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Relevance of NLO EW

b Numerically O(a) ~ O(a2) = | NLO EW ~ NNLO QCD

D Possible large (negative) enhancement due to universal virtual
: . . . , , , , [Ciafaloni, Comelli,'98;
Sudakov logs at high energies (i.e.In the tails of the distributions):  Lipatoy Fadin Martin, Melles, '99;

5 M2 Kuehen, Penin, Smirnov, '99;
NLO EW ~ —alog ( V)

Denner, Pozzorini, '00]

AN

S
POk NNLO/LO —1 —— 1
— 41
0.10 | PP > W™ iojo-1 |
| NLL/LO —1 —
% -0.20 ¢ NNLL/LO — 1
U L
0.30 |
0.40 |
_ [Kiihn 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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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, w*
. process—independent, simple structure, iIndependent of VS

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

A

o1 ~ — O; log? ]\;2 ~ —28 —76,—104%, ™ overall very large effect in the tail of
TS
3;[/ L distributions (relevant for BSM searches)

~ +16, +28, +32%

= |arge cancellations possible
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Real QED logarithms

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

2
m
. : o f
p Origin: soft/collinear photon radiation ~ «log 02
p Possible important corrections in sufficiently exclusive observables.
do/dMr i [pb/GeV] [Brensing, Dittmaier; Krdamer, Mick; '08]
300 | | ! | 0 | | | |
pp — Ty X I 6[%]
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Automation of NLO EW

op = Il + 2 jets [1411.0916]
op = eTe putu=/ptu=ptp=  [1601.07787][1611.05338
pp = etvep v, [1605.034 197
Recola pp = () = etvep v, bb 1607.0557 17
pp = eTVelU TV, + 2 jets (VBS) [1611.02951]
pp = (ftH) = eTvepu v, bbH [1612.07138]
- pp = W+1,2.3 jets [1412.5156]
Sherpa/Munich | _
Openl 0oDs op = ViV + 0, 1,2 jets [1511.08692]
_|_

P P pp = liv [1705.00598] (New today!)
pp — THH/Z/W [1504.03446)
MadGraph_aMC@NLQO pp - f [1606.01915]
pp — 2 jets [1612.06548]
GoSam+MadDipole  pp = W2 jets [1507.08579]

* many NLO QCD+EW calculations for multi-particle processes are becoming available

* NLO QCD+EW matching and merging with parton showers is under way (approximations available)
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Automation of NLO EW

pp = I+ 2 jets [1411.0916]
op = ete ptu= sy~ ptp™  [1601.07787][1611.05338
pp — eTvep TV, [1605.034197
Recola op = (7)) = e VeV bb [1607.05571]
pp = eTVeld TV, + 2 jets (VB [16THRQR95 1]
pp = (ttH) = eTvep v, bbH «2.07 133 .
Ss—=—V+jets
. op = W+1.23 jets T412.5 5%
Sherpa/Munich | VV
op = VAW + 0, 1,2 jets [151.08692]
+OpenlLoops

pp = livv 4= 1705.00598] (New today!)

pp — fT+H/Z/W [1504.03446]
MadGraph_aMC@NLQO pp — [1606.01915]
pp — 2 jets [1612.06548]

GoSam+MadDipole  pp = W2 jets [1507.08579]

* many NLO QCD+EW calculations for multi-particle processes are becoming available

* NLO QCD+EW matching and merging with parton showers is under way (approximations available)
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V + ets
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do/doged do /dpr [pb/GeV]

do/doged

1073 §
1076
1077 §

10712 %

F mmm NLO QCD+EW
. —— NLO QCDxEW

10—15

1.8

109 §

pp— ¢ v+ 1j @13 TeV

| PT,W

50

100

200

500 1000 2000

PT [GeV]
[S. Kallweit, JIML, P. Maierhofer, M. Schonherr, S. Pozzorini, ‘1 4+’ 5]

v + | jet:inclusive  setwe:
VS =13 TeV
pr; > 30 GeV, |n;| <4.5

pr1> 20 GeV, |n| < 2.5, EFS > 25
po = Hr /2 (+ 7-pt. variation)

inclusive

< |9% EW corrections

pt of W-boson
» +100 % QCD 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 !
«— ~Na

donro qeptEw = doro (1 + dqep + dew) donro Qepxew = doro (1 + dqep) (1 + dew)
pt of jet
» “giant QCD K-factors' in the tail [Rubin, Salam, Sapeta '1 0]

» dominated by dijet configurations (effectively LO, no EW)

Vot V /7
l

— pathologic with large uncertainties!
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v + | jet: exclusive

pp— ¢ v+ 1j @13 TeV

100 Ay, <37T/4Eé A¢J 2 < 31-[/4
z 0y | (veto on dijet configurations)
% 1079 §
50
)
T 10-12 P o ,

r mm== NLO QCD+EW
o7ty T NOQODEW

1.8 pPTW ! QCD .

