground to probe different aspects of higher-order
r:ff-%z[z | ft-9 fo n_"A'.o.?A- ) - 0»75“3_; Ca|CU|aJEIOﬂS

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

= o p Show all technical challenges of NLO EW!

PP  Jets Dijets W Z tt te—chan WW+ WW 7Y Wt WZ ZZ tty Wy Zy ttW ttZ Zjj Hoyyw*w*itechan
R=0.4 R=0.4 EWK EWK

total ‘y‘;?;_g \Y|7<3.-0 fiducial fiducial total = total = total ~ total fiducial total  total  total fiducial fiducial fiducial total  total fiducial fiducial fiducial total
y'<3.0 njet=0 njet=0
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Combination of NLO QCD and EW & Setup

Two alternatives:

NLO _ 1O NLO NLO
0QCD+EW = 0 +00G¢D + 00gw
NLO NLO
NLO _ oNLO (1 00 NLO [ Jefolels
OQCDXxEW — 9QCD LO — OEW -LO

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

Relative corrections w.rt. NLO QCD:

NLO NLO
o )
QCD+EW (1 o) )

suppressed by large NLO QCD corrections

OQCD 0%3%%
NLO NLO
PQCDxEW _ (4 4 00 “usual” NLO EW wirt, LO
O.NLO LO
QCD
2
P a= @GMM\%V ( — %) in G -scheme with G, = 1.16637 x 107° GeV ™2
@ Z

p PDFs: NNPDF 2.30QED with ag(Myz) = 0.118 for LO and NLO QCD/EW
» 1o = Hr/2 (+ 7-pt. variation)
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v+ | jetinclusive  Setw:
ot ety VS =13 TeV

100 f o pr; > 30 GeV, || <4.5
Y Inciusive pr1 > 20 GeV, |m| < 2.5, Emis > 95
S < 1% EW corrections po = Hr /2 (+ T-pt. variation)
& 3
E 109 : MUNICH + Openloops — E—
S o pt of W-boson
© 1072 | smmme NLO QCD . . .

F mm NLO QCD+EW 1 » +100 % QCD corrections in the tall
1015 p —— NLO QCDxEW E

o berw - ] » large negative EW corrections due to Sudakov behaviour:

1.6 | ] -20—35% corrections at -4 TeV

il WH(rec) _- ’

e 12f 1 » sizeable difference between QCD+EW and QCDxEW |
zo S ——

R A —————

£ o8l

06 | .

0.4 | pt of jet

0.2

: » “giant QCD K-factors' in the tail [Rubin, Salam, Sapeta '1 0]
| } » dominated by dijet configurations (effectively LO, no EW)
% » positive 10-50% EWV corrections from quark bremsstrahlung
S ‘
2]

50 100 200 500 1000 2000
pr [GeV]

NNLO QCD: [Boughezal, Focke, Liu, Petriello "1 5," 6]
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do/doged do /dpr [pb/GeV]

do/doged

v+ | jetinclusive  Setw:
ot ety VS =13 TeV

1 | o pr; > 30 GeV, || <4.5
0 f inclusive pra>20 GeV, |ni| < 2.5, ERs > 25
106 | = |% EW corrections 1o = Hp /2 (+ 7-pt. variation)
109 E MUNICH + Openloops — e —
I o pt of W-boson
107 ¥ gssss NLO QCD . . .
F mm NLO QCD+EW 1 » +100 9% QCD corrections in the tall
lo7tey —— MOWHRW
g [ PTw 1 » large negative EW corrections due to Sudakov behaviour:
1.6 | ] -20—35% corrections at -4 TeV
L Wi (rec) _- °
12 [ 1 » sizeable difference between QCD+EW and QCDxEW |
"
I e
0.8 soft W/Z
0.6 i .
0.4 | pt of jet
0.2 +
: » “giant QCD K-factors' in the tail [Rubin, Salam, Sapeta '1 0]
| : » dominated by dijet configurations (effectively LO, no EW)
: » positive 10-50% EWV corrections from quark bremsstrahlung
50 100 200 500 1000 2000

pr [GeV]

