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Introduction

Electroweak correction come in two variants: virtual corrections and real
emission correction.

Virtual electroweak corrections often studied in the context of jet
production at large transverse momentum (EW-Sudakov suppression).
Usually negative and rising with p; .

Real electroweak corrections usually constitute a separate process.
However, largest BR of W /Z bosons is hadronic, thus (almost)
indistinguishable in jet production. Nonetheless may constitute signal in
itself.

When large scale differences occur resummation is needed in either case.
Practically at LHC13/14 these scale differences are moderate.
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Tools and setup

Consistent setup: counting orders and defining signatures

tree configuration

pp — W +0 jets

pp— W41 jet

pp — W +2 jets

pp — W 43 jets
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Tools and setup

Consistent setup: counting orders and defining signatures
r \

tree configuration

pp — W +0 jets

pp— W41 jet

pp — W +2 jets

pp — W 43 jets

e NLO QCD: al =1 parton, only MEs from squared diagrams
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Tools and setup

Consistent setup: counting orders and defining signatures
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I tree configuration
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J 0 pp — W +0 jets
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pp— W41 jet

pp — W +2 jets

pp — W 43 jets

e NLO QCD: al =1 parton, only MEs from squared diagrams
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Tools and setup

Consistent setup: counting orders and defining signatures
r \

tree configuration

pp — W +0 jets

pp— W41 jet

pp — W +2 jets

pp — W 43 jets

e NLO QCD: al =1 parton, only MEs from squared diagrams
e NLO EW: a! = 1 photon
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Tools and setup

Consistent setup: counting orders and defining signatures

pp — W +0 jets

(
|
|
( 3
}f 1 % | tree configuration
|
| )
|
|
|
) s

pp— W41 jet

pp — W +2 jets

pp — W 43 jets

e NLO QCD: al =1 parton, only MEs from squared diagrams

e NLO EW: a! = 1 photon or 1 parton

also MEs from interfering O(g*'e

mF1) diagrams
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Tools and setup

Consistent setup: counting orders and defining signatures
=

I
I
- X | + two-loop diagrams
I
Z | tree configuration
s

)

pp — W +0 jets

pp— W41 jet

pp — W +2 jets

pp — W 43 jets

e NLO QCD: al =1 parton, only MEs from squared diagrams
e NLO EW: a! = 1 photon or 1 parton
also MEs from interfering O(g**e™T!) diagrams, resonances
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Tools and setup

Consistent setup: counting orders and defining signatures

\

! + many others .

I tree configuration
|

|

I

J N pp — W +0 jets

\

pp— W41 jet

pp — W +2 jets

pp — W 43 jets

e NLO QCD: al =1 parton, only MEs from squared diagrams
e NLO EW: a! = 1 photon or 1 parton
also MEs from interfering O(g**e™T!) diagrams, resonances
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Tools and setup

Tools and setup

Kallweit, Lindert, Maierhéfer, Pozzorini, MS JHEP04(2015)012, JHEP04(2016)021
OPENLOOPS for virtual corrections using COLLIER for tensor integrals

SHERPA for Born, real em., subtraction and phase space integration,
MUNICH (MEs from OPENLOOPS) for subtraction and p. s. int.
combine QCD and EW corrections as:

QCD+EW: ono qep+ew = 1o (1 + dqcp + dew)

QCDXEW: onLo qecpxew = 0o (1 + dqep) (1 + dew)
= use difference as indication of potential size of O(as) corrs.
dress quarks and leptons in AR = 0.1,
if vin jet, Ey < %Ejet, discard jet otherwise
so far use NNPDF2.3QED with LO QED PDF
ideally would need NLO QED PDF
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Tools and setup

NLO EW subtraction in SHERPA
MS in preparation
e adapt QCD subtraction (spl. fns. and colour-/spin-correlated MEs)
Catani, Dittmaier, Seymour, Trocsanyi Nucl.Phys.B627(2002)189-265
e replacements: as — a, Cr — Q2, C4 — 0,
Tr— Ner Q2 neTr — > f Ner QF

T Tk Qi Q
T } Q@

0igs in dependence on a-parameter 0irs in dependence on a-parameter
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Catani, Dittmaier, Seymour, Trocsanyi Nucl.Phys.B627(2002)189-265
e replacements: as — a, Cr — Q2, C4 — 0,
Tr— Ner Q2 neTr — > f Ner QF