16 | + ] corrections

14 | W ]
% ' » mostly moderate and stable QCD corrections

EW corrections

o Fon » Sudakov behaviour in both tails:

16l i -20-50% EW corrections at |-4TeV
o8 1;1 i » EW corrections larger than QCD uncertainties for prw+ > 300 GeV

Iy ._ — for jet-observables inclusive W+ | jet requires merging with

50 100 20 AWM 1000 2000 W2 jets at NLO QCD+EW!

PT [GeV]
[S. Kallweit, JIML, P. Maierhofer, M. Schonherr, S. Pozzorini, ‘1 4+’ 5]
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pp — € e +2j @ 13 TeV

inclusive

W+

pp — etre +2j @ 13 TeV
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pp — € e +2j @ 13 TeV
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109

pp — € e +2j @ 13 TeV

1 -3
0 MUNIICH+Openloops

1076 |

Jgo | LO

r g NLO QCD
== NLO QCD+EW
—— NLO QCDxEW
10—12 T R 1 . . L L
50 100 200 500 1000 2000

QCD corrections

dO’/de’W [pb/GeV]

T Ty

pr,w

» small and very stable

» = 0% scale uncertainties

EVV corrections

» Sudakov behaviour in all pT tails:

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

» Might need resummation of leading EW Sudakov logs

PT [GeV]

[S. Kallweit, JIML, P. Maierhéfer, M. Schonherr, S. Pozzorini, ‘1 4+’ 5]
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inclusive V+ | jet: MEPS@NLO QCD+HEW it

pp — v +4+1j @ 13TeV

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

MEPS@LO

= MEPS@NLO QCD
=— MEPS@NLO QCD+EWy;
— MEPS@NLO QCD+EWy;+ w.o. LO mix

W-

|1 \H‘H ‘H\‘H\‘H\ \H‘\H‘\H‘H\‘\H il
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18 b 8E
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Zb(j E% 1.2 ;
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S ~ =
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0.2
3=
1.8
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Zg? %Eﬂ 1.2 —
= é?l C
~ ko] 1 o
S
T 0 S o8F
6 F s *°E
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'_ 0.4 [—
O -. 1 PR | 1 " " 1 PEEEETErE | 1 " 0‘2 }
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pr [GeV] 50
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100

200

[S. Kallweit, JIML, P. Maierhéfer, M. Schonherr, S. Pozzorini, ‘1 4+’ 5]

500

1000

2000

PT,j 1 [GeV]

» Bases on Sherpa’s standard
MEPS@NLO

» Stable NLO QCD+EW
predictions in all of the
phase-space. ..

» ...Including Parton-Shower
effects.

» Can directly be used by the
experimental collaborations

» prv : MEPS@NLO QCD+EW
In agreement with
QCDXEW (fixed-order)

» DT,jI : compensation between
negative Sudakov and LO mix

Jonas M. Lindert

Electroweak corrections for V+jets and Diboson production



V+jets backgrounds in monojet/MET + jets searches

12.9fb" (13 TeV)
.(r\‘s/ %) 105 | I | | | | | | | I | D;ta | | | | | I | JE
=4 R Q) CMS B Zvv)+ets ]
- \U; 10* _ [ ] Wv)+jets 3
= ; menojet ] wwizzwz
d. G>_') 10 Top quark
b LLl , ] zanets, y+iets
—. - | _ Higgs Invisible, m =125 GeV
y . N 10 h . Axial-vector, m__ =1.6 TeV
1
107
: : 2
irreducible backgrounds: 19
-qc; 15 | I | | I | | | I | | | | | | | | | 1 |
—/(VV)+ ' @
pp—Z(—VV)tjets = MET + jets S
a
ppPW(—Iv)+jets = MET + jets (lepton lost) 3
&
]

200 400 600 800 1000 1200
EMisS [GeV]
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larget precision

T T T T I T T T | T T T T | T T T T | T T T T I T T T T

N .

