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EW NLO + PS for V + jets Features of EW corrections

Sudakow logarithms:

Exchange of virtual EW bosons with external legs:
s Z W:I: v, Z W:l:

ol el el

At high energies Q2 > M2, large soft/collinear In & M2 are generated

2 2

NLO—1:(32 In° = + ¢ In— + ¢
2 2 2 2
~ =25% at 1 TeV ~ +15% at 1 TeV

()? can be pr, Fir, My, ...

& Photon exchange compensated by real photon emission

& 7 and W exchange usually not compensated by real emission
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EW NLO + PS for V + jets Features of EW corrections

Decays of the vector boson:
Non trivial treatment of the V-decays at NLO EW

Factorizable contributions Non-factorizable contributions
l l l

& Pole approximation:
Production X decay with on-shell V, except in V propagator

& It describes the Sudakov effects
& Typical approximation error: 1 — 3%

& Exact computation:

& Complex mass scheme to properly take care of unstable vector bosons.
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EW NLO + PS for V + jets EW (and QCD) Tools at NLO

Libraries for one-loop Integrals:

FF
LOOPTOOLS
QCDLooP
CUTTOOLS
ONELOoOP
SAMURAI
PJFRY
GOLEM95C
COLLIER

Oldenborgh

Hahn, Perez-Victoria

Ellis, Zanderighi

Ossola, Papadopoulos, Pittau

van Hameren

Mastrolia, Ossola, Reiter, Tramontano

Fleischer, Riemann

Cullen, Guillet, Heinrich, Kleinschmidt, Pilon,Reiter, Rodgers
Denner, Dittmaier, Hofer

Matrix-element generators:
FEYNARTS/FORMCALC  Agrawal, Hahn, Mirabella

BLACKHAT

HELAC-1LOOP
NGLUON
MADLOOP
GOSAM

OPENLOOPS
RECOLA

Berger, Bern, Dixon, Febres Cordero, Forde, Ita,
Kosower, Maitre

van Hameren, Papadopoulos, Pittau

Badger, Biedermann, Uwer

Frederix, Frixione, Garzelli, Hirschi, Maltoni, Pittau
Cullen, Greiner, Heinrich, Luisoni, Mastrolia, Ossola,
Reiter, Tramontano

Cascioli, Maierhofer, Pozzorini

Actis, Denner, Hofer, Lang, Scharf, U.
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EW NLO + PS for V + jets EW (and QCD) Tools at NLO

Parton-level Monte Carlo event generators:

MCFM Campbell, Ellis
ALPGEN Mangano, Moretti, Piccinini, Pittau, Polosa
VBFNLO Arnold, Bahr, Bozzi, Campanario, Englert, Figy,

Greiner, Hackstein, Hankele, Jager, Klamke, Kubocz,
Oleari, Platzer, Prestel, Worek, Zeppenfeld
MADGRAPH5_AMC@NLO  Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer,
Shao, Stelzer, Torielli, Zaro
MUNICH Kallweit

Matching programs:

MC@NLO Frixione, Webber
POWHEG-BOX  Alioli,Nason, Oleari, Re

General-purpose Monte Carlo event generators:

PYTHIAS8 Edén, Friberg, Lonnblad, Miu, Mrenna, Norrbin, Sjostrand,
Skands

HERWIG ++ Babhr, Gieseke, Gigg, Grellscheid, Hamilton, Latunde-Dada, Platzer,
Richardson, Seymour, Sherstnev, Tully, Webber

SHERPA Gleisberg, Hoche, Krauss, Schalicke, Schonherr, Schumann, Siegert,
Winter
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EW NLO + PS for V + jets EW (and QCD) Tools at NLO

Latest developments in EW NLO Tools:

& Computations of LHC processes at EW NLO:

FEYNARTS/FORMCALC + pp — V'V + jet
LOOPTOOLS pp — VVV
RECOLA + COLLIER pp — Il + 2 jets

pp — I+ X
OPENLOOPS + COLLIER + pp — W+ < 3 jets
MUNICH,SHERPA pp — U, v, v+ < 2 jets
MADGRAPH5_AMC@NLO + pp — tt H
MADLOOP + CUTTOOLS pp—ttV
GOSAM pp — W + 2 jets