T Tk Qi Q
T2 Qz.
U] U]
0igs in dependence on a-parameter 0irs in dependence on a-parameter
= R B r T T T T T T 7
£ L 1 & pp—11@ /5= 13TV, no /PDF ]
§ 1922 — Ve T+ @ 5 =2 TeV - \é L ]
= F 1= sel 3
£ mp 1% =0, b4 % |
< L 1<
E ] - T i ]
-1.926 [~ 3 36 3
1928 [ 3 t q
1928 3 358 - - - - g
L ‘ N ] L [ [ [ ] g |
P = — = r . £ & = 5 2 A
C 3 3.56 — ] I ! I l“: [ |
£ q r 5 s & = & g 1
1932 - F T I Il il I H ]
E 4 C B E & E = ]
£ ] ssef- £ g £ g & 4
1934 — - r I = = = = I 1
r 1 [ E g 2 2 g g ]
r 1 r < S E 3 2 < 1
-1.936 — 352 v I [ \L 1 I ]
Covvnnd vvvnd v vvd vl vl il C L L L L L L 1

10 10 10 10 1
ar

Marek Schénherr Electroweak corrections for LHC physics 7/37




Next-to-leading order electroweak corrections Electroweak effects in multijet merging Real boson radiation Conclusions

ooeo 00000000 (e}
00000000 [e]e] 00000

Tools and setup

NLO EW subtraction in SHERPA
MS in preparation
e adapt QCD subtraction (spl. fns. and colour-/spin-correlated MEs)
Catani, Dittmaier, Seymour, Trocsanyi Nucl.Phys.B627(2002)189-265
e replacements: as — a, Cr — Q2, C4 — 0,
Tr— Ner Q2 neTr — > f Ner QF

T Tk Qi Q
T2 Qz.
U] U]
0igs in dependence on a-parameter 0igs in dependence on a-parameter
= R I B I et I r T T T T T T ]
£ L Ve Te = WHW™ @ /5 =2 TeV - E pp— WHW- @5 =13 TeV,no /PDF
g Sas [ —O— Subtraction as massive Quark g é C —O— Subtraction as massive Quark ]
= L —(— Subtraction as massive Scalar 1= 08— —(— Subtraction as massive Scalar .
3 F 13 r ]
g sap 4 & [ # | ]
[ ] Y &b M B
- ] 07 F (% ff fr T
225 4 r L q
S I TR T T ‘ LA
823 [ ‘ ‘ T” R 3 o6 [ I ] I I = 4
3 ] r : 5 = & B 4
E [ 1 r i i I i b < 1
8235 - 5 E = & & H E = ]
n 3 ] £
£ ] os I I I I T
E ] B =) & E =
82 [ 1 r g = < = & g bl
F 1 L ] = = = = il ]
£ 1 o4 F S g g g 4
8245 - 5 r I I I I 1 I 1
Evvnnd vvvvd vvvd vl vl 0l C L L L L L L 1

10 10 10 10 1
ar

Marek Schénherr Electroweak corrections for LHC physics 7/37




Next-to-leading order electroweak corrections Electroweak effects in multijet merging Real boson radiation Conclusions

oooe 00000000 (e}
00000000 [e]e] 00000

Tools and setup

Next-to-leading order electroweak corrections

e generally NNPDF23_nlo_as_0118_ged
(6 fl., important in as-running, neglect tiny top PDF)
e already studied a range of processes:
- pp— V+0,1,2(,3) jets

Kallweit, Lindert, Maierhéfer, Pozzorini, MS JHEP04(2015)012, JHEP04(2016)021
EW report arXiv:1606.02330

- pp — tth
LH'15 arXiv:1605.04692

pp — Zj/pp — 7j ratio
Kallweit, Lindert, Maierhofer, Pozzorini, MS arXiv:1505.05704
LH'15 arXiv:1605.04692
- pp— Vh
FCC report, arXiv:1607.01831

pp — 202v
Kallweit, Lindert, Maierhofer, Pozzorini, MS to appear
e dedicated comparisons in LH'15 against RECOLA (Z + 2j) and
MADGRAPH (tth) showed agreement
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Selected results

pp — V‘(j @ 13 TeV Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

PP ("7 +1j @ 13TeV

100
= 1072
% 1g-6 £/ 107 )
5 o o NLO QCD to plt
3 10712 = [ﬁ%ggggﬂaw dominated by hard
L dijet topologies
1.8 W
16 — LO, no EW corr.
14
E Rubin, Salam, Sapeta
3 JHEP09(2010)084
o — need merging
0.2
18 T
1.6
14
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5 08
0.6
0.4
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Selected results

pp — Wj @ 13 TeV

PP ("7 +1j @ 13TeV

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

pp = 077 +1j @ 13TeV

100 100 Adyj, < 37/
= 1072 = 103
% 100 /10 % 1079 .
£ w0 £ w0 e NLO QCD to pjrf\
% 107 | g o0 QCD , % 102 | s Ko aco dominated by hard

= N0 G o | MO Sopre ditet tonologi
_— § o f = .
ijet topologies

i i —: LO po EgW co

16 16 n rr.