N=0(ptV>PTmin) ¥ 300 fb~'] —

Solid: Z—>ee i
Dashes: W—>ev

=
-
=
/ é
10—4 / 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | 1 1 | 1 1 1 1

0 500 1000 1500 2000 2500 3000
PTmin

* for 500 GeV < pTV < 1000 GeV: background statistics will be at 1% level
* understanding of V+jets backgrounds at this level increases sensitivity in DM searches
* this level of precision is theoretically possible @ NNLO QCD + NNLO EW

* requires solid understanding of uncertanties!
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Determine V+jets backgrounds

global fit of Z(—11)+jets, W(—IV)+jets and y+jets measurements
® {0 determine Z(—VV)+jet
® and the visible channels at high-p T

® theory systematics (scales, etc.) via nuisance parameters in fit

Y+jets
""l
Il.'llll.l#.....,.
Loy
Y
iiiiz'.2'.'.
T Z(DUV)Het
— >
1 TeV pT\/
* hardly any systematics (just QED dressing) » fairly large data samples at large pT
* very precise at low pT * systematics from transfer factors

* but: limited statistics at large pT
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- [to be published soon,
Goal of ongoing study oy, avaible 10 ATLAS & )

work in collaboration with:
R. Boughezal, A. Denner, S. Dittmaier, A. Huss, A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, S. Kallwelt,
M. L. Mangano, P Maierhéfer, LA. Morgan, A. Miick, M. Schénherr, F. Petriello, S. Pozzorini, G. P Salam

* Combination of state-of-the-art predictions: (N)NLO QCD+(N)NLO EW
in order to match (future) experimental sensrtivities

(1-10% accuracy in the few hundred GeV-TeV range)

one-dimensional reweighting of MC samples in x = p(TV)

with Lo dm i dom,damidm,
* Robust uncertainty estimates including * Prescription for correlation of these uncertainties
|.Pure QCD uncertainties » within a process (between low-pT and high-pT)

3.Mixed QCD-EW uncertainties
4.PDF y-induced uncertainties ....
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QCD effects [see Nigel’s talk]

d ) d ) d (v d (v

1,7QCD = 1 7L0QCD + 1, 7NLoQep T - INNLO QCD

pp —Z(— (107 )+ jet @ 13 TeV

101 T T | | T T T 1 1
1 Ho = 5 (\/p%"ﬁ—g +m§+g— + Z pT,i)

%
2
2 107" i€{q,9,7}
7;\10_2
§ 1077 this is a ‘good’ scale for V+jets
g 1074 e at large pTV: HT'/2 = pTV
10_2 —Te e modest higher-order corrections
o ~— NLO QCD e sufficient convergence
o === NNLO QCD
10
109
00 ] | scale uncertainties due to 7-pt variations
1.2 — I I 1T 11 | I I I I 1T 11 | I ]
- . . i urF = ER,FHo
g)’ ' - _ (gRagF) - (272>7 (271)7 (172)7 (171)7 (170'5>7 (0'571)7(0'570'5)
S 08 k= —
g ] ] yields
E 0.6 — ~— O(20%) uncertainties at LO
© ou 5<1)KN1<LO = O(10%) uncertainties at NLO
L o o o . O(5%) uncertainties at NNLO
10° 103

prv [GeV] with minor shape variations

[A. Huss, A. Gehrmann-De Ridder,
NINLO from I. Gehrmann, N. Glove, TA. Morgan]
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QCD uncertainties

