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NLO EW AUTOMATION

* Relevance of EW corrections at LHC run lI:
* Energy reach extends deeper into TeV range

* Integrated luminosity will reach some 100 fb-1

* Planned many high-precision measurements
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NLO EW AUTOMATION

* Relevance of EW corrections at LHC run lI:
* Energy reach extends deeper into TeV range

* Integrated luminosity will reach some 100 fb-1 Typical EWK size

* Planned many high-precision measurements

* Possible further enhancement in EVW corrections:
2

* Electromagnetic logarithms, e.g. initial-state radiation at LEP «log mf ~ 3.0%

e
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* EW Sudakov corrections at high energy 55 102" yo ~ 0.6% when s =17TeV

» Possible new opened topologies/channels
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* Relevance of EW corrections at LHC run lI:
* Energy reach extends deeper into TeV range

* Integrated luminosity will reach some 100 fb-1 Typical EWK size

* Planned many high-precision measurements

* Possible further enhancement in EVW corrections:
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* Electromagnetic logarithms, e.g. initial-state radiation at LEP «log mf ~ 3.0%

e
S

. ° (X
- EW Sudakov corrections at high energy 5.5 log” 3z, ~ 0:6% when /5 =1 TeV

» Possible new opened topologies/channels

* Necessary for complete EWK !
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NLO EW AUTOMATION

* Relevance of EW corrections at LHC run lI:
* Energy reach extends deeper into TeV range

* Integrated luminosity will reach some 100 fb-1 Typical EWK size

* Planned many high-precision measurements

* Possible further enhancement in EVW corrections:

: : " . . M
* Electromagnetic logarithms, e.g. initial-state radiation at LEP «log mf ~ 3.0%

e
S

. . (X
- EW Sudakov corrections at high energy 5.5 log” 3z, ~ 0:6% when /5 =1 TeV

» Possible new opened topologies/channels

* Necessary for complete EWK !

« EWK automation collaborations:

MadGraph5_aMC@NLO, Openloops, Recola, GoSam, ...
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JOINT EFFORTS FOR AUTOMATION AT NLO')
J.Alwall, R. Frederix, S. Frixione,V. Hirschi, F. Maltoni, O. Mattelaer, HSS, T. Stelzer, P. Torrielli, M. Zaro (2014)

FeynRules

|

MadGra
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bh5_aMC@NLO

%>

* First official (non-beta) version was
released in |6 Dec 201 3.

» A first public code that provides
NLO-QCD in SM and its interface
to the shower automatically.

atchin‘g’

Merging PSMC




CERN
JOINT EFFORTS FOR AUTOMATION AT NLO ‘\/)l
J.Alwall, R. Frederix, S. Frixione,V. Hirschi, F. Maltoni, O. Mattelaer, HSS, T. Stelzer, P. Torrielli, M. Zaro (2014)

- First official (non-beta) version was
Feyﬂ Rules released in 16 Dec 201 3.
O

LL

* A first public code that provides

MadGraphS_aMC@NLO NLO-QCD in SM and its interface

to the shower automatically.

./bin/mg5 aMC

MG5 aMC > define Wpm = W+ W-

MG5 aMC > generate p p > t t~ Wpm [QCD]
MG5 aMC > output ttw

MG5 aMC > launch

Mzrcgir%% PSMC
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CERN
JOINT EFFORTS FOR AUTOMATION AT NLO ‘\/)l
J.Alwall, R. Frederix, S. Frixione,V. Hirschi, F. Maltoni, O. Mattelaer, HSS, T. Stelzer, P. Torrielli, M. Zaro (2014)

- First official (non-beta) version was
Feyﬂ Rules released in 16 Dec 201 3.
O

LL

* A first public code that provides

MadGraphS_aMC@NLO NLO-QCD in SM and its interface

to the shower automatically.

