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What has been done so far?

Results (massive final states)

NLO QCD and EW corrections t&é@/ :

- Les-Houches Proceedings 2015
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Standalone NLO-EW-code for WZ given to CMS

Detalled discussion on photon PDF and EW corrections in ttbar productiol
arxiv:1606.01915

Technical improvements (massless final states)

- Complex-Mass-Scheme
- Treatment of resonances In the FKS formalism
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Status of the code
with massive final states



Amplitudes and matrix elements

NLO UFO models: - SM-alpha(mZ) (EW+QCD, Weak+QCD)
(UV CT, R2) - SM-Gp (EW+QCD, Weak+QCD)

Weak = EW without photonics corrections (to be used when gauge invariant).

The matrix element calculation is completely automated. Example: t8&/

NLO orders of {8/ ‘ ‘ ‘ ‘
a’a aLa’ 0,0 o’
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Processes with only final-state massive particles

The generation of EW-QCD loops, real emission : Heavy Boson Radiation (HBR)
of gluons, quarks and photons 1s completely
automated.

pp! t&H +V

FKS IR counterterms completely automated. V. =HW,/Z

Also for photons in the 1nitial state. Formally of order ! g! 2



Steps toward automation

NLO purely Weak and QCD
corrections to t#H production have
been produced “assembling by
hand” the FKS counterterms.

Frixione, Hirschi, DP, Shao, Zaro ©1

Now, for the complete NLO QCD
and EW corrections, with photons
1n the 1nitial state, we need to type:

definep=pbb~a
generate pp >tt~h| QCD QED
output ttbarh_ QCD QED

nper bin [pb]
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first results were for
NLO QCD and EW corrections to

{8/

V=HW,/Z

Frixione, Hirschi, DP, Shao, Zaro ©1



Les Houches Proceedings:
“We are not the only one™



Comparison with cuts for t&H

MG5 aMC@NLORECOLAand OPENLOOPSare the current automated tools
on the market for EW corrections:

pp — ttH MADGRAPHS5__AMCQNLO SHERPA / MUNICH+OPENLOOPS
$(Mz) scheme [arXiv:1504.03446]
"5 LD O A0 | KO, G
[pb] [%]  [%] [%0] [pb] [%]  [%] [%0]
incl. | 3.617410°! ~-12 -14 3.617410°1 ~-1.3 -14
Pr h/e> 200GeV | 1.338410°2 -82 -85 1.33841072 -82 -84
Pr h/ue> 400GeV | 3.977410°4 —-138 -139 3.9954104 —139 -140
pr v > 500GeV | 2.013410°3 -106 —116 2.014410°3 -108 117
lyi| > 2.5 | 49614103 0.2 0.5 50064103 0.2 0.5
Table IV.5; Comparison of results from MADGRAPH5 AMCQ@QNLO and

SHERPA /MUNICH+OPENLOOPS for pp — t#H in the setup debned in Table IV.1.

Very good agreement withOPENLOOPSeven with aggressive cuts.
This was a non-trivial test, involving very long runs.

It 1s also the final answer for the comparison with arXiv:1407.1110, which
converged (without matching) with the time (v1, v2, v3, v4?) to our result.



HXSWG YR4
“The Devil 1s 1n the details”
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The four main production channels are all at NLO EW
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Very detailed study of EW corrections to t#H

: | | LO QCD g
The NLO QCD+EW predictions presented in the following, @ ‘ ‘

'g(L:OD+EW :'g(L:OD+"!EW’ /\ / \ / \
o ‘ ‘ @

1g EW corrections, denotedbasg, , include three types of tern NLO QCD o o'
NLO EW

1. LO EW terms ofO(#°) that result from squared EW tree amplitudes indgend$3$ thannels;

2. LO mixed terms ofO(#S#Z) that result from the interference of EW and QCD tree diagram:
the b8 and$g fchannels (othegg channels do not contribute at this order due to the vanist
interference of the related colour structures);

3. NLO EW correctlons ofO(#2#7) in the qa gg and$g]channels. Subleading NLO terms ¢
O(#H ) andO(# ) are not included as they are expected to be strongly suppressed.