pp =W(— )+ jet @ 13 TeV

'%‘ 102 1 \‘ T T ‘ T T T T T d V V 3 V
?\: loi | dz 1(\1’“)LOQCD(€QCD> - Kl(\Ik%JO >+Z€QCD25()K1(\I’%O< )
3 .
= 101 ‘ d
= 1072 = (V) —
%123 ‘ * 1z — 01,6 qcp (Ho)-
& 104
5 - Z w* .
o NLO OCD = €oeDi = €oeD = €oeD.i = €QCD nuisance parameters:
107/ -
o 1 * correlated across processes interpreted as |10 Gaussian
e L | * correlated across pT bins
1.2 — I I T 11 ‘ I I I I [ ‘ I —
5 1F - )
o L — .
3 o8 k= - ® s\ - Vimax _ 7-V,min correlated
- - 0 NkLO 9 KNkLO KNkLO ( )
E 0.6 — __I-I-'-i
N 1 - ' .
® o4l S Ko = symmetrized scale uncertainty
C ] | | Ly | ]
"B \ \ =  p% — 650 GeV
g = E ® 5 NkLO '2I‘ 5 NkLO
S ] ' . . ' ' ' '
T 06 EhE— yields max shape distortion within scale variation band  (correlated)
° 0.4 - 5(2)KN1<LO 3
B | | I ‘ | | | | I I ‘ | .
1.2 — I I T 11 ‘ I I I I [ ‘ I |
- : K K
5 1 - e U )KNkLO = N0 Lo (correlated)
- - KY, K%
% 0.8 ; { Nk— 11.O Nk— 11.O
E 0.6 - =
s F 5@ K o | Difference of (N)NLO corrections as process correlation uncertainty
0-4 ]
L L] L] ]
107 103
pr,v [GeV]
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pp = Z(— (107 )+ jet @ 13 TeV

do/dpr v [pb/GeV]
S

/+]et

=
N
T

do/doio

0.6

0.4

II|IIL|III|III

103
pr,v [GeV]

Pure EVW uncertainties

EVW corrections become sizeable
at large prv

Origin: virtual EW Sudakov logarithms

How to estimate corresponding pure
EW uncertainties of relative O(a?) !

Note: real EW Sudakov logarithms
included as separate VV(+ets)
backgrounds
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pp = Z(— (47 )+ jet @ 13 TeV

Pure EVW uncertainties

d(T/de,V [pb/GeV]

I

I

NNX‘

I

I

/+]et

— LO 5 1

NLOEw (L™ + L)
— SUdakOVNLo/ a2(L4 4+ L3)
=== NLO EW + SudakovNNLo &

do/doj o

. o
KNLOEW(3,t) = - [5}(1201 + 5&)01}
KNNLOSud(8, 1) = (;) 5&)(1

Large EW corrections
dominated by Sudakov logs

|

Uncertainty estimate of (N)NLO
EW from naive exponentiation x 2:

9 k
5(1)/£Ew ~ — (KJNLO,EW)

k!
v

check against two-loop Sudakov logs
[Kihn, Kulesza, Pozzorini, Schulze; 05-07]

1 3 i i i
g 1 1 !
2 n i3 i gkl ; S
J J i .
V; 1 \% 1 Vi, i i 1 . 3
k k 1

i Va i Va2 i i

% 1 Vi

+ )Q//g + )@&){ +3 )Qi
J J J J
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)
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V+jet @ NLO EW, 13 TeV

Pure EVW uncer:

V+jet @ NNLO EW, 13 TeV

mAALE e T T 3
; == Z(—= ("0 )+jet —:; = Z(— 0T")+jet j
E W(— v)+ jet 0 W(— )+ jet 3
? = y+jet a:; = q+jet E
;m:m} e %} S —
SCREY E E
3 T r
? . 7;? . T — 7_;
;7 I I \‘ 7;; I I \‘ I I \‘ I E
— 0w = Wi E
%w:m} e + o -
; 5 xpw éé 5 xpw E
3 Ea E
g | I | | L1 | \‘ g} | | | [ \‘ {
102 103 102 103
pr,v [GeV] pr,yv [GeV]

Pure EW uncertainties

e tiny at low pT and only 1-2% at | TeV
* thanks to NNLO Sudakov logs (up to ~ 5%)

ainties

NNLO EW corrections at | TeV
* Ytjets:-10%
o Ztjet:-20%

* WH+jet:-25%
® ‘higher-orderlogs’ (correlated)
174 2
5(1)"3(EV\)7(5’7) = 5’11(\1‘1)0 Ew (2) "%\?Lo Sud ()

® ‘hard non-log NNLO effects I'  (uncorrelated)

6@ kg () = 0.05 kLo g ()

& Oimng < P00y = 206,
® ‘hard non-log NNLO effects II'  (uncorrelated)

(V)

1
14 |4
(@) = ANLosua(@) = 5lEntopw (@)

estimate of typical size of

or 5&1d X 5&)&
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Mixed QCD-EW uncertainties