./bin/mg5 aMC

MG5 aMC > define Wpm = W+ W-

MG5 aMC > generate p p > t t~ Wpm QOCD=n
[QCD ]

MG5 aMC > output ttw

MG5 aMC > launch

Mzrcgir%% PSMC
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STATUS: NLO EW

RPP 2016, LAPTH, ANNECY HUA-SHENG SHAO
Saturday, January 23, 16




STATUS: NLO EW

e Expand the cross-section as a series In the perturbative
couplings:
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STATUS: NLO EW

e Expand the cross-section as a series In the perturbative
couplings:

LO NLO NNLO
2
) Ao+ ...

g
2T

do = dog|1 - . Al—l—(
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STATUS: NLO EW

e Expand the cross-section as a series In the perturbative
couplings:

LO NLO NNILO

e Strong coupling dominants, but still numerically one has:

a~0.01=0.1%~af
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STATUS: NLO EW

e Expand the cross-section as a series In the perturbative
couplings:

LO NLO NNILO

e Strong coupling dominants, but still numerically one has:

a~ 0.0l =0.1° ~ o

S

e Necessary for the the precision test and especially in the EW
Sudakov region.
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STATUS: NLO EW &)
» Complicated CT vertices (UV+R2),e.g. top mass renorm:
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STATUS: NLO EW
Comphcated CT vertices (U\/+RZ) e.g. top mass renorm:

/ = CTParameter(name =
type =
value = {-1:
0:

},

texname =
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STATUS: NLO EW
» Complicated CT vertices (UV+R2),e.g. top mass renorm:

1l type =
value = {-1:
+'+ +dMB_tMass_UV_EW.value[-1],
e:
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+ +dMB_tMass_UV_E
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STATUS: NLO EW O))
» Complicated CT vertices (UV+R2),e.g. top mass renorm:
Require automation for NLO EW in BSM !!!
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STATUS: NLO EW O))
» Complicated CT vertices (UV+R2),e.g. top mass renorm:

Require automation for NLO EW in BSM !!!

» Mixed-order expansion when combining QCD+EW
corrections (e.g. ttbar):
s s X 2

) ' )¢ O | ©
/ \ >WW = / \

LO QCD LO EW
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STATUS: NLO EW &)
» Complicated CT vertices (UV+R2),e.g. top mass renorm:

Require automation for NLO EW in BSM !!!

» Mixed-order expansion when combining QCD+EW
corrections (e.g. ttbar):

XX o2

@ @
N 7 / \

LO EW

NLO QCD is &g correction to LO QCD
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STATUS: NLO EW &)
» Complicated CT vertices (UV+R2),e.g. top mass renorm:

Require automation for NLO EW in BSM !!!
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XX o2
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LO EW
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STATUS: NLO EW &)
» Complicated CT vertices (UV+R2),e.g. top mass renorm:

Require automation for NLO EW in BSM !!!

» Mixed-order expansion when combining QCD+EW
corrections (e.g. ttbar):

XX o2

@ @
N 7 / \

LO EW

/
S >

NLO EW can also beas correction to LO EW
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STATUS: NLO EW

» Complicated CT vertices (UV+R2),e.g. top mass renorm:

Require automation for NLO EW in BSM !!!

» Mixed-order expansion when combining QCD+EW
corrections (e.g. ttbar):

o2

LO QCD

NLO QCD/
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STATUS: NLO EW
* Loop computation: MadlLoop V. Hirschi et al. (201 1);J. Alwall et al. (2014)

* OPP: CutTools G.0ssola et al. (2006,2007)
* or TIR:

* Golem95 T.Binoth et al. 2008), PJFry+ ViYundin 2012), IREGI Hss unpublished

* Renormalization in a(Mz) or G, scheme.

* Well advanced validation for complex-mass scheme.