No photon PDF in PDF4LHC...

for all $-induced EW correction effects the NNPDF2.3QED set is ised;

the missingD(#) effect due to the QED evolution of quark PDF is estimated from the differer
between NNPDF2.3QED parton densities and their NLO QCD counterpart without QED ev
tion, NNPDF2.3, both witi# (M ;) = 0.118. The relevantD(#) correction factor is determined
as follows by means of a LO QCD calculation,

l NNPDF QED
n — | NLO

’ . _ "LOQCD
' ew por ='ocp (1 + "ew poF) » where EW PDF = N%pDF #1. (6.5
LO QCD




Besides pages and pages of tables for results at any m(H) and any energy
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EW corrections to the total cross section depends very slightly on m(H) for 120
GeV <m(H) <130 GeV. But, at very high masses, corrections become huge:

sMm _ Bu 2
'3 —__mH

> + Sudakov logarithms + loop dependence + photon PDF..



Analogous studies of EW corrections to t&/

Reference results for ATLAS and CMS analyses at the Run-II of the LHC.

Process S  !och Locoeew  Koep  "ew (%] Scale[%] PDF[%]

t& 13 8413(1.6) 8393(1.6) 139 "02 +9.6% " 113% +2.8% " 2.8%
tAv* 13 4120(0.32) 3976(0.32) 149 "35 +12.7% " 114% +2.0% " 2.0%
t@v' 13 2086(0.16) 2032(0.16) 151 "26 +13.3% " 117% +2.1% " 2.1%

Table 6.29: Inclusivet®/ cross sections at NLO QCD and NLO QCD+EW accuracy! fer= 13 TeV. NLO
QCD+EW results represent the best predictions and should be used in experimentsal analyses. Scale#PDF, i
uncertainties are quoted in percent. Absolute statistical uncertainties are indicated in parenthesis. Collider er
and cross sections are in TeV and femtobarn, respectively.

Process S !och Locoew  Koco  "ew [%] Scale[%] PDF[%]

t& 14 1018(22) 1015(22) 140 " 03  +9.6% " 112% +2.7% " 2.7%
tAv* 14 4749(0.36) 4582(0.36) 151 " 35 +13.2% " 116% +1.9% " 1.9%
tAv' 14 2445(0.17) 2380(0.17) 154 " 27 +13.8% " 118% +2.0% " 2.0%

Table 6.30: Inclusivet®/ cross sections at NLO QCD and NLO QCD+EW accuracy! fer= 14 TeV. NLO
QCD+EW results represent the best predictions and should be used in experimentsal analyses. Scale#PDF,
uncertainties are quoted in percent. Absolute statistical uncertainties are indicated in parenthesis. Collider et
and cross sections are in TeV and femtobarn, respectively.



100 TeV report
“NLO EW 1s not only
precision physics”



100 TeV

Sudakov Logs are huge, example for Drell Yan:
-10% at s ~ TeV and more than -100% at s >10 TeV

UNLO(S) o ! 5 5 " m?2
UT(S)ZWE 1.56 L3, (s) + 1.78 L3 (s) + ... Lv(s)=In —F,

Photon PDF (NNPDF2.3QED) 1s also very important
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100 TeV

We calculated EW corrections at 100 TeV for similar distributions
in different “simple processes’:

transverse momenta and|invariant masses|in:| V'V, HV, tt

At the same time, we estimated the impact of the photon PDF
(central value and errors) at 100 TeV.



WZ
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WZ

what’s going on?

n . 2
grdgt Whzu _ d gy dgt Zd_ 52 (p%)

/] +
soft and collinear W

d" a" w'!'zu — CE,dC\C}VZ dJ" d" w'u # 2 (p\'l/'vI )2
L

See also Baglio, Ninh,Weber ‘13

- The large growth for high pt in NLO QCD corrections and photon-quark
in NLO EW have similar origins: the same cuts may suppress both effects.