14 14 !
£ o % 12 Rubin, Salam, Sapeta

1 1
T 3 e — JHEP09(2010)084

o o4 — need merging

0.2 0.2 . .

b s e remove dijet configs

) ' . 3

Lo 1 through A¢jj, < 37
g g — EW Sudakov
3o 3 oo recovered

0.6 0.6

0.4 0.4

0.2 0.2

! 50 100 200 500 1000 2000 0 50 100 200 500 1000 2000

pr[GeV] pr(GeV]

Marek Schénherr

Electroweak corrections for LHC physics

9/37




Next-to-leading order electroweak corrections

0000
O@000000

Electroweak effects in multijet merging

00000000
[e]e]

Real boson radiation

(e}
00000

Conclusions

Selected results

pp — Wjj @ 13 TeV

PP — € 7 +2j @ 13TeV.

Kallweit, Lindert, Maierhofer, Pozzorini, MS JHEP04(2016)021

PP — € 7 +2j @ 13TeV.

PP — €7 +2j @ 13TeV.
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Selected results

pp — Zjj @ 13 TeV

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

pp — e"et +2) @ 13TeV

pp et +2) @ 13TeV

Dp e et +2 @ 13TeV
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Selected results

pp — Zjj @ 13 TeV

Kallweit, Lindert, Maierhéfer, Pozzorini, MS JHEP04(2016)021
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— EW corrections independent of the decay mode
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Selected results

Z /7 ratio @ 8 TeV
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1072

Kallweit, Lindert, Maierhofer, Pozzorini, MS arXiv:1505.05704
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— EW corrections different for Z and ~
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Selected results

Z /7 ratio @ 8 TeV

Kallweit, Lindert, Pozzorini, MS for LH'15

Z/7 ratio for events with s > 1
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Selected results

Z /~ ratio @ 8 TeV

Kallweit, Lindert, Pozzorini, MS for LH'15

Z/7 ratio for events with s > 1
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Selected results

pp — 202v @ 13 TeV

PP = et vy @ 13 TeV
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% Kallweit, Lindert, Pozzorini, MS in prep.
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Selected results

pp — 202v @ 13 TeV

PP = et vy @ 13 TeV
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Kallweit, Lindert, Pozzorini, MS in prep.
pp — et p v, @ 13 TeV
Y. pLitEr
ic{e,n}
e analyses impose jet veto to

control tt-background
— also reduces QCD corr.
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Selected results

pp — 202v @ 13 TeV

PP = et vy @ 13 TeV

Kallweit, Lindert, Pozzorini, MS in prep.

do/dmy; [pb/GeV]

pp — et p v, @ 13 TeV
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Selected results

pp — 202v @ 13 TeV

PP — et H vy, @13 TeV
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pp — 202v @ 13 TeV
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QCD multijet merging — LO case

<—— P8

Parton showers

resummation of (soft-)collinear limit
— intrajet evolution
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QCD multijet merging — LO case

ME ——>

Matrix elements

fixed-order in «s
— hard wide-angle emissions
— interference terms

e matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space
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QCD multijet merging — LO case

ME ———>

e o
ﬁﬁ; —

Catani, Krauss, Kuhn, Webber JHEP11(2001)063
Lénnblad JHEPO05(2002)046
Héche, Krauss, Schumann, Siegert JHEP05(2009)053

e matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

o MEPS combines multiple LOPS — keeping either accuracy
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QCD multijet merging — NLO case

NLOPs (MC@NLO,POWHEG)

Frixione, Webber JHEP06(2002)029
Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
Héche, Krauss, MS, Siegert JHEP09(2012)049

e matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

o MEPS combines multiple LOPS — keeping either accuracy

e NLOPS elevate LOPS to NLO accuracy
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QCD multijet merging — NLO case

ME ———>

MENLOPS

Hamilton, Nason JHEP06(2010)039
Hoche, Krauss, MS, Siegert JHEP08(2011)123
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

MEPS combines multiple LOPS — keeping either accuracy

NLOPs elevate LOPS to NLO accuracy

MENLOPS supplements core NLOPS with higher multiplicities LOPS
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Lonnblad, Prestel JHEP03(2013)166

Plitzer JHEP08(2013)114
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QCD multijet merging — identifying a history
Example: Drell-Yan production in association with jets

o cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability
determined through splitting
kernels

o identify a shower history
(probabilistically), determine
scale t; up to predefined t
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Example: Drell-Yan production in association with jets

o cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability

t3 determined through splitting
b kernels
o identify a shower history
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QCD multijet merging — identifying a history
Example: Drell-Yan production in association with jets

o cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability
determined through splitting
kernels

o identify a shower history

(probabilistically), determine
scale t; up to predefined t

e choose

n
O‘;H_k(:u%?) = O‘g(:u’gore) H aS(ti)
i=1
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QCD multijet merging — identifying a history

ME also provides expression beyond t;
two types of configuration: pp — Z+jets and pp —jets+Z

o different core process, naively
not part of pp — Z+jets but
indistinguishable

e configuration that would
have arisen from dijets plus
QCD+EW showering

e necessitates EW splitting
kernels to calculate splitting
probability

e leads to different scale
choices and Sudakov factors
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QCD multijet merging — identifying a history