NNLO QCD: [Boughezal, Focke, Liu, Petriello "1 5," 6]
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do/doged do /dpr [pb/GeV]

do/doged

v+ | jetinclusive  Setw:
ot ety VS =13 TeV

1 | o pr; > 30 GeV, || <4.5
0 f inclusive pra>20 GeV, |ni| < 2.5, ERs > 25
106 | = |% EW corrections 1o = Hp /2 (+ 7-pt. variation)
109 E MUNICH + Openloops S— —
I o pt of W-boson
107 ¥ gssss NLO QCD . . .
F mm NLO QCD+EW 1 » +100 9% QCD corrections in the tall
oty T TOARRRRR
g [ PTw 1 » large negative EW corrections due to Sudakov behaviour:
1.6 | ] -20—35% corrections at |-4 TeV
it WT(rec) _- °
12 [ 1 » sizeable difference between QCD+EW and QCDxEW |
"
I e
0.8 soft W/Z
0.6 i .
0.4 | pt of jet
0.2
: » “giant QCD K-factors' in the tail [Rubin, Salam, Sapeta '1 0]
| : » dominated by dijet configurations (effectively LO, no EW)
: » positive 10-50% EWV corrections from quark bremsstrahlung
: — ® V! 14
L V 14 V Z
50 100 200 500 1000 2000
pr(GeV] — pathologic with large uncertainties!

NNLO QCD: [Boughezal, Focke, Liu, Petriello "1 5," 6]
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v + | jet: exclusive

pp— ¢ v+ 1j @13 TeV

100 A <3”/45§ A¢J 2 < 3TT1/4
z w0 1 (veto on dijet configurations)
% 1079
§ 109
E
© 107" b
r mm== NLO QCD+EW
ooy T MOQCEW
1.8 pPTW i QCD .
6 | ] corrections
I WH(rec) _-
% 12} » mostly moderate and stable QCD corrections
EW corrections
L ;p'T,j'l' T » Sudakov behaviour in both tails:
L6l jl -20-50% EW corrections at |-4TeV
oa 1;1 | » EW corrections larger than QCD uncertainties for ptw+ > 300 GeV
il = exclusive W+ | jet ok!
oL

0 00 w200 = inclusive W+ | jet requires merging with
PT [GeV] W+2 jets at NLO QCD+EW!
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1.8 - M * + -
b inclusive  W*(rec)
1.4 | !
o]a
A0
e
S
o
~
S
<
0.2 | n ) ]
pp — € Ve + 2j @ 13 TeV
0 1 1 1 1 1 1
18 L 50 100 200 500 1000 2000 ]
1.6 . ]
1.4 | J1
98 12t .
e .
\ “—‘—‘—\;-
S 08¢ R
0.6 | ]
0.4 | ]
0.2 | o . ]
pp — e Ve +2j @Q 13 TeV
O L | PR R | | L L | PR R | | L
18l 50 100 200 500 1000 2000 ]
1.6 F j2 .
1.4 .
8 12t _
3
< 1 ]
5 08Ff J
S ) _E
0.6 | =
0.4 | 4
0.2 | ]
O ' | M| | ' ' | L | | '

pp — € e +2j @ 13 TeV

50

100 200 500 1000 2000

v + 2 jets

dU/de’W [pb/GeV]

QCD corrections

109

1073

1076

1079

10712 &

pp — € e +2j @ 13 TeV

T T

MUNIICH+Openloops

LO

NLO QCD
== NLO QCD+EW ;
—— NLO QCDxEW :

500 1000

pr,w

50 100 200 2000

» small and very stable

» = 0% scale uncertainties

EVV corrections

» Sudakov behaviour in all pT tails:

* -30-60% for W-boson at [-4 TeV
o -[5-25% for Ist and 2nd jet at |-4 TeV

PT [GeV]

‘) different!

» Might need resummation of leading EW Sudakov logs

EWK corrections to non-VBF processes
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do/dogyE

do/dogyE

do/dogyEd

off-shell vs. on-shell production

v+ 2jets vs. W2 jets

: W+(rec) MUNIICH+OpenlLoops

\VNV,+-

T pr,w+
N 1 N P

MUNIICH+OpenlLoops ]

[ 90 100 200 500 1000 2000

150

100 200 500 1000 2000

__ P11 |
50 100 200 500 1000 2000 , o;i 5bl IidO 260 | I560III1660 2600 | ]
° pT,jl [GQV] T ° _-
12 12 ]
T DPT1js
1 PR | 1 N N 1 PERTETra | 1 0 1 PETETEra | 1 N N 1 PR | 1 N
50 100 200 500 1000 2000 50 100 200 500 1000 2000
PT [GeV] PT [GeV]