- The photon couples to the W, originating new t-channel configurations
that enhance the relative size of photon-quark contributions in NLO EW.

NLO QCD corrections do not exhibit similar features.



HW
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HW

cumulative plots
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HW

what’s going on?

At variance with VV processes, Log”2
enhancements 1n pt distributions are not
present at NLO QCD or EW; there 1s not
photon-quark or gluon-quark to Higgs +
jet at tree level that can factorize W or Z
soft and collinear emission.

However, HW 1s produced only via s-channel at LO, while the photon-
quark 1nitial state introduces t-channels via W and photon 1nteraction,
which are much less suppressed for high m(HW) and lead to huge
(100-600) K-factors.

Heavy Boson Radiation (HBR) 1s of the same perturbative order and the
same numerical size of “genuine” NLO EW corrections.




HW

what 1f additional cuts are applied?

HW' (u=H./2), LHC100
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Cuts on H and W pseudo rapidities strongly reduce the photon-quark
contribution at high m(HW), without affecting LO and NLO QCD results.
Besides HW, cuts can in general strongly affect size of radiative
corrections: Which cuts and on which particles at 100 TeV?



Standalone Code for WZ
“Photon uncertainty estimation for CMS

analyses at the LHC”
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WZ

_LO EW In W+Z

N
RED: with photon PDF BLACK= RED - BLUE ~ yq contribution & PDF
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Now we impose a jet-veto for jets with pt(j) > 30 GeV:
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The jet veto kills ygq contribution in pt(W+) distribution, the same
effect 1s present also 1n the other distributions.



The impact of the photon PDF and
electroweak corrections on ttbar
distributions

arXiv:1606.01915



Have not NLO EW already been calculated?

YES,
BUT

photon-induced only at LO and only with the old
MRST2004QEDPDF set

w & e @
/' \/ N/ \
NLO ‘ ‘ ‘ ‘

3 2 2
S —S —

We (re)evaluated LO EW and NLO EW orders
including all the photon-inducedchannelsand we
compared results obtained with NNPDF2.3QED,
CTEQ14QED, the two modern PDF sets including
the photon density.
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The different photon PDFs

All PDFs sets are at NLO QCD + LO QED accuracy

NNPDF2.3QED fit from DIS and reweighing with DY data. No
assumption for the functional form at initial scale. QED and QCD running

are independent. (APFELNN23_QED consistently run together)
CTEQ14QED: ansatz for the photon at the initial scale

! I 3 1] 3 n
fup(,Q0) = 5o AueyPiy" u°(x) +Aaciliy" d°(x)
\/

coefficient Au and Ad set equal. Constrains via DIS + photon on momentum
fraction at the initial scale. QCD and QED evolution consistently run with
the same scale.
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CONCLUSION

The code 1s ready to be public for NLO QCD + EW corrections with massive
final states. Several studies have already been performed, in particular,
photon-PDF issues have been extensively studied.

It 1s time for final states involving photons, leptons, jets and missing ET,
which 1s what 1s detected for real at the experimental level. (DIJET

PROJECT)

All the FKS and CMS ingredients are there, the bottleneck for a public
version 1s the jet definition (Stefano’s talk). Speed performances should be
also tested.

contributions from:
Frederix, Frixione, Hirschi, Pagani, Shao, Tsinikos, Zaro
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Automation of NLO corrections in MadgraphS aMC@NLO

What do we mean with automation of EW corrections?

The possibility of calculating QCD and EW corrections for SM processes
(matched to shower effects) with a process-independent approach.

generate process | QCD generate process | QCDEW
output process__ QCD output process__ QCD EW

The automation of NLO QCD has been achieved, but we need higher precision
to match the experimental accuracy at the LHC and future colliders.

NNLO QCD automation 1s out of our theoretical capabilities at the moment.
NLO EW corrections are of the same order (! 3! !), the Sudakov logarithms
can enhance their size. NLO QCD and EW corrections can be automated.