PP Z(— (0 )+ jet @ 13 TeV Given QCD and EW corrections are sizeable, also

= 10! B T T — T w mixed QCD-EW uncertainties of relative O(aas)
) T .
O 1 e have to be considered.
<2 10 ' m—
Q-‘ —
~ 1072 — .. T
. = Additive combination
Q. 10 =
o -
~ 10 4 ﬁﬁ___L NLO _ LO NLO NLO
5 . 0QCD+EW = 0 +00Q¢D + 00gw
10_6 _=== . .
1077 LO - (no O(Ozozs) contributions)
. —— NLO QCD -
I NLO QCD&EW -
S === NLO QCD®EW Multiplicative combination
(0]
e | NLO NLO doR
iy 7QépxEwW = oqc¢p |1+ —fo~ |
A =
8 0.9 ?
; 2‘8 = (some dominant 0(04043> contributions,
5 O'Z = e.g. EW Sudakov logs X soft QCD)
~ O E
= SZ =
03 . ... | Difference between these two approaches indicates

size of missing mixed EW-QCD corrections.

pr,v [GeV]

Kqoecperw — KqQepgew ~ 10% at 1 TeV

Too conservativel?

For dominant Sudakov EW logarithms factorization
should be exact!
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Mixed QCD-EW uncertainties

pp —Z(— £T07)+ jets @ 13 TeV

doro/dpr,v [pb/GeV]
5

Bold estimate:

1073 . . .
Consider real O(aas) correction to V+jet
107 °
10°° .
=~ NLO EW toV+2jets
1078
o and we observe
o1 donLo EW donLO EW < 19
-0.2 — — ~ 0
E osE E doro  1v+2jet doro  1v+ijet
el .
-026 ; é
ZZ NN e | : strong SlupPOI”J[ for
: T MINLOEW : e factorization
_Qo.05 — Vj w.o. NLO EW interference — o . . .
E N : » multiplicative QCD x EW combination
= ¢ H
G005 — =
S E . - WL
i S e Estimate of non-factorising contributions
o1 £ pry [G7] (correlated)
0.05 [— - 1% 1% _ 1% _
- e K@) = 01K (i) — KA (. i0)]
o OF =
0.05 i— é
i S ] E (tuned to cover above difference of EW K-factors )
102 103
pr,v [GeV]
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[see Lorenzo’s talk]

/ /=4l as H—= //*— 4| background

pp — ppTete” + X

L.O ——
10-'F = NLOEW -eeee-
=
=
|3
-o_% :
1
1
1
10~2 - , | |
30 - | E— |
1
20 VoW |
20 b sweak
- : aq |
— 15 ' |
XX 1
=0 : _
o [ e |
5 . ! , | =]
100 1203 140 160 180
: My [GeV]

[B. Biedermann, A. Denner, S. Dittmaier, L. Hofer, B. Jager;’ 1 6+’1 6]

V5 [TeV]] ok2 (o] 35" (%] o5 (%)
8 8.4704(2) —35  —34
13 13.8598(3) —3.6 —3.6

* Inclusive: 3-4%
(dominated by weak corrections)

* non-trivial phase-space dependence
(distortion of distributions relevant for
Higgs analyses)

« Weak: -5 ... +5%

« QED: 10-30%
(due to radiative talls of resonances /
kinematic shoulders)
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[see Lorenzo’s talk]

WW=2[2v as H=>WW*—=2[2v background

Higgs setup:
10GeV < M-+ < 55GeV, Ape-,+ < 1.8

pp — vupue Ve + X

10 . . . . . . . . . . .
: dp(i(;, vl | L yerrlend _
1 .
D Vit e T+ X wovatensx | ® NoN-trivial phase-space
1 JSop = 13TeV ] 1071 ¢ 5o = 13TeV - . .
107 Higes bk sctup megsbks ety | dependence (distortion of
1 treated coll. unsafe i treated coll. unsafe . . . .
10-2 1072 | distributions relevant for Higgs
o analyses)
1073
104 LO —— LO —— . o
R — | a0 JI BT 1« EW:around -2 ...-5%
10-5 R ] - QY -eeeeee- ] .
" a0 ok ) e Sudakov behaviour at large Mowwy
4 ; ; ; . . . . . . .
9 [ ]
| A ,
o O fr e PR o j i
<9 e |_|_L < - _‘_I_'_I_l_‘—l_
— | -8 T
—4 _l_l—'_IJ_ —10 o
_620 4IO 6I0 8IO 1(I)0 150 1;10 1(;0 1EI§O 200 - 5IO l(l)O 1I50 2(I)0 250 3(I)0 350 400
pT7e— [GeV] MT,WW [GeV]
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NLO EW vs. QED approximations for VV
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= . === NLO QCD ]
== NLO EW