Effect of decays:

» Large Sudakov corrections unaffected

» However: needed for realistic experimental cuts

EWK corrections to non-VBF processes
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Leptonic observables: only in off-shell calculation

pp — e et +2j @ 13 TeV pp — € U +2j @ 13 TeV

E | | 3 100 J
+]- : - -7
i _ W=y
= a0l :
§ 10 ; % 10_3%
2 z
3 = f
g g 107° k
3 i = e
S 3 LO 3 ~ LO E
© E g NLO QCD ] S . o [ s NLO QCD
[ = NLO QCD+EW ] 107 ¢ == NLO QCD+EW
10-3 | —— NLO QCDxEW ] ;f —— NLO QCDxEW
1.8 i
1.6 i
1.4 | i
38 8 1.2t i
iy R S —
) £ o08f
0.6 |
0-4 -_ _-
- _ 02| mY¥ = /2pr.epr, (1 —cosAgu) |
O | | | | | O N L L PR | | L L | L PR |
70 80 90 100 110 100 200 500 1000
M| [GeV] MTwW [GeV]
» up to 50% from QED Bremsstrahlung. » moderate EWV corrections at large

m
» Similar shape as for NC DY R

» no (strong) Sudakov enhancement
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dijet invariant mass
Z- - W-— v

pp — v /LT +2j @ 13 TeV pp — £t /07D +2j @ 13 TeV
10° |
2 %
@) ] @ 10—3 i
~ E 3 E
Q F 3 ' [e)
B ; = 5+ 25/ 10°  EW corrections <10 %
E £ 108} up to the multi TeV in mjip
~ I L LO
< = F e NLO QCD
_o | E==m NLO QCD+EW _o | E==m NLO QCD+EW :
107 | —— NLO QUDXEW {107 —— NLOQODxEW 1 *only moderate Sudakov
o7 1 2] @ 13T6) B - (tv+2j @ 13 TeV - A
18 | P A Y : 18 | S -_ enhancement! (85 2 Mw)
1.6 | ! .
14 | -
o]a) L ] oA
s - 23
S 1 i S
o o
S 5
S 08f S
0.6
04 |
0.2 | i
pp — £~ 01 +2j @ 13 TeV sl pp — €77 +2j @ 13 TeV ;
1.6 l
14 | -
oA oA 1.2 . i
2 23 - _—
° ,_8 ] e e e eeem s e e e
3 E r _\—‘—\_ e
= 5 08 ]
0.6 | g
0.4 F i
0.2 F -
0 I | | 1 N N [T | 1 N ] 0 s | R | 1 N N | R | 1 N
50 100 200 500 1000 2000 50 100 200 500 1000 2000
ms,;, [GeV] mj, i, [GeV]
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V+1ljeteV+2ets

EWK corrections to non-VBF processes
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MEPS@NLO QCD+EW.irt

» Incorporate approximate EW corrections into MEPS@NLO framework

[Hdche, Krauss, Schénherr, Siegert; "1 3]

» [dea: integrate out real photon corrections (typical at the percent level for high-

energy observables)

~
~ ~

Bn,QCD((I)n) - Bn,QCD+EW((I)n) — Bn(q)n) + Vn,EW((I)n) + In,EW((I)n) + Bn,mix(q)n)

— v
do = do(ada) + do(aga?) + do(a?) :[Viq

QCDlN@CDl EW QCDl N

+ do(ada) + do(aza?) + do(asa®) + do(a®)

» Validated at fixed-order level (using exclusive sums for merging):
percent-level agreement

» exlusive QED corrections could be readded via the parton shower

» use CKKW scale setting af (ndxxw) = ag " (u2.,0) as(ty) ... ag(tar) with EW

clustering and

1
1 1 1 2
Hcore, 00 — Mgy, Hcore,Vj — iET,V — 5\/M‘2/ ‘|‘p%’v, Hcore,j5 — 5 (7 - ~ 7)

EWK corrections to non-VBF processes Jonas M. Lindert
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Subleading Born: pT

pp = {tv/l~ v+ 2j Q@ 13 TeV pp — v/ Lt +2j @ 13 TeV

109

1073

10-6 F (0~ +2j / 103

v vound vved vonmd vomd ol vod vued vosd ol 1

1079 f
d LO

LO mix

—LO mix s LO yp

LO EW s LO vy

LO

LO mix

—LO mix s LO yp
LO EW s LO vy

do/dpr,, [pb/GeV]
do/dpr,;, [pb/GeV]