Automation of NLO corrections in MadgraphS aMC@NLO

The complete automationhas already been achieved for QCD.

MadGraph

aMC@NLO

CutTools MC@NLO

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro ‘14



Automation of NLO corrections in MadgraphS aMC@NLO

The complete automationfor QCD+EW is in progress.

DONE! In progress

MadGraph

aMC@NLO

DONE! CutTools MC@NLO in progress
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Structure of NLO EW-QCD corrections
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Structure of NLO EW-QCD corrections
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Structure of NLO EW-QCD corrections
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Structure of NLO EW-QCD corrections
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t@/ production: numerical results

H 1
Alpha(mZ)-scheme, NNPDF2.3 QED, H = TT, zu " U, Ur ' 24
Contributions LO QCD 1.O EW

a

HBR (pp" t& + V!) 1s of the same ' ‘ ‘
order of NLO EW. / \ / \ / \

The Photon PDF (with large uncertainties) ® ©®© © o
enters in LO EW and NLO EW. oo 0202 0,0 o
NLO QCD NLO EW

definep=pbb~a
generate pp >tt~h| QCD QED
output ttbarh_ QCD QED




t@/ production: numerical results

H 1
Alpha(mZ)-scheme, NNPDF2.3 QED, H = TT, é“ " U, Ur ' 24
Contributions LO QCD L.O EW

3

HBR (pp" t& + V!) 1s of the same ‘ ‘ ‘
order of NLO EW. / \ / \ / \

The Photon PDF (with large uncertainties) ‘ ’ ‘ ‘

enters in LO EW and NLO EW. : :
NLO QCD NLO EW
Boosted regime 107 Vo, ol
pr(t) > 200 GeV, pPr(B > 200 GeV, pr(H) > 200 GeV 107 ttH: pr,

S/B 1ncreases for boosted tops and Higgs. 4
Plehn, Salam, Spannowsky ®10 -

ttH: Pr i

Sudakov logs are relevant in these regions! 10l i WP 2 P
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Numerical results

10

ttH production at the 13 TeV LHC ttH : #(%) 8 TeV 13 TeV 100 TeV
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Frixione, Hirschi, DP, Shao, Zaro ‘15




Numerical results

. ttZ production at the 13 TeV LHC te #(%) 8 TeV 13 TeV 100 TeV
OOF : NLO QCD 43275 45.9 158 (40.27 %55 50.4 105
----- LO+N£§EE - ] LO EW 0.5+ 0.9 00+ 0.7 (21x 1.6) ' 1.1+ 0.2
LOHNLO QCD+HEW — LOEWno" |[!108+£01 !'11+00( 03+£00) !16%+0.0
oo REE ey NLO EW 1 3.3+ 03! 38+ 02( 111+ 05)| ! 52+ 0.1
10° 1; NLOEWnNno " |!1'37+£01 !41+£01( 115£03) !54+ 0.0
(t) o HBR 0.95 0.96 (2.13) 0.85
18 (Boosted regime in brackets)
107 F =
ratlio overl LO QICD; sclale uncl:.

Scale variation

ratio over LO QCD; PDF unc.

relative contributions

O PEREI
(o))
T

NLO QCD —
LO+NLOEW —

pr(t) [GeV]
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(NLO QCD+EW) PDF var.
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Numerical results

10

ttw" production at the 13 TeV LHC ttw =+ . #(%) 8 TeV 13 TeV 100 TeV
NLO QCD | 408153 [ 50.1553 (59.7 17%7) | 156.4," 357
I T Lo Ntzzzz __._“ LO EW 0 0 0
> T LO+NLO QCD+EW — LO EW no " 0 O 0
0 orestEer NLO EW 1 6.9+ 0.2 ! 77202 (1 192+ 0.7)| ! 9.3 0.2
:; NLOEWno" |1 71+£0.2 !80%x0.2( 20.0+£0.5) !96%0.1
1S HBR 2.41 3.88 (7.41) 21.52
. pr () o
18 (Boosted regime in brackets)
=12
1.7 _ ratlio overl LO QICD; scislle uncl:. | | I _:
i Scale variation
b=
17_ ratliooverlLO QICD; PI5F uncl. | | I _
3 (NLO QCD+EW) PDF var.
06 _ rellative clontribultions I I T:
0.4 E NLO QCD — LO+NLOEW,no a +
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Frixione, Hirschi, DP, Shao, Zaro ‘15