YFS (Multi-Photon-Resummation) preserves

do/ dO’LO

resonance structure = EW effects agree at the
few percent level.
Source of differences:

e Multi-poton effects in YFS

e Resonance-assignment in YFS
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VV at high
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» large negative EW corrections: -40% at | TeV
(larger then QCD corrections)

» sizeable impact of YPDF: 10% at | TeV
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Conclusions

» NLO EW automation well under way
» V+ets:
* inclusion of EW corrections crucial due to large Sudakov logs: up to -35% at | TeV
* MC reweighting allows to promote V+jets to NNLO QCD + N(NLO) EW
* Perturbative systematics in pTV under control at the level of |-10% up to the TeV
» Uncertainty estimates applicable for more exclusive V+jets observables!
(...or other process classes?)
» VV:
* QED effects crucial in H—=VV backgrounds

* huge EW Sudakov logs in the tails of important distributions: up to -50% at | TeV
e Outlook: NNLO QCD + NLO EW for VWV

» automated NLO+PS QCD + EW for any process (including multi-jet merging)
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V + multjet & VV + jets production

CN \'s
=2 . p Dominant backgrounds for DM searches
| | p Important/dominant backgrounds for various
" q. BSM searches (leptons + missing Er + jets)
; p Dominant backgrounds for top physics

p Dominant backgrounds for Higgs physics,
e.g.VH(—bb), H=>WW
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Combination of NLO QCD and EW

Two alternatives:

NLO 1O NLO NLO
OQCDLEW = 0~ +00G6D + 00w

50NLO 50NLO
NLO __ _NLO 1+ EW __ _NLO 1+ QCD
OQCDXxEW — 9QCD -LO — OEwW -LO

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

Relative corrections w.rit. NLO QCD:

NLO
IQCD+EW <1+ 505\17\70)

suppressed by large NLO QCD corrections

NLO NLO
TQCD 7QCD
NLO NLO
TQCDxEW _ (1 99EW “usual” NLO EW wirt, LO
NLO T LO
0QCD o
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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

Jonas M. Lindert Electroweak corrections for V+jets and Diboson production



Prelude: Z+jet vs. Y + | jet

pp — Z+1j @ 13 TeV 10% pp — v+ 1j Q@ 8TeV
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QCD corrections EW corrections

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

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

zeable diff for small pT
slzedble difierences tor small p » EW corrections > QCD uncertainties for ptz > 350 GeV
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Prelude: compare against /Z/y-data

[JHEP10(2015)128]
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» remarkable agreement with data at @ NLO QCD+EW!
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NNLO for Z+jet
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NNLO for W//+jet
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* unprecedented reduction of scale uncertainties at NNLO: O(~ 5%)
* we can now check the correlation of the uncertainties going from NLO to NNLO
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QCD effects [see Nigel’s talk]
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Correlation of scale variations

pp —etTe jvs. pp — e 7] @ 13 TeV

consider Z+jet / WHjet prv-ratio @ LO

Z+jet/W+jet LO (uncorrelated errors)

uncorrelated treatment yields
O(40%) uncertainties
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Correlation of scale variations

pp —etTe jvs. pp — e 7] @ 13 TeV

Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+jet LO (correlated errors)

consider Z+jet / WHjet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties

correlated treatment yields tiny
O(<~ %) uncertainties

check against NLO QCD!
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Correlation of scale variations

pp —etTe jvs. pp — e 7] @ 13 TeV
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Correlation of scale variations

pp —etTe jvs. pp — e 7] @ 13 TeV
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o

QCD uncertainties in pI-ratios

p —=Z(—= LT07)+jet / W(— fv)+ jet @ 13 TeV

pp —Z(— (L7 )+ jet / v+ jet @ 13 TeV

pp =>W(— €7 7)+ jet / W(— £1v)+ jet @ 13 TeV

E._\ 0,18 ? —; "i E T T T 17T ‘ T T T 1T E "Q 08 } T T T 1T ‘ T T T T 1T 1T ‘ 7;

N = . T C ] + = -

< 017 e = & 0.05 — — = 07 —

C ~ - n C 7

i 0.16 — E W ko C ] = 06 == =

= E A + 0.04 |— 4 X = =

~ 0.15 — 3 —~ n . = E 3

- ’ = | | r — 0.5 — —
Q r ] f C i ~ r

+ 0.14 ; *: X 0.03 — -] "i 0.4 } — + H

Lok E - e WHW ;