10—12 10—12

ol vound oo voomd voumd ol Soumd sod vl voud vovmd v o vl vl syl sod

LTI T T T T AT T T T Ty T T T

Z
=
o
i®)
Q
o

10—15 10—15

1
3
3
1
3
1

s pp — {Tv+2j @ 13 TeV ] 3 pp — v+ 2j @Q 13 TeV E
10° e ——— 10° M ----------------------- seeanene s - A

do/doged
—_
o
s
da/dag%%

1075 L

: pp — =0T +2j @ 13TeV 3
. I SR E—

1071 | :

1072 _d_d_d_d—a—d-"d-J-J-é

do/doged
—_
o
S

do/ daglé%

10_5.|....| 1 P B | 1 . 10—8§.|....| 1 P B | 1 .
50 100 200 500 1000 2000 50 100 200 500 1000 2000

pr,j, [GeV] prj, [GeV]
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inclusive V+ | jet: MEPS@NLO QCD+HEW it

pp — £ v+ 1j @ 13TeV pp — {7 +0,1,2j @ 13 TeV
T i i i T i i ’%‘ T [ \‘ ‘ T T ‘ I T \‘
107 S » Stable NLO QCD+EW
5 = predictions in all of the
5 10° S phase-space. ..
S 107 . .
S MEPSBLO | » ...Including Parton-Shower
% ¢ ommmme NLO QCD =— MEPS@NLO QCD
f = NLO 8CD+EW &== MEPS@NLO QCD+EW,;( effects.
1079 f —— INLO QCDxEW | 109 | ‘— ME‘PS@NLO ‘QCD+EWVm x‘/v.o. LO mi‘x =
L [ Prw _- 8 I R — » Can directly be used by the
Lo W:(rec) I - Wri(rec) - experimental collaborations
14 | - C .
% 12 o E
%,5’ 2 CE -
s} < - 7
5 5 08— —
o6 F- ~ » prv:MEPS@NLO QCD+EW
0.4 — — . .
0z - = In agreement with
- ‘ | ‘ J | \ | b ‘ ‘ 4
I T T M A b QCDXxEW (fixed-order)
C ° [Zs Y €
1.6 — —] .
. b I ~ P PTjI : compensation between
2 3Bk - negative Sudakov and LO mix
~ o] 1=
3 ) i E 08 —
af 6 |- E
2l o4 E
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exclusive V+ | jet: MEPS@NLO QCD+EW

pp — v +4+1j @ 13TeV

pp = 7+4+0,1,2j @13 TeV

ET T AI¢J1J2 < 37T/4 '%' I T T ‘ ‘ I I ‘ I T T ‘ ‘
107 S Ay s < 25 » Stable NLO QCD+EW
z 7 = predictions in all of the
z 0 S phase-space...
S 1070 | : :
S 1070 MEPSGLO = » ...Including Parton-Shower
107k oooonoom === MEPS@NLO QCD
F === NLO QCD+EW g== MEPS@NLO QCD+EW,; effects.
1015 r  — INLO QCDxEW | ., 109 - T MEPS@NLO QCD+EW ;¢ w.0. LO mix =
L Frmw _- 1 Can directly be used by the
0 _ ] 1.8 | _ — . :
Lo W:(rec) I e Wri(rec) - experimental collaborations
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0.6 | © = ]
04 | \%%E%% 06 |- .- P prjrecover large EW
- 1 0.4 — — . .
0.2 | 1 et ~5  corrections (as in fixed-order)
-I I ,I — E lo} E ‘ | |1 ‘ ‘ | | ‘ | 1 1 ‘ ‘ 1
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Conclusions

» Automation of NLO QCD+EW:

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

» V + multijets /VV in NLO QCD+EW:

e inclusion of EW corrections crucial at the TeV scale

 non-trivial interplay between QCD and EW

* multi-jet final states genuinely different from V+ | jet, merging essential for inclusive V+ 1| jet

» Outlook:

* Full NLO QCD + EW PS matching & multi-jet merging
* MoOre processes. ..