10

10°

Numerical results

ttW" production at the 13 TeV LHC
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teV ' : #%) 8 TeV 13 TeV 100 TeV
NLO QCD | 422/%,7 | 5157733 (66.37%g¢) | 1536314
LO EW 0 0 0
LO EW no " 0 0 0
NLO EW 1 6.0+ 03| ! 6.7+ 02 (! 183+ 0.8)| ! 85+ 0.2
NLOEWno" |! 62+ 02 ! 70+ 02 (! 191+ 0.6) ! 88+ 0.1
HBR 4.35 6.50 (15.01) 28.91

(Boosted regime in brackets)

Scale variation

(NLO QCD+EW) PDF var.
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nper bin [pb]

Transverse momentum distributions: unboosted vs. boosted

107 ¢
ttH production at the 13 TeV LHC
_____ LOQCD ---
LO+NLO QCD —e—
LO+NLO QCD+EW —
107 LO+NLO QCD+EW,no a ¢
10° | pr (1)

1.4 E

ratio.over LO QCD; scale unc.

MadGraph5 _aMC@NLO

1 E—““."““.“““. “““ | I P PR ‘I“““.““'T"'".‘“"‘E
14 E ratio over LO QCD; PDF unc. E
1 | I P P B ——
0.4 F relative contributions .
0.2 | NLOQCD — LO+NLOEW,no a ¢
X LO+NLOEW — HBR —-- ]
ey mey e S T T = e e e e T e e
0 - MR IR I e e e e e -“T‘T... -~ = %]
C | 1 | ]
0 200 400 600

p1(t) [GeV]

13 TeV

107 ¢
ttH production at the 13 TeV LHC
boosted cuts: p(t), p(f), pr(H) > 200 GeV
LOQCD ---
LO+NLO QCD ——
= 10-3 . LO+NLO QCD+EW —  _
= e LO+NLO QCD+EW, noy ¢ 1
- P e TEe i
S ]
o) 1®
O
3
107 1o
pr (t)
T =5
18
1=
. . . ! . . . !
1.4 g ratioover LO QCD; scale unc. 3
1.3 E ;
1.2 E
1.1 E
1
0.9
14 E
1.3 E
1.2
1.1 ¢
1E
0.9 E
0.4
[ NLOQCD — LO+NLO EW, noy ¢ 1
0.2 | LO+NLO EW — HBR —--~]
0 :_'__'___'___':;__—'___'___'___':_':'___'___'___':‘_':;:'___'___'___'___':;:'___'__;'___'___":'___'___'___'___':;:'________'_-
e e i I P i Rl S i i o e S e = -
- 1 . 1 T et
200 400 600 800

Rig

pr(t) [GeV]

13 TeV



Energy dependence

ttVV,tttt production at pp colliders at NLO in QCD
central " = v o MSTW2008 NLO pdf (68% cl)

" 1tV ttH production at pp colliders at NLO in QCD ]

central = vt o MSTW2008 NLO pdf (68% cl) ==
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Why do we care about photons 1n the proton?