* IR subtraction and integ : MadFKS R.Frederix et al. (201 1);]. Alwall et al. (2014)

« QCD+EW splittings
» Keep track of mixed order combinations
More tricks In NLO QCD are generalized to QCD+EW
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STATUS: NLO EW
* Loop computation: MadlLoop V. Hirschi et al. (201 1);J. Alwall et al. (2014)

* OPP: CutTools G.0ssola et al. (2006,2007)

e or IR

Work in progress:
matching to QCD+QED parton shower

* Well advanced validation for complex-mass scheme.

* IR subtraction and integ : MadFKS R.Frederix et al. (201 1);]. Alwall et al. (2014)

« QCD+EW splittings
» Keep track of mixed order combinations
* More tricks in NLO QCD are generalized to QCD+EW
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WARMUP:
TOP QUARK PAIR

courtesy of M. Zaro

® ATLAS and CMS see some ‘anomaly’ on the top pr distribution
and tt invariant mass

® Data are softer than NLO QCD MonteCarlos (up to 30-40%)

x10

N : : R S
Data . o | LHG, \5=7ToV (ff = a/usdots final state) -

Data

ALPGEN+HERWIG ] 8! R R f\';ﬁff’;’gv‘.‘i?; 088) q . ALPGEN+HERWIG
E NI ATLAS- -2013-098 P

MC@NLO-HERWIG CMS data, 5.0 fb " (Eur.Phys.J. C73 = MC@NLOHERWIG

| (2013) 2339, redone in ATLAS binning) -

POWHEG+HERWIG

- : CMS MC (MadGraph+£ythia, : POWHEG+HERWIG
3 : CTEQEL! FOF, Z2* UE tune) -
POWHEG+PYTHIA : : CMS MG (Powneg +Herwig, : POWHEG+PYTHIA
F —*" CTEQ6M POF, AUET2 UE wune) ]

ATLAS : 3 ATLAS
. j Ldt=461" - 3 J Ldt=461
\s=7TeV ’

_ \Ss=T7TeV

bt PR | !
—tt LI L S S =t

':‘I.rqu 0..7

MadGraph+Pyihia

ratio wrt.

100 200 300 400 500 600 700 800 800
p, [GeV) p‘T [GeV]

® |s it an EVV effect!?
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WARMUP:
TOP QUARK PAIR

tf production at the 7 TeV LHC LO,+NLO, (@CD) — 102 |} ttproduction at the 7 TeV LHC
LO,+NLO,+LO,

' | LO,+NLO,+LO,+LO, LOy#NLO, (QCD) —
—é—l—‘_ LO,+NLO,+LO,+NLO,
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WARMUP:
TOP QUARK PAIR

® EW corrections account at most -10% at large pr,
-3% at large mass

¢ LO; has only gy and bb initial states; dominant y-initiated

contribution, need for PDFs with photons

® Photon effect as large as EWV corrections, but almost
100% uncertain

® NLO; formally also includes heavy boson radiation (HBR).
HBR not included for tt

® Subleading corrections (LO3, NLO34) very small

RPP 2016, LAPTH, ANNECY HUA-SHENG SHAO
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A FIRST APPLICATION:
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

* Setup:

e Masses my = 173.3 GeV, mpy = 125 GeV
mw = 80.385 GeV , myz = 91.188 GeV .
» Coupling:

o «(my) scheme

G, =1.16639 - 107° - = 132.23. G, scheme
* Scales

LO+NLO OCD scale uncertainties in the range

1
5[1. S Hr. LF S 2/1 ]

* PDF NNPDF2.3QED  as(mz) =0.118.

» Boosted regime: , ,
pr(t) >200 GeV.  pr(f) >200 GeV.  pr(V)>200 GeV.