* ....including VBF processes @ NLO QCD + EW
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Virtual EW Sudakov logarithms

Originate from soft/collinear virtual EVW bosons coupling to on-shell legs
v,Z, W= v, Z, W+ N ZWE H

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

00 a a Skl S
srtoor = - Z< _Z > Ik In* T2+ (k) In

l#k a=vy,4, Wt

. process—independent, simple structure, iIndependent of VS

* 2-loop extension and resummation partially available
* typical size atv/§ = 1,5 10TeV:

A

o1 ~ — O; log? 82 ~ —98 —76. —-104%. ™ overall very large effect in the tail of
7.‘.8 M ? Y 9
3;[/ L distributions (relevant for BSM searches)
ONLL ~ + log ~ +16, +28, +32%

sy, Mz, = |arge cancellations possible
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Real EW logarithms

Real photon radiation Y
* soft/coll. photon unresolved
* needed to cancel QED singularities

Photon initial states
* QED factorisation needed to absorb IS photon singularities ™ g

* possible strong enhancement, e.g. for VV [saglio, Ninh, Weber; '1 3]
(however huge uncertainties!)

Real W,Z,h radiation (HBR) [8aur 06 8ell et al '10]
« partial cancellation with virtual Sudakov logs (Bloch-Nordsick theorem not applicable)
(strongly dependent on experimental selection)
* free from singularities = trivial LO calculation
* themselves receive large virtual EVWV corrections

= Inclusion requires care (double-counting issues)
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Performance of NLO EW OpenlLoops amplitudes

) 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.rt. QCD

p 2 — 4 NLO QCD+EW feasible!
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Treatment of Photons

p QED IR subtraction [CataniDittmaier,Seymour, Trocsanyi; Frixione, Kunszt, Signer] v
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, Y 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 < 9% for typical zi!

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

p Y-induced processes = possible TeV scale enhancements
(However large uncertainties!)
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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
:& ’ @é ’ ZZZ{
d; d; d; d di !
At the considered order only effects QCD-EWV interferences
Complex-mass-scheme can not be used with on-shell/stable W's

NWA: finite width I';eq. in potentially s-channel propagators forW, Z ;t H
Smooth gauge-invariant limit and negligible numerical dependence for Freg, — 0

Goal:

* Investigation of technical performance at
highest possible jet multiplicity

* Investigate dependence of EW corrections
on number of jets
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W + multijet production

CMS V\s=7 TeV 5.0 fb’

%é‘ Data
—o&— BlackHat+Sherpa (NLO) 3

== Sherpa (LO)

[Boughezal,Focke,Liu,Petriello "1 5]
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anti-k. (R = 0.5) jets
p*' > 30 GeV, hf*'l <2.4

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

Z%%é%%%/ % )?W/ %

BIackHat+Sherpa (2 jets NLO)
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«
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T
=
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do(W—uv + = 2 jets)/dH_[pb/GeV]
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5

-
&)}

—

22T NLO/LO | i S p—— T |
1.8{ — NNLO/NLO| =  ___ _ seeimmw S I AR i

0.5

||| ||||||\\

1.5

1.0 == . S e s

0.6 1 1 1 ! ! ! !
40 60 80 100 120 140 160 180
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* pr(jet) @ NNLO QCD has tiny uncertainties (~ 1 %)

0-5 - MadGraph+Pythia, normalized to o,

200 400 600 800 1000 1200 1400 1600
H; (= 2 jet) [GeV]

* W+2j production badly described by LO+PS (merged)
* Hr @ NLO QCD small uncertainties (~10 %)
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References: W + multijet production

NLO QCD: NLO EWV:
P W(— In) + | jet [Arnold, Reno, '89; Arnold, Ellis, Reno, '89] p W+ | | jet [Kihn, Kulesza, Pozzorini, Schulze, ‘07;
Hollik, Kasprzik, Kniehl, ‘07; Kiihn, Kulesza,
p W(— In) + 2 jets [Campbell, Ellis, '02; Febres Cordero, Reina, Pozzorini, Schulze, 09] [this talk!]

Wackeroth, ‘06, Campbell, Ellis, Febres Cordero, Maltoni, Reina, '09]
p W(—In) + | jet [Denner, Dittmaier, Kasprzik,

W(= In) + 3 jets [Ellis, Melnikov, Zanderighi, 09 .
P W= In) =+ 3 jets [Ells, Melnikov, Zanderighi 07] Mick 09] [this talk!]

p W(— In) + 34,5 jets [Blackhat Collaboration, ‘09,1 |, "1 3] .
» W + 2.3 jets [this talk!]