& COLLIER is now public on https://collier.hepforge.org

& RECOLA (+COLLIER) is now public on https://recola.hepforge.org
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pp —V 4+ 1 jet
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EW NLO + PS for V + jets pp—V 41 jet
pp — V 41 jet at LO:

[ 7 il 2
qg —> qll qq — gll O(gse?)
] ]
pp % V —l_ ]. jet at NLO. da/de,jet[pb/GeV]
100 | | | | | '+ 1 |
O(a2a*) QCD corrections 10 B pp — [ jet + X
LB V5 =14 TeV :
[Giele, Glover, Kosower '93] :
0.1 F
3 0.01 ;—
O(aza”) EW corrections oo F
[Denner, Dittmaier, Kasprzik, Mick ‘09,  0.0001
11, °12] 1075 | glt Ve 3
jo~e L1 1111 1))

100 200 300 400 500 600 700 800 900 1000
DT iet|GEV]
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pp —V +1 jet

Results for pp — 7177 + X

—10

—15

—20

—925 |-

—30

pr; > 25 GeV
< 2.5

\Uj,z

______

rec,var
5EW
5M+ v, ,var
EW
gvar .
~v,NLO |
Syar
IF, veto

100 200 300 400 500 600 700 800 900 1000
DTt GEV]

& Typical negative EW corrections

pr1 > 25 GeV  Fr > 25 GeV

AR > 0.5
5[%]

400
A g— .

300 Oy e - )
sE=Mw -
QCD,veto

200 5éaéD7veto --------- o i

100

—100

& Huge QCD corrections in the TeV region

100 200 300 400 500 600 700 800 900 1000
PT.jet| GV
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pp — V + 2 jets
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pp —V + 2 jets

Background to Higgs production

in Vector Boson Fusion (VBF)

My = 120 GeV

30
—35 - EW+QCD ——

0 100 200 300 400 500

Background for new physics with

large missing transverse momentum

> N _
3 .. ATLAS N
S - ® Data 2012 (Vs = 8 TeV)]
=~ i —SM Total I
2 10°F _ =
= = B wHets 3
Li E tti(+X) & single top E
102 .Z+jets —
- .Diboson E
10 =
1 =
O ~ME
= s
~ =
© “E
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EW NLO + PS for V + jets pp — V 4+ 2 jets
pp — V 4+ 2 jets at LO:

QCD LO O(g?%e?) EW LO O(e*)
dq g dq d; ) CI;
Vo1 V_1 We v
] ; ] - z
g STRRCT: d; aj

pp — V 4+ 2 jets at NLO:

O(a’a?): QCD corrections to QCD diagrams [Campbell, Ellis, Rainwater 02, '03]

O(a?a’): EW corrections to QCD diagrams
QCD corrections to EW-QCD interferences

[Denner, Hofer, Scharf, U. '14; Kallweit, Lindert, Maierhofer, Pozzorini, Schonerr ’14,15]

@, (043044): QCD corrections to EW diagrams [Oleari, Zeppenfeld '04]

EW corrections to EW-QCD interferences

O(a”): EW corrections to EW diagrams
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Real corrections:

Photon emission from QCD xQCD Gluon emission from QCD <X EW
q g q g q q
Vo Vo \
l_ X ¥ X
Y [ g
g q g q q q

& Parton-photon recombination to have QED IR safe results
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EW NLO + PS for V + jets pp — V 4 2 jets

Real corrections:

Photon emission from QCD xQCD Gluon emission from QCD XEW
q g q g q q
Vo Vo Ve
l_ X v X l_
g [ g
g q g q q q
& Parton-photon recombination to have QED IR safe results —

& Hard-photon jets (containing soft gluon) are QCD IR unsafe

,u—n'o'ﬂ‘oq

~~  Cut hard-photon jets
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EW NLO + PS for V + jets pp — V 4 2 jets

Real corrections:

Photon emission from QCD xQCD Gluon emission from QCD X EW
q g q g q q
Vo Vo Ve |
l_ X v X l_
gl [ &
g q g q q q
& Parton-photon recombination to have QED IR safe results —
& Hard-photon jets (containing soft gluon) are QCD IR unsafe 1
g
~+  Cut hard-photon jets %
& Hard-photons collinear to quarks also cutted — QED IR unsafe
& Rigorous approach: fragmentation functions ——