VS.
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:
QCD multijet merging
:
Inclusive jet multiplicity (p, > 20 GeV) Transverse momentum of leading jet
= T T i i T T = 00 — T —
3 —— QCD+EW clustering 3 <]
z — strict QCD ordering £ 10!
A 1 =
5 - z 7
3 =
3 EN—
£ 3 T 1 —— QCD+EW clustering
r 1 3 strict QCD ordering
! ! ! ! ! ! S 1
o o
= =
53 E £
E | | [ L E!
o 1 2 3 4 5 10? 103
Niet et 1) [GeV]

= large impact at high p, and multiplicity

Marek Schénherr Electroweak corrections for LHC physics 24/37




Next-to-leading order electroweak corrections Electroweak effects in multijet merging Real boson radiation Conclusions

0000 O000000e (e}
00000000 [e]e] 00000

QCD multijet merging

Importance of electroweak clustering
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Inclusion of electroweak corrections

Inclusion of electroweak corrections

e incorporate approximate electroweak corrections in MEPS@NLO

1) using electroweak Sudakov factors

B1, QD xEW,a (Pn) = Ba(®5) Aew(P)
2) using virtual corrections and approx. integrated real corrections

BmQCD—Q—Eva ((Dn) = Bn(d)n) + Vn,EW(¢n) + In,EW(cbn) + Bn,mix(¢n)

e real QED radiation can be recovered through standard tools
(parton shower, YFS resummation)
e simple stand-in for proper QCD+EW matching and merging
— validated at fixed order, found to be reliable,
difference < 5% for observables not driven by real radiation
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Inclusion of electroweak corrections

Results: pp — (~ U + jets

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

pp = (77 +0,1,2j @13 TeV.
T

do/dpry [pb/GeV]

MEPS@LO
=== MEPS@NLO QCD
=== MEPS@NLO QCD+EW,y

Qeut = 20GeV

—— MEPS@NLO QCD+EW,ir weo. LO mix

do/deeg

1000 2000

prv [GeV]

do/dprj, [pb/GeV]

do/dofg

pp = (77 +0,1,2j @13 TeV.
T

Qeut = 20GeV

MEPS@LO
=== MEPS@NLO QCD
=== MEPS@NLO QCD+EW,ir
—— MEPS@NLO QCD+EW,ir weo. LO mix

SuerrA+OPENLOOPS

= particle level events including dominant EW corrections

2000
prj, [GeV]
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Electroweak corrections for LHC physics

® Real boson radiation
Resummation via EW parton showers
Case study: Finding W bosons inside jets
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Resummation via EW parton showers

Collinear limit with E > m

QED parton showers well known and available in every major shower

e approximation to collinear (vector) boson emission in limit E > m,
in dipole language (splitter-spectator pairs): f(s) — f()V/(s)

Nspec

doppy =do, ) dtdz % . 1 J(t,2) Ko rovis) (L, 2)
fos spec

e emitter fermion f, suitable spectator s

e flavour change f — f’ in case of W emissions

e IS kernels contain ratio of PDFs (change in x,Q,flavour)

e similar ansatz with diff. kernels in Christiansen, Sjéstrand JHEP04(2014)115

e same ansatz as used for clustering in multijet merging
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Resummation via EW parton showers

Splitting kernels
Denner, Hebenstreit unpublished
e use Denner-Hebenstreit expressions modified into CDST form

(6%
Ko mwis)(£:2) = 5 [fw W VST i (8.2) + facl’ 1 (1 —z)]

«
ICf(s)_)fZ(s)(t, z) = 2 " {fz cl Vf s)afb(s)(t Z) + 1y CL 5 (1 — Z)]

with
w _ 1 2 z $2 5 (-2, Qr)?
cl’ —Seffﬁlvﬂﬂ , CJ_—SefF%Qf"F(l_seff)Wv
2 3 2
w _ 1 z _ If my
oV = g“/ff/‘ [ m2 +(1_Sef‘f) ] -

e couplings fF)V depend on spin of f, but standard parton showers
are spin avaraged (no spin information)

e process dependent avarage spin of fermion line seff
= pp — Jji Seff = % pp — W: ss = 1, undefined in general

e factors fy, fz, f, modify couplings to test sensitivity

I
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Case study: Finding W bosons inside jets

Krauss, Petrov, MS, Spannowsky Phys.Rev.D89(2014)114006

Can we see radiated W bosons inside jets at the LHC (14 TeV)?
e need high-p, jets to produce real W bosons at sufficient rate
e need high-p, jets to satisfy assumption E > m