TR
NNLO QCD: b W(=In) + 2 jets [this talk!]

p W+ | jet [Boughezal, Focke, Liu, Petriello ' 5]
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* up to 50% EWV corrections in multi-TeV range due to Sudakov logs

* nontrivial dependence on number of jets and interplay with NLO QCD!
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5000

2000

da/dA¢j 1j2 [pb]

500 e
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NLO
U/UQCD
—

0.8
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» QCD corrections vanish for A¢j,;, =7

Results: W + 2 jets

1000 |

pp — WT +2j @ 13 TeV

pp — WT +2j @ 13 TeV

oo NLO QCD sz NLO QCD
[ mm=m NLO QCD+EW s l v == NLO QCD+EW
- —— NLO QCDxEW = 5L —— NLO QCDxEW ;
2 .
§ 0.2 .
- < 0.1 ¢ ]
E C
<  0.05 .
] 0.02 ]
B N oA
L =0
o)
r ~
L 4 b .
1 1 3| O I | | 3|
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iy Ay

» small EW corrections

» QCD corrections strongly increase
for 3m/4 < A, <7

» sizeable difference between QCD+EW
and QCDxEW

» up to -25% EW corrections
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Subleading Born: pT

pp = {tv/l~ v+ 2j Q@ 13 TeV pp — v/ Lt +2j @ 13 TeV
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NLO EW.irt Approximation

» Goal: include dominant (Sudakov) corrections into PS Monte-Carlo & apply multi-jet
merging (MEPS@NLO)

» |dea; dO'n,NLO EWoie — [Bn(q)n) + Vn,EW((I)n) + In,EW((I)n)} d®d,,.

» Check: agreement within few percent (with 7357 = 0.1):

pp — £~y +1,2j @ 13 TeV L6 pp — £+ 1,2j @ 13 TeV
1.2 —r—— T T T 1 T T : o T ' o T
| exclusive sum with r§}} separation . 14l exclusive sum with g} separation )
1k ~ 1 . _
. 12 F 1
08 ' '
98 98 Lk ;
zC I ZbO’ 3 .
< 06 F S 08¢
~ ~— L
L b | -
S g4l NLO QCD + EWyiry 15y =1 | < 06T NLO QCD + EWyiry 7538 = _
. —— NLO QCD + EW Tgl/li =1 ] 0.4 | —— NLO QCD +EW rgl/li = i
D R NLO QCD + EWyir 7§}t = 0.1 | o [ NLO QCD + EWyiry  13); = 0.1
. —— NLOQCD+EW st =01 | 02 —— NLOQCD+EW  »git = 0.1
cut __
oca | T T = 1 on ) T— o i
=0 b reut — .1 i =0 B e
€ 002 21 : <
o Vo r C] _ i ]
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--------- To) = 0.1
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NLO EW.Lirt Approximation: Fail

pp — £ 41T +1,2j @ 13 TeV

2 | ' | ' | | |
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MEPS@NLO QCD+EW,i (in a nutshell)

» partition phase-space: n-jet regions for 0 < n < nmax with

Q1>"'>Qn>cht>Qn—|—1>--- .

v/-Sudakov
» MEPS@LO: do(MFPSet0) = de, B, (®,) ©(Qn — Qeut) Fn (13 5 < Qout).

» Scale setting: of (p2xww) = o M (p2,..) as(ty)...ag(ty) With

1

1
1 1 /1 1 1\ 2
Icore, 00 — Mgy, Hcore,Vj — §ET,V — 5\/M‘2/ +p52r,va Hcore,j5 — 5 <§ — ? — 5)

~

» MEPS@NLO: doMePsanio) _ [dcbn By (1) Fo (12 5 < Qoue)

+ d(I)n+1 IA:In((]t)n—l—l) @(cht — Qn—f—l) *Fn-l-l(MZQ y < cht)] @(Qn - cht)

~

B, (®,) =B (P,) + Vo (®,) + /d<I>1 Dy (@, @1) O(11g) — tnt1)

~ ~

H, ="hard function” , D, = kernel of first emission

~
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| » mild dependence on the boson pT

QCD corrections
» = |0% above 300 GeV

EVV corrections

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

1 » sizeable difference between QCD+EW & QCDxEW
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Photon PDF comparison at 10* GeV?
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