[Denner, Hofer, Scharf, U. '14]

¢ Approximate approach: treate ¢y with tiny AR, as quarks
[Kallweit, Lindert, Maierhofer, Pozzorini, Schonherr '14]
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Electroweak corrections for pp — vv + 2, 3 jets in Sudakov limit

[Chiesa, Montagna, Barze, Moretti, Nicrosini, Piccinini, Tramontano ’13]

E T T T T T T E 1072 e T T T T T T E
s F _ LO —— 1 3
‘lT_‘ 1073 : \/g =14 TeV NLO Virt, coro - — 1073 : \/5 =14 TeV NLO Vﬁ“? llllllllllll i
> 104 [ NLO Real - '> A NLO Real ----- - 3
S . sf : O
2 10 §: S ey e
. 10 % l&‘_ 1076 ............................
g 1077 g0 T
-0.05 | 0.05 £ ; ; ; ; ; : : " i
Q L~ s o ‘ 0 Virt, s ,
TEO -0.15 L igo 0.05 pr., RO 0 Virt. + 0 Real -----
5 qb S M
3 S I SIR-015F e el
Zg -0.25 + fg -----------------------------------------
I - - I 025 T
=0 O
B s L e |
-0.45 | ‘ ‘ ‘ ‘ ‘ -0.45 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
1000 1600 2200 2800 3400 4000 4600 200 600 1000_ 1400 1800 2200
7 + 3 jetesr [GeV] | [GeV]

& Virtual Sudakov LL+NLL effects implemented in ALPGEN in a process
indipendent way

& Large negative corrections in the TeV region

& Study of real emission of Vector Bosons with the same signature, which
partially cancels the virtual Sudakov effects.
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EW NLO + PS for V + jets pp = 171" jj

Electroweak corrections for pp — {71~ jj - Basiccuts
pr; >30GeV  |n;j| <45 pr1>20GeV g < 2.5

Ale > 0.5 AR+ ;- > 0.2 66 GeV < M;+;- < 116 GeV

photon energy fraction in jet z, < 0.7

10

[fh/GeV]

do
dprj,

500 10‘00 15‘00 2000 500 1000 1500 2000

& EW Sudakov effects at high pr

& Small corrections from real + dipoles
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EW NLO + PS for V + jets pp = 171" jj

Electroweak corrections for pp — {71~ jj - VBFcuts
pr; > 30GeV  |nj| <45  pr1>20GeV  |ng| < 2.5
AR;->05 AR+ >05 ARp ;- >0.2
Ui — Uil >4 Yoy, <0 min (g5, 95,) <y < max (¥, Yj,)

M;; > 600 GeV photon energy fraction in jet z, < 0.7
10! T ‘ ‘ ‘ 5 :
; 100 I
[} 0 p= R . S
O 0! b - e ——— i e e e
~ T
éﬂ o2t T —5t
X 10
1074 ~ e
o 7} O(aéa‘g) ““““
) ; --------..~__._:________'__ ______________________________________________________________________ _ —-15 ———— real photonic L e
g T e
ol
005 o
- 1 1 1 7257 L
250 500 750 1000 500 1000
Pt [GeV] prj, [GeV]

& Cross section reduced by factor 50 w.r.t. basic cuts

& EW Sudakov effects more sizeble than for basic cuts
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pp —vVUjj

Electroweak corrections forpp — vv 97 -

do/deJ1 [fb/GeV]

075

025 -

0.05 -

-0.05

pr; > 30 GeV

;| < 4.5

Basic cuts

Fr > 25 GeV

photon energy fraction in jet z, < 0.7

Lo ——
Four-quark ------ E
gluonic ---—----- ]
bottom -~
QCD-EW
EW

0 [%]

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

10

-30 -

40 |

[ statisical error

0(a§ 0(3)
real photonic ------
real gluonic ---------

200 400 600 800 1000 1200 1400 1600 1800 2000

Pr;, [GeV]

& Cross section one order of magnitude larger than forpp — [T 1~ j j
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pp —vVUjj

Electroweak corrections forpp — vv j)
prj, > 130GeV  prj, >60GeV  |n;| < 4.5

> 8 vV GeV

photon energy fraction in jet z,, < 0.7

Pr
vHr

Ht > 800 GeV

Lo — |

dofdpr j, [fb/GeV]