Boosted analysis:
e isolated leptons (p, > 25 GeV, |n| < 2.5, max. 10% in AR =0.2)
e find jets (anti-k,, R = 1.5, p; > 200 GeV) on remainder
e two cases: no isolated leptons = hadronic analysis
one isolated lepton = leptonic analysis

e require further two jets with p; > 500,750,1000 GeV to drive W
radiation into collinear region
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Case study: Finding W bosons inside jets

Hadronic analysis

e recluster fat jets into C/A
(R — 03, pL > 20 GeV) 30l ;LJZJ > 500 GeV f=00

microjets ;? N
e discard leading microjet as % 2.6
likely from leading quark E |
e use mp3 as em. gluons tend < 1_::
to be softer then decay prod. ~ el

Of em. W 1‘450 Gb ‘100

e accept candidate if
mp3 € [70,86] GeV

large, but continuous QCD background, clear signal shape

oy

more W emissions with hight p,, but peak shifts

I I
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Case study: Finding W bosons inside jets

Hadronic analysis

e recluster fat jets into C/A
(R=0.3, pi > 20 GeV) Com|  Pmm TGV oS00
microjets 1 rod

e discard leading microjet as
likely from leading quark
e use mp3 as em. gluons tend

to be softer then decay prod.
of em. W

e accept candidate if
mp3 € [70,86] GeV

large, but continuous QCD background, clear signal shape

oy

more W emissions with hight p,, but peak shifts
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Case study: Finding W bosons inside jets

Hadronic analysis

e recluster fat jets into C/A
(R=0.3, pi >20 GeV)
microjets

0.06

e discard leading microjet as
likely from leading quark

e use mp3 as em. gluons tend
to be softer then decay prod.
of em. W

e accept candidate if
mp3 € [70,86] GeV

large, but continuous QCD background, clear signal shape

do /dmag [ph/2 GeV]

70 s w0 100
mo3 [GeV]

oy

more W emissions with hight p,, but peak shifts
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Conclusions

Case study: Finding W bosons inside jets

Leptonic analysis

e exactly one isolated lepton
e require £ > 50 GeV

e reconstruct

mt = \/2ET,ET (1 —cos)

e accept candidate if
mt € [60,100] GeV

U

do/dmr [pb/3GeV]

provides good background rejection

0.035
0.03
0.025
0.02
0.015
0.01

0.005 rif

f=00

L f=1.0 -
oy f=11 —
o f=20 -

0 50 100 150 200
mr [GeV]

loose some sensitivity for higher fat jet p, as isolation is

compromised for more collinear W emissions
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Conclusions

Case study: Finding W bosons inside jets

Leptonic analysis

e exactly one isolated lepton
e require £ > 50 GeV

e reconstruct

mt = \/2ET,ET (1 —cos)

e accept candidate if
mt € [60,100] GeV

U

0.006

0.005

0.004

0.003

0.002

do/dmr [pb/3GeV]

provides good background rejection

0.001 {1

pr; > 750GeV =

50 100
mr [GeV]

loose some sensitivity for higher fat jet p, as isolation is

compromised for more collinear W emissions

150

200
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Conclusions

Case study: Finding W bosons inside jets

Leptonic analysis

e exactly one isolated lepton o
e require £ > 50 GeV §
e reconstruct £
e

S

mt = \/2ET,ET (1 —cos) :§

e accept candidate if
mt € [60,100] GeV

4

provides good background rejection

4

0.0014
0.0012

0.001
0.0008
0.0006
0.0004

0.0002 f I

pr, > 1000GeV f=00
f=10 —
e f=11—
P f=20 -
50 100 150 200
mr [GeV]

compromised for more collinear W emissions

loose some sensitivity for higher fat jet p, as isolation is
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Case study: Finding W bosons inside jets
I

NLQ.EW. predictions for AR(y, j1)

Measure coll. W emissions, simplified from
Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7

N0

do /4R [pb]

LHCBTev.
pp = v+ 1 inclusive
== 10

L
ey

5
AR(w )

|
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Case study: Finding W bosons inside jets

NLO.EW. predictions for AR(y, j1)

R : Measure coll. W emissions, simplified from
¥ al =Moo J  Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

Ratio wrt. NLO QCD.
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Case study: Finding W bosons inside jets

NLO.EW. predictions for AR(y, j1)

- : Measure coll. W emissions, simplified from
Sl EE&%M 1f Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7

e NLO corrections neg. in peak
large pp — Wjj component opening PS

Ratio wrt. NLO QCD.
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Case study: Finding W bosons inside jets

NLOWEdepmredlctlons for AR(y1, /1)

: Measure coll. W emissions, simplified from
f  Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR

40 /dAR [pb]

=== NLOQCD+EW+subLO

Ratio wrt. NLOQCD  Ratio wit. NLO QCD
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Case study: Finding W bosons inside jets

NLOWEdepmredlctlons for AR(y1, /1)

“ mesny ; Measure coll. W emissions, simplified from
C Ll Eﬁgggﬂw 1 Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