L = - N 0.02 — — = 03 =

0.12 — — = - s E J

% - LO ] - — 1O 1 1 o2 — 10 E

011 NLOQCD 4 001 [~ NLOQCD | £ o0 NLOQCD 7

g 1.05 - . g5 105 — — 8 1.05 — g
Q - P m o] = o -

Z 1.0 —— —] 9 - . Q E -

[ —= | Z. 1.0 — — 4 1.0 /= P—

< C ] g . ] £ C ]

N - ] 3 - ] < - .

C k a < 095 [~ 1 - < 095 — -

- NELO ] C 5! )KNkLO ] r 1

0'9;”””} e — 0.9 F——+—++++ — R — 0.9 F——+—++++ | e ]

g 1.05 - B 8 105 — — 8 1.05 — —

o - . (e} = - ] - -

= - . Q - . Q - .

Z 1.0 — — — — — — = -

[ —= = Z. 1.0 — — 4 1.0 — m—

< C 7 S . ] S . ]

2 - ] 3 - ] < - .

5 0.95 5K ] > r ] S r ]

C k ] < 095 [ 2 ] < 095 [~ 2 -

L NXLO 7 C 5( )KNkLO 7 C 5( )KNkLO _

0.9 F—+——++++ I — - | | : - | | .

- \ \ i 0~9711HH‘ 1 1 HH‘ 1 - 0-97111111‘ 1 1 111111‘ 1 -

g 1.05 - B g 105 — — 8 1.05 — —

o - | o - - Qo - -

2 - . Q - . Q - .

Z 1.0 = — = C - = - A

[ —= — Z. 1.0 — m— Z. 1.0 — m—

< C ] g - ] S - ]

2 - ] < - = < - ]

S 0.95 (5(3)K | N C a S C a

r K 7 < 095 [— 3 — < 095 [— 3 -

- | NKLO | . - o )KNkLO ] . 5 )KNkLO ]

0.9 S > : — 3 0.9 L L1 ! L ] 0.9 L L1 ! NI ]

10 10 [GeV] 10 103 102 103
pLy prv [GeV] pry [GeV]
= =1% Y =3% +AAN/— ~|_0°
Y WT/W™ =[-3%
Jonas M. Lindert Electroweak corrections for V+jets and Diboson production 43



Leptonic observables: only in off-shell calculation

pp — e et +2j @ 13TeV

pp — € U + 2j @ 13 TeV
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» Similar shape as for NC DY

» no (strong) Sudakov enhancement
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off-shell vs. on-shell production
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» Large Sudakov corrections driven
by hard process

» However: needed for realistic experimental cuts
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Subleading Born: pT
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Putting everything together

d vy, . % d (v , d (v ,
dmgf(rH)(H) = Kf(rH) (z, [) d$U£O)QCD(M0) + agg—)ind.(xaﬂ)

K0 (22,6000 E5Ws Emix) = Kr%),@(:c, QD Erw) + Emix 0K (2),

3
v D o (V
[Kf\wio z) + ZEQCD ;0 )KIEI’?%JO( )

x |14 kb (z +Z€§§%z5(%§@ ()| + emix 6K (2),

mix

d () d (v d () d (v

1,7QCD = 1910 QCD + 1, ONLO QCD + 1 ONNLO QCD

d o) d (V) d w)
dz EW T 3, ONLOEW + dy Sudakov NNLO EW

with nuisance parameters ety = (€Qcp, €, EEwW, €+)
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Caveat: Y+jet

Note: this modelling of process correlations assumes close similarity
of QCD effects between different V+jets processes ~_

(V) (Z)
ONLO ONLO <

Z
Uﬁo) £3

(Z)
ONLO

Z
Uig

* apart from PDF effects it is the case for Wjets vs. Z+jets
* at pT > 200 GeV it is also the case for y+jets vs. Z+jets.