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

0 [%0]

- ATLAS [1405.7875] cuts

AngTj > 0.4

10

0 ;}f:n -

-10 i
20 -
30 : statisical error
) i O(ag cx3)
t  rea photonic -
I real gluonic -
-40 ‘ ‘ ‘ : : | | |
200 400 600 800 1000 1200 1400 1600 1800 2000

Pri, [GeV]

& Cross section reduced by factor 250 w.r.t. basic cuts

& EW corrections for total cross section around -10%
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pp — V 4+ multijets
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Fixed order computations for

g 10° ATLAS L 2y ) ets (e )
i 3 10° Ldt=4.6fb" ~&~ Data 2011 (Is = 7 TeV
~ QCD CorreCtlonS to % . 2 ntisk jets, R=04 —m— ALPGEN
. pa 10 ;f':%tso GeV, |y*'| < 4.4 il\sﬂ'égﬁfo
[Bern, Dixon, Febres Cordero, Hoeche, = i v Busckhar + SHERPA
, , g 10
lta, Kosower, Maitre, Ozeren '13] S —
+|m.::
1 ——
.—O—<
& QCD corrections for 10" o
102
[Ita, Bern, Dixon, Febres Cordero, 1;,: I +} —_
: ’ 8 A LACKHAT + N
Kosower, Maitre ’'11] g g e SHERAA -
I e il -
S osgf- / _
e ]
D + EW corrections for g 1| MEALPGEN | 0
¢ QC corrections fo g 12" | %
Q 0.8
= 0.6 | | | | | | | |/4
1.4+ | I I I I I I . I
. . . . .. ol ~A- SHERPA v
[Kallweit, Lindert, Maierhofer, Pozzorini, & 1-21— s
) Q og  + AT
SChonherr ,14] 0.6, l l l | | ! |é
>0 >1 >2 >3 >4 =5 >6 >7
N.
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PS matching and merging for pp — V+ < 2j at NLO QCD

103 ATLAS data vs PYTHIA8

102 CMS data vs PYTHIA8

+ ]Data 4 Data
102 b — inc. ] 1
L o o
10" | 1
10° |
10°

107 ¢

1072 ¢

1073

o(Z]4* (547 £ ) +],,) [pb]
do(W — pv + >1jet)/dpr [pb/GeV]

x GeV/25.0 Gev MC/Data
COOKHKEE 00O0RHKEE
aNLoNW INLolNw
ouiououl ocuouou
T 1 7T T T T 1 T T T

oONLoNw aNLoNw

ouoGonn cuoGon

L L T 1 L

x GeV/25.0 Gev MC/Data

0 1 2 3 4 5 6 je7t 100 200 300 400 E;Oadmt;)(;et p:)(l):Ge\?(io
Frederix, Frixione, Papaefstahiou, Prestel, Torielli 15
& Merging using NLO matrix elements up to 2 jets (LO up to 3 jets)

& Very good agreement with data also at high jet multiplicities

& Merging for pp — V4 < 3j really needed?
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pp — £ v+ 1j @13 TeV

109 C
Combining QCD and EW
= 1073 :
S corrections
= 1070 ¢
=
< o pp — V + 1 jet
© 1072 F gmam NLO QCD
o I TR0 Gehmw & Huge QCD corrections in the
1.8 [ P TeV region
1.6 |
L4l & Typical negative EW correc-
] _
§§ 1'? | tions overwhelmed
=
508 |
0.6 i .
04 F ) Kallweit, Lindert, Maierhofer,
N e Pozzorini, Schénherr '15
50 100 200 500 1000 2000
pr [GeV]
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pp — V + multijets

pp — £ v+ 1j @13 TeV

100
103
10~6

109

do /dpt [pb/GeV]

10~ 1

== NLO QCD+EW
—— NLO QCDxEW

10—15

ML R B AL AL AL RALL AL AL UL UL L L R ML e

1.8 | PTo

do /doges

0 -. | M | | s s | M |
o0 100 200 200

pr [GeV]

1000 2000

pp — £Tv/0" v+ 2j Q13 TeV

v +2j /103

o vovd vovd vovd vl voveed voed ol ol ol s

WL AL L AL L AL AL L ey L

LO
gmmmz NLO QCD
== NLO QCD+EW
£ —— NLO QCDxEW

f—t

3
=
\}

r

Ty

L
1
r
4
1

pp — £Tv+2j @13 TeV
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pp — V + multijets