=== NLOQCD+EW+subLO

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR

E e restrict to exactly 1/, no p’j > 100 GeV

Ratio wrt. NLOQCD  Ratio wit. NLO QCD

s
ARG
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Case study: Finding W bosons inside jets

NLQ.EW. predictions for AR(y, j1)

ey § Measure coll. W emissions, simplified from

pp = v+ 2j inclusive
== 10

do /AR [pb]

’;, Krauss, Petrov, MS, Spannowsky PRD89(2014)114006
LHC@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7

e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR
R e restrict to exactly 1/, no p’j > 100 GeV
e describe pp — Wjj @ NLO, p’j_ > 100 GeV

I
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Case study: Finding W bosons inside jets

NLQO.EW. predictions for AR(s, 1)

i : Measure coll. W emissions, simplified from
L = oo J  Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR
e restrict to exactly 1/, no p’j > 100 GeV
e describe pp — Wjj @ NLO, p’j_ > 100 GeV
e pos. NLO QCD, ~ flat

I
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Case study: Finding W bosons inside jets

NLQO.EW. predictions for AR(s, 1)

T ¢ Measure coll. W emissions, simplified from
Tl %E@%‘E&Ew Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR
e restrict to exactly 1/, no p’j > 100 GeV
e describe pp — Wjj @ NLO, p’j_ > 100 GeV
st e pos. NLO QCD, neg. NLO EW, ~ flat

wrt. NLO QCD
T
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Conclusions

Case study: Finding W bosons inside jets

NLOMEV\Lgp"redlctlons for AR(u, j1)

Measure coll. W emissions, simplified from
Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR
N e restrict to exactly 1, no p’j > 100 GeV

: describe pp — Wjj @ NLO, p’f_ > 100 GeV
e pos. NLO QCD, neg. NLO EW, ~ flat
subleading Born contribs positive

Ao /dAR [pb]

Ratio wrt. NLOQCD  Ratio wit. NLO QCD

ARG
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Case study: Finding W bosons inside jets

NLQ.EW. predictions for AR(y, 1)

Measure coll. W emissions, simplified from
woaw Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

= N o i LHC@8TeV, p’i > 500 GeV, central p and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak

large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR

o e restrict to exactly 1, no p’j > 100 GeV

s | e describe pp — Wjj @ NLO, p” > 100 GeV
£ e pos. NLO QCD, neg. NLO EW, ~ flat

e subleading Born contribs positive

o /AR [pb]

LHCS Tev
n

+3j inclusive

Wit NLOQCD  Ratio wrt. NLOQCD

sub?leading Born (diboson etc) conts. pos.
— possible double counting with BG

owrt. NLOQCD  Ratio
T

Ratio
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Case study: Finding W bosons inside jets

NL

o /AR [pb]

]

Wit NLOQCD  Ratio wrt. NLOQCD

iowrt. NLOQCD  Ratio

LHCS Tev
pp—p+aj
oyt

= L0

exclusive
2 inclusive

Q.EW.predictions for AR(u, j1)

i Measure coll. W emissions, simplified from
I Krauss, Petrov, MS, Spannowsky PRD89(2014)114006

LHC®@8TeV, p’i > 500 GeV, central 1 and jet
e LO pp — Wj with A¢(p,j) =7
e NLO corrections neg. in peak
large pp — Wjj component opening PS

e subleading Born (7vPDF) imp. at large AR

e restrict to exactly 1, no p’j > 100 GeV
o describe pp — Wjj @ NLO, p” > 100 GeV

e pos. NLO QCD, neg. NLO EW, ~ flat

E e subleading Born contribs positive

E e sub?leading Born (diboson etc) conts. pos.
— possible double counting with BG

® merge using exclusive sums
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Case study: Finding W bosons inside jets

NLO EW predictions for ARy, ji)

3‘ E _\ o T _‘\ T T T T s .
e T PO e MYV Data comparison
S 160F — ALPGEN:PYTHIAG Wajets E M. Wu ICHEP'16, ATLAS arXiv:1609.07045
S ]
8 120f. W =1etN, NNLO E ° ALPGEN+PYTH|A
100 E pp — W 4+ jets MLM merged
80f- 3 Mangano et.al. JHEP07(2003)001
eo? é e PYTHIA 8
ZZ: E pp — Wj + QCD shower
g E pp — jj + QCD+EW shower
= E Christiansen, Prestel EPJC76(2016)39
B o
= e SHERPA+OPENLOOPS
e . . NLO QCD+EW+subLO
o 2 pp — Wj/Wjj excl. sum
é\s Kallweit, Lindert, Maierhofer,
‘g Pozzorini, MS JHEP04(2016)021
o

e NNLO QCD pp — Wj
Boughezal, Liu, Petriello arXiv:1602.06965

05 1 15 2 25 3 35
AR(y, closest jet)
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Case study: Finding W bosons inside jets