RPP 2016, LAPTH, ANNECY HUA-SHENG SHAO
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ttH : o( pb)

A FIRST APPLICATION:
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

13 TeV

LO QCD
NLO QCD

3.617-10-! (1.338 -10-2)
1.073-10~1 (3.230 - 1073)

LO EW
LO EW no ~

4.437 - 103 (3.758 - 10—4)
—1.390 - 1073 (—2.452 - 1077)

NLO EW
NLO EW no ~

—4.408 - 10-3 (—1.097 - 10-3)
—4.919-1073 (=1.131 - 1073)

HBR

oupr(ttH) = oc(ttHH) + o(ttHZ) + o(ttHW ™) + o(ttHW ~

t{H . 5((7()

3.216 - 1072 (2.496 - 10~ %)

13 TeV

NLO QCD

29.710° +£2.8 (24.21]7; £4.5)

LO EW
LO EW no ~

1.2+0.9 (2.8 +£2.0)
—0.44+0.0 (-0.2£0.0)

NLO EW
NLO EW no ~

—1.4+0.0 5 +0.2)

HBR

(
(
—1.240.1 (-8.2£0.3)
(
(

8
8

1.

0.89 (1.87)

RPP 2016, LAPTH, ANNECY
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* EW correction 1s moderate In
inclusive cross sections.

* [t can be iImportant in the boosted
regime (values In parentheses)

-)'Photon—induced contribution Is
important, especially in boosted
regime.

- HBR contribution i1s small. It 1s only
partly cancel NLO EW.
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A FIRST APPLICATION:
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

* EW correction 1s moderate In
inclusive cross sections.

* [t can be iImportant in the boosted
regime (values In parentheses)

* Photon-induced contribution 1s
important, especially in boosted
regime.

- HBR contribution i1s small. It 1s only
partly cancel NLO EW.
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ttZ : o( pb)

A FIRST APPLICATION:
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

13 TeV

LO QCD
NLO QCD

5.282- 107" (1.955-1072)
2.426 - 10! (7.856 - 10~3)

LO EW
LO EW no ~4

—2.172-10~* (4.039 - 10~%)
—5.771 - 1073 (—6.179 - 103)

NLO EW
NLO EW no ~

—2.017-1072 (—2.172-107%)
—2.158 - 1072 (—2.252 - 1073)

HBR

ttZ : (%)

5.056 - 103 (4.162 - 10~4)

13 TeV

NLO QCD

45.97132 £ 2.9 (4024110 £ 4.7)

LO EW
LO EW no ~v

0.0 +0.7 (2.1 £ 1.6)
~1.1+0.0 (—0.3 +0.0)

NLO EW
NLO EW no ~

—38+0.2 (—11.1 +0.5)
—4.1+0.1 (—11.5+0.3)

HBR

0.96 (2.13)

RPP 2016, LAPTH, ANNECY

Saturday, January 23, 16

* EW correction 1s moderate In
inclusive cross sections.

* [t can be iImportant in the boosted
regime (values In parentheses)

* Photon-induced contribution 1s
important, especially in boosted
regime.

- HBR contribution i1s small. It 1s only
partly cancel NLO EW.

« tt/ Is similar to ttH.

HUA-SHENG SHAO




A FIRST APPLICATION:
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

ttH production at the 13 TeV LHC 1L tiZ production at the 13 TeV LHC
boosted cuts: p-{1), pr(f), pr{H) > 200 GeV :

LOQCD ---

LOQCD ---
LOWNLOQCD —— [ LOWNLOQCD ——
[ ) LOWNLD QCDIEW —
LOWNLOGCDVEW,noy  + o

LOSNLO QCDEW —
LOSNLOQCDEW, noy

L lllll!l
1 Illllll

o per bin [pb]

o per bin [pb]

— —
o .
= -
o e
o e
o -
- -
o -

MadGraphS aMCENLO

MadGraph® aMCENLO

M N M 1 M
ratio over LO QCD; scale unc.

—L—L—L—LO

el i L7 ST [UR A I S

llllll! LA llll' Illl‘llll LI} llll.