Merging 1, 2 via exclusive sums

PTjs

ro/1 =
P1ji

Phase-space populated by:

V + 1; for ro < rg‘/l'j
V + 2] for 7y > rg‘/l'j

& QCD corrections stabilized

& Typical negative EW corrections

do /dprj, [pb/GeV]

do/dogen

109

103

106

109

10712 §

1.8
1.6

0.4
0.2

pp — £ v 41,2 @13 TeV

L AL B L IRl L L Bl L L el

T T

Ty

LO
2 NLO QCD
m=m NLO QCD4EW

NLO QCD+EW + LO mix
—— NLO QCDXEW

, :
exclusive sum with rg‘/l'i =0.1

dagég v+ 1j)/dag%% ]

PT,j1 [GeV]
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pp — V + multijets

PS matching and merging pp — V+ < 2j at NLO QCD + EW

EW,;+ = EW virtual correction +

Integrated dipoles

~ .e. soft/collinear emission

treated inclusively

& Describeswell pp — V+1.,2 jets
at NLO QCD+EW

& EW Sudakov effect reproduced

Insert EW corrections in the
MEPS@NLO framework using
EWVirt

do / dogyed

(doRe — doRyg ) / dogeD

1.6 —r————r
” - exclusive sum with rg‘/li separation

1.2 +

0.8
0.6
04 r

0.2

—0.1 |

—0.2 |

—-0.3 |

—04

—0.5 |

pp — ¢ v+ 1,2 @Q 13 TeV

1 E

"

NLO QCD +EWyirg 75} =1
—— NLO QCD + EW el =
NLO QCD +EWyirg 75 = 0.1
| —— NLO QCD +EW st = 0.1

--------- 5 =1
--------- 7“;‘/1?[ =0.1
—0.6 Lt SN T
50 100 200 500 1000 2000
PT,j, [GGV]
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pp — £ 7+0,1,2] @13 TeV

3 | | | | Distribution in pr
S 10° _
& of the hardest et
5
T 1073
3
10°° MEPS@LO
= MEPS@NLO QCD
M 1 HPSONT O Q0D Eon —= g No enhanced QCD be-
-9 —— MEPS@NLO QCD+EW,;¢ w.0. LO mi : :
107 e ] |Q : I”IVO{ : I"II“IX haviour at high pr
1.8 f— —f
L6 E E & Small EW Sudakov effects
L E (canceled by LO mix)
58 1.2 :— —:
3 1F
g 0.8 f— 7777777 =
0.6 ; —f
0.4 [ =
02 [ =
0 - | | L1 1 | | | | | ‘ -
50 100 200 500 1000 2000
p1j, [GeV]
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pp — V + multijets

do/dpry [pb/GeV]

10~

109

1.8
1.6

1.4
1.2

0.8
0.6

0.4
0.2

do/ dag(%g

pp — £ 7+0,1,2] @13 TeV

MEPS@LO
= MEPS@NLO QCD
= MEPS@NLO QCD+EW,;
— MEPS@NLO QCD+EWy;;t w.o. LO mix
| | I | | | | | | ] | ‘

III|III|III‘III||II III|III|III|III|III T
III|II |III‘III|III I[I|III|III|III|III L1

50 100 200 500 1000 2000
prv [GeV]

Distribution in pr
of the Vector boson

& No enhanced behaviour at
high pr

& Large EW Sudakov effects

& Quantitatively  consistent

with factorized QCD X EW

prescription
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Conclusions

& Efficient automatization for elementary EW and QCD processes at NLO
& First implementations of EW NLO in general-purpose MC generators
& Attempts to combine EW corrections with QCD in the merging procedure

& Large negative EW corrections at TeV scale in all fixed order computations
for pp — V' + jets

& Merged parton shower at NLO QCD for pp — V' 4+ 1, 2 jets well describes

present run | data

¢ Giant QCD K-factors at TeV scale for pp — V' + 1 jet under control in

merged 1, 2 jets analysis

& Merged parton shower at NLO QCD+EW for pp — V' + 1, 2 jets restores
EW Sudakov effects at TeV scale
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Back-up slides
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