NLO EW predictions for ARy, ji)

g 12— T T T T ] .
= b Tl ™™ el wos 1 Data comparison
O e e howent mower B M. Wu ICHEP'16, ATLAS arXiv:1609.07045
E 80} —— SHERPA+OpenLoops W+j & W+jj { ° ALPGEN+PYTH|A
sol E pp — W + jets MLM merged
[ 1 Mangano et.al. JHEP07(2003)001
o E e PYTHIA 8
20 - pp — Wj + QCD shower
. pp — jj + QCD+EW shower

1] Christiansen, Prestel EPJC76(2016)39
a

= * SHERPA+OPENLOOPS

& . NLO QCD+EW+subLO

g 2 pp — Wj/Wjj excl. sum

gm Kallweit, Lindert, Maierhofer,
‘g Pozzorini, MS JHEP04(2016)021
o

e NNLO QCD pp — Wj
Boughezal, Liu, Petriello arXiv:1602.06965

05 1 15 2 25 3 35 4
AR(y, closest jet)
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Conclusions

Case study: Finding W bosons inside jets

NLO EW predictions for ARy, ji)

AR(y, closest jet)

5 50— AR T T
= E Vs=8TeV,203fb" ATLAS
T 45| E + Data Leading Jet p, > 650 Ge\
S 4ob — ALPGEN:PYTHIAG Wijets
5 E~ — PYTHIA8 W4j & jj+weak shower
E 35— SHERPA+OpenLoops Waj & Wajj

@ =

©

Q

=

-

o]

<t

o

0.5]

K] 2

©

[a]

=

°

4

o

0.5 1 15 2 25 3 3.5

Data comparison
M. Wu ICHEP'16, ATLAS arXiv:1609.07045

e ALPGEN+PYTHIA

pp — W + jets MLM merged
Mangano et.al. JHEP07(2003)001

e PYTHIA 8
pp — Wj + QCD shower

pp — jj + QCD+EW shower
Christiansen, Prestel EPJC76(2016)39

e SHERPA+OPENLOOPS
NLO QCD+EW+subLO
pp — Wj/Wjj excl. sum

Kallweit, Lindert, Maierhofer,
Pozzorini, MS JHEP04(2016)021

e NNLO QCD pp — Wj

Boughezal, Liu, Petriello arXiv:1602.06965
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: :

Conclusions

e electroweak effects are important at LHC at 13 TeV, FCC etc.

e become large whenever the scale is large compared the EW scale

e can be incorporated in multijet merging to improve description in
those regions
= included in SHERPA-2.2.1

e proper QCD+EW merging methods still needs to be defined

e automation of NLO EW follows on the heels of NLO QCD
— much more care with consistent schemes and order counting
— automated in SHERPA/MUNICH +OPENLOOPS
= included in next major SHERPA release

e EW parton showers suffer from strong spin depedence of W/Z
emission as parton showers are usually do not have spin information
= not included in SHERPA puclic release

I I
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Thank you for your attention!
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Example: Forward-backward asymetry @ Tevatron

Héche, Huang, Luisoni, MS, Winter Phys.Rev.D88(2013)1,014040

Rapidity dependent forward-backward y Mass dependent forward-backward
2 T L e e e B O e B e R B AR R
4 [ Parton level 1 0.6 | Parton level ]
B oo6l | F —+— CDF data 4
< [ —— CDFdata 1 r Phys. Rev. D87 (2013) 092002
[ Phys. Rev. D87 (2013) 092002 ] [ —— DO data 1
0.5 = —— DOdata 3 o4 arXivi1405.0421 ]
r arXivi1405.0421 . L ]
r —+— MEPS@NLO jicore = HQCD B L — 4
o4 perturbative uncertainty 3 02— g f—!_._
[ —+— MEPS@NLO Jicore = ML ] C L |
[ = perturbative uncertainty 1 == 1 ]
o3l 3 S B
L [ —+— MEPS@NLO jicore = HQCD |
02— oal perturbative uncertainty 7
I [ —— MEPS@NLO jicore = Myp ]
L L meen perturbative uncertainty i
0.1 [— —[_-
| | 04— Suerra+GoSam]
=== . R P B PO S PR B P
o 0.5 1 1.5 2 350 400 450 500 550 600 650 700 750
Ay myg [GeV]

Chose two different picore — largest impact
Electroweak histories not an issue, but merging works nicely
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Recent NNLO-+NNLL results:
Forward-backward asymetry @ Tevatron

Czakon, Fiedler, Mitov arXiv:1411.3007

0.6 [ NLO EEzm | NLO Emmmm
NNLO 0.6 FyNLO m—
CDF ——t CDF ——t
0.5 DO —e—s 0.4 DO —e—s
04 fR=i7373 Gev " 0.2
5} MSTW2008 pdf &
< 0.3
0
0.2
-0.2
m.=173.3 GeV
0.1 MSTW2008 pdf
| -0.4
0 350 400 450 500 550 600 650 700 750
0 0.5 1 1.5 2