¢ e s o
S o sy ¢ ¢ o

>

1 1 1 1 " M N 1 M
ratio over LO QCD; PEl)F unc. ratio over LO QCD; PDF unc.

b b
MR NWEROD

— b b b b — b b

. relative contributions T

NLOGCD — LOSNLO EW, noy
LOWNLO EW —

relative contributions NOQCD — LOWNLOEW,noy +
LOsNLOEW —

¢
N B

o o
o NS
llllE
I %
o

o
no
|
o
N

pr(H) [GeV] , pr(2) [GeV]
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ttW : o(pb)

CE/RW
\

A FIRST APPLICATION: 2
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

13 TeV

LO QCD
NLO QCD

.10-! (7.749 - 10-3)
.10-! (4.624 - 10-3)

LO EW
LO EW no ~

NLO EW

NLO EW no ~

—1.490 - 10~ ‘)
—1.546 - 1073)

HBR

ttW+ : 6(%)

5.743 - 10~1)

13 TeV

NLO QCD

50.17132 £ 2.4 (59.77157 £ 3.1)

LO EW
LO EW no ~

0
0

NLO EW

NLO EW no ~

—7.7+0.2 (=19.2 +0.7)
~8.0+0.2 (—20.0 +0.5)

HBR

3.88 (7.41)

RPP 2016, LAPTH, ANNECY
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* EW correction is bigger in ttW.

* HBR Is enhanced by inrtial parton
luminosity: e.g. ttWW has gluon-
oluon Initial states.

* No LO EW because of color

flow.
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ttW— : o( pb)

A FIRST APPLICATION:

cﬁﬁy
\

N4

TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)

13 TeV

LO QCD
NLO QCD

107! (3.186 - 107%)
1072 (2.111 - 1073)

LO EW
LO EW no ~

0
0

NLO EW
NLO EW no ~

1073 (—5.838 - 107%)
1073 (—6.094 - 10~%)

HBR

HW = @ 6(%)

.10-3 (4.781 ~10—4)

13 TeV

NLO QCD

51.5713% £ 2.8 (66.3775¢ £3.9)

LO EW
LO EW no ~

0
0

NLO EW

NLO EW no ~

—6.7+0.2 (—18.3+0.8)

191i0®

HBR

(—
—7.0+£02 (-
(

6.50 (15.01)

RPP 2016, LAPTH, ANNECY
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* EW correction is bigger in ttW.

* HBR Is enhanced by inrtial parton
luminosity: e.g. ttWW has gluon-
oluon Initial states.

* No LO EW because of color

flow.
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A FIRST APPLICATION:
TOP QUARK PAIR+H/Z/WN

S. Frixione,V. Hirschi, D. Pagani, HSS, M. Zaro (2014,2015)
10™

W~ production at the 13 TeV LHC

LoeCd --- - LOQCh ---

LOWNLOQCD —— ]

LOWNLO QCDvEW —
LOWNLO QCD+EW, noy ¢

LOSNLO QCD ——
LOWNLO QCDWEW —
LOSNLO QCD4EW,. oy »

T rrrrnTg i

o per bin [pb]
o per bin [pb)

T rrrrTg

MadGraph5 aMCENLO
MadGraph5_ aMCENLO

L 1 1 | 1 1 1 1 | 1
ratio over LO QCD; scale unc. ratio over LO QCD; acale unc.

1 1 1 I 1 : 1 1 1 l L
ratio over LO QCD; PDF unc. ratio over LO QCD; PDF unc.

relative contributions

NLO GCD — LOSNLO EW, no y
LOWNLO EW — ; : NLO OCD
E LOWNLO EW —

Pr(W) [GeV] pr(W?) [GeV]
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SUMMARY & OUTLOOK %),

* NLO EW predictions are well motivated and they become
important at LHC Run Il and future colliders.

* Much progress in automation of EVV corrections has been
achieved in MadGraph5_aMC@NLO. A first phenomenology

application was out.

- Comparisons with other tools are ongoing, which were
established in Les Houches Monte-Carlo workshop 2015. It
will also be used In LHCHXSWG YR4 and FCC-hh physics

report.

* The code will be public in the near future.

Thank you for your attention !
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