Different logarithmic effects from fragmentation _(_4

* W/Z+jet: masscut-off MVj =MV Y

* Y+ jet: Frixione-isolation cone of radius Ry <

Consider dynamic Y-isolation with Rdyn(pTy) = min{1.0, Mz/pTy}

5 NLO QCD
V+_] /d V-H

2.2

2 |

* Yayn Dehaves like W/Z at pT > MZ

18 | =justifies process-correlation estimate

1.6

* remnant part Yax — Ydyn Uncorrelated
(uncertainty through extra reweighting and MC)

14

1.2

50 100 200 500 1000 3000
pr,v [GeV]
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QCD uncertainties

NLO QCD for V+jet @ 13 TeV

NNNNNN‘ T T T T T 17T T

== Z(—>0T07)+jet
= W(— lv)+ jet

et NLO QCD corrections and uncertainties
* almost identical forW/Z/y for pTV > 200 GeV
* sizeable Yy+jet fragmentation for pTV < 200 GeV
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do/dprv [pb/GeV]

do/detO

do/dotO

1.2
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1.2
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0.4

pp —=Z(—

Pure EVW uncertainties

(7)) + jet @ 13 TeV

— LO
NLO EW
— Sudakovynro
= NLOEW + SudakovNNLo

Kkew £ 0 kEw

2 103

pr,v [GeV]

10

® ‘higher-order logs
9 (correlated)

(V) (V)

v
5(1)"3*(33\7\)/(@ 3"3NL0 Ew (%) FNNLO sua (%)

Additional uncorrelated uncertainties:

® ‘hard non-log NNLO effects I

5(2) ,{g]\){(x) — 0.05 ,{1(\1‘90 ew (T) (uncorrelated)
A 5}(12a)rd < 8 5}(1?1"d ~ 20 5151?1@
® ‘hard non-log NNLO effects II
(uncorrelated)
5(3)"31(3‘@\)7( ) = "01(\1‘/N)Lo Sud (2) — 2["61(\1‘1)0 pw (@)

estimate of typical size of {5(1) } or 5}(11)rd X 583(1.

Jonas M. Lindert

Electroweak corrections for V+jets and Diboson production

50



0.18

0.16

0.14

Z(—= 0T07)+jet / W(— Lv)+ jet

0.12

0.95

do/donNLo Ew
t—\
Q
Ul

1.2
1.15
1.1
1.05
1.0
0.95
0.9
0.85

do/donNLo EwW

1.2
1.15
1.1
1.05
1.0

0.95
0.9
0.85

do/donNLo EwW

e
S

14

1N

EW uncertainties in p I-ratios
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/Y + | jet:pl-ratio

pp — Z/v+1j @ 8 TeV

0-3 [ | | |
do(j1,72) < 2.5

09 | UL I2) | Overall
5§ 026 | v 1 » mild dependence on the boson pT
Y
1 .'
o022 ¢ .
2 QCD corrections
0.2
L - NLO QOD > 10-15% below 250 GeV

—— NLO QCD+EW

016 L —— NLO 8CD><EW ] » = 5% above 350 GeV

105 B | | | | | ““—-
C;)Tﬂ ---------------- S AL yead .
v LT e 1 EWV corrections
85 09T __.--'"""-I | » sizeable difference in EW corrections results in
‘E 0.9 |0-15% corrections at several hundred GeV
§ 0.85 » ~5% difference between NLO QCD+EW
§ s and NLO QCDxEW
§/ .

0.75 I | | | | | ]

250 500 750 1000 1250 1500
P17/~ [GeV]
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Photon-induced production

qq+98/qy —Z(— £T07 )+ jet @ 13 TeV

— 10 T T T I T T T
> |
@ 1
3 101
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T o4
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107 — LO qq+qg LUXqed
108 = LO qy LUXqged
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S -
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9 0.15 |—
b —
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E 0.1 —
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0.05 —
o) :_1—1—|_V—V—H a n -
102

* photon-induced production irrelevant for Z+jet (and Y+jet)

* in WHjet O(5%) contribution with LUXqged (consistent with CT |4ged)
(due to t-channel enhancement)

* ~ 19 uncertainties in photon PDFs due to LUXqged

prv [GeV]

do/dpryv [pb/GeV]

qq+qg/qy —wW(— £ 7)+ jet @ 13 TeV

— LO qq+qg LUXqged
= LO qy LUXqed
LO qvy CT14qed.inc
LO gy NNPDF30qed
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ratio to central PDF4LHC15 nnlo 100
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QED effects on (g2) luminosity
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 small percent-level QED effects on qg/qq luminosities (included via LUXged)

e |.5-59% PDF uncertainties



VV at high energies: MET
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VV at high energies: MET
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