My, [Gev]
1AY |

MEPS@NLO result very well reproduced by higher order calculation
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Merging systematics:

pp = {77 +0,1,2j @13 TeV

pp — LU + jets
Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

pp = {77+0,1,2j @13 TeV

do/ddy; [pb/GeV]

e T T T T —
—— Qut=10GeV = Quut =30 G&V 109 —— Qut=10GeV  —— Quu=30GCeV
— Qu=15GV ~ —— — Qut=15GV  —— Quu

2 — Qut=20GeV  —— 2 — Qaut=20GeV  — Qeut =60 GeV

do/dds; [pb/GeV]
SHERPA+OPENLOOPS

inclusive

8
e T

doO(Qeut) /dotO(20 GeV)

doO(Qcut) /dotO(20 GeV)

500
doy [GeV]

= dead zones in incl. obs. if Q. too high
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Real boson radiation

Conclusions

pp — LU + jets

Merging systematics:

1010
~ 12
%

Qo

2

ju

b

]

<

E

=
)

2

[

1

= dead zones in incl. obs. if Q. too high

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

pp = {77+0,1,2j @13 TeV

pp = {77 +0,1,2j @13 TeV

= T T
= T
5 —— Quut =10 GeV

2 — Qi =15GeV

o —— Qeut =20 GeV

< — Qui=30Cev

2

<

3

T
—— Quut =40 GeV
—— Qeut =60 GeV
— Qeut =100 GeV
— Quut =200 GeV

Y >1Tev

A SR

500 1000
diz [GeV]

do/dds; [pb/GeV]

—— Qeut =10 GeV
—— Quut =15 GeV
— Qeut =20 GeV
— Qaut =30 GeV

T
—— Quut =40 GeV
—— Quut =60 GeV
— Qeut =100 GeV
— Quut =200 GeV

LT

SuerrA+OPENLOOPS
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Merging systematics: pp — ¢~ + jets

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

pp = {77 +0,1,2j @13 TeV pp = {77+0,1,2j @13 TeV
= T B AR T TR e = 10 g I R T
¢ — Qu=10GY  — Qu=3Gev 3§ 3 o — Qu=10GV  — Qu=3Gev 3§
£ —— Que=15GV  —— Qui=40GeV 3% g —— Que=15GV = Qui=40GeV 3%
= — Qu=20GV  —— Qu=60GeV 5 = 10t — Qu=20GV  —— Qui=60GeV 5
S — Qu=100Gev 3% 3 —— Qut=100GeV 3%
T —— Qur=200GeV _JZ T 10t —— Qeut =200 GeV/ E
b inclusive E < inclusive z
= [ = E
% | PP St =z E
3 MEPS@NLO QCD oj 1 2 5] =
o — - — — —— o =
g *_-"__#" & 'F
S8 =
zé E
) E
X 06
z C
=3 - =
e]a] E ]
9
Z | -
15y £ 7
Sirbna sk e

500
doy [GeV]

= dead zones in incl. obs. if Q. too high
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Conclusions

Merging systematics: pp — ¢~ + jets

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

do/ddy, [pb/GeV]

pp = {77 +0,1,2j @13 TeV

—— Qut=10GeV = Quut =40 G&V
—— Quut =60 GeV
— Qul 00 GeV/

—— Qcut =30 GeV

—— Qeut =200 GeV

Y >1Tev

et

100 200 500 1000
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Merging systematics: pp — ¢~ + jets

Kallweit, Lindert, Maierhdfer, Pozzorini, MS JHEP04(2016)021

PP = (77 +0,1,2j @13 TeV. PP = (77 +0,1,2j @13 TeV.
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= TeV region stable (< 5%), Qe = 20 GeV suitable for whole range
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Hadronic analysis

e use event shape variables on
microjets of reconstructed W
candidate to enhance S/B,

e.g. ellipticity . ]
g
3 ]
2 Tmin =2 pr, > 750 GeV
Pe =
Tmaj = ]
5
=

— small when radiation
pattern is 1D (W — qq)

o fat jet p; > 750 GeV optimal
best balance between cross
section and emission rate

= additional discrimination
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Hadronic analysis

Can we distinguish between f =1 and = 2?7
(simplified version of: How accurate can we measure the coupling?)

10° ma 10° ma 100 may
56 Gev T Gev e
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3 95% CL 3 95% CL 3 5% CL
R g e g )
Ew Ew oW
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e signal: f =2, background: f =1 (SM)
e moderate sensitivity even under ideal conditions
benefits from larger emission at large p, despite smaller cross section
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Leptonic analysis

Can we distinguish between f =1 and f = 1.17
(simplified version of: How accurate can we measure the coupling?)

100 my 100 my 10" mr
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e signal: f = 1.1, background: f = 1.0 (SM)

e improved sensitivity, despite small cross sections,
benefits from ideal background rejection
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