2 representative examples:

f Process | ot Without cuts [pb]
Vq Born correction
UG 34.25 -1.41
y 21.61 -0.228 :
sg 4682 | -0.0410 N[O QED
oz 2.075 | -0.0762 5
g t 99 407.8 2.08
t g’ 4.45
t
! op 470.4 4.78

Integrated hadronic cross section for tt production at the LHC, at NLO QED
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Set-up and photon-PDF perturbative orders
Hr 1

G, schemg, NNPDF2.3 QED, L= > 5”" Ug, U " 2
LO o
WW / \
NLO ® O rorw
77,ZW,
HZ,HW L7
e LO
tt t~
e NLO




Comparison between different schemes

my = 80.385 GeV, my =91.188 GeV

l (mz) scheme | (ﬂllz) =128.93
G, scheme G, =1.16639410 ° —; Ii = 132.23
teH t@ LV tE
| Lo ocp (pb) | 3617-10°1 5282.10°1 2496-101 1.265-10°1
| fo“ ocp (Pb) | 3527-10°" 5152-10°" 2433.10 " 1234.10* . o ocp ! ! fo” oc
| ocp (%) 2.5 25 25 25 "o ocp = o oo
"Lo Ew (%) 1.2 0.0 0 0
o (%) 1.2 0.0 0 0
|8 (%) 2.5 25 25 25
"NLO Ew (%) | 1.2 | 3.8 | 7.7 | 6.7 ) ™
ENTPN (7 1.8 1 0.7 | 45 I 35 X~ Tlo oco
o e (%) 1 0.5 1 0.7 1 0.9 1 0.9

Table 11: Comparison between results in the#(mz) and G, scheme, at 13 TeV.



Why Weak corrections to t#H production?

We calculated NLO corrections of mixed QCD-Weak origin, 1ignoring QED
effects. We compared them to NLO QCD corrections.

Phenomenology motivations

Electroweak corrections are in general small. However, the Sudakov logarithms
1w In®s/M & can enhance their size. They originate only from Weak corrections

The cross section of t8#H depends directly on " tzﬂ-l . At NLO, only Weak
corrections introduce a dependence on other Higgs couplings.

Automation of NLO corrections

Without QED (photons), the structure of IR singularities 1s simpler
t8H was the first pheno study of EW corrections in the MG5 aMC@NLO
framework.



Numerical results weak corrections

Inclusive rates

NLO corrections

(Boosted regime in brackets)

"NLO (%) 8 TeV 13 TeV 100 TeV

QCD +25.6/91g (+19.6/770) | +29.3/11% (+23.9757,)| +40.477 (+39.1797,
weak | 1.2 (! 8.3) 1.8 (1 8.2) 1 3.0 (! 7.8)
Heavy Boson Radiation

| g (%) 8 TeV 13 TeV 100 TeV

W +0.42(+0.74) [+0.37(+0.70)| +0.14(+0.22)

7 +0.29(+0.56) |+0.34(+0.68)| +0.51(+0.95) Partial Compensation of
H +0.17(+0.43) |+0.19(+0.48)| +0.25(+0.53) Sudakov logs

sum +0.88(+1.73) [+0.90(+1.86)| +0.90(+1.70)
NLO weak subchannels

| nLo (%) 8 TeV 13 TeV 100 TeV

gg 1 067 (1 29) | ! 112( 40)| ! 264( 68)

U 1001 (32 |!1015( 23)] 1010¢( 05)

d 1 055 (1 22) |1052( 1.9)] 1! 023( 05)




Essential literature (NLO EW VV)

Bierweiler, Kasprzik, KYhn, Uccirati I | arXiv:1208.3147! NLO EW to WW!
Bierweiler, Kasprzik, KYhn ! I I 1 arXiv:1305.5402! NLO EW to VVO, V=W,Z!
Baglio, Ninh, Weber !'! I 1 1 1 1 arXiv:1307.4331 (" channel and NLO QCD!
Gieseke, Kasprzik, KYhn!! I I I 1 arXiv:1401.3964 NLO EW in HERWIG !
Biedermann, Denner, Dittmaier, Hofer, JSger! arXiv:1601.0778NLOEWto} ! p*p'e'e

+ earlier works in high-energy approximation Accomando, Denner, Pozzorini O01; Accomandt
Denner, Kaiser O04:

LHC calculations quite recent. Compare with LEP:

' 11 - ~

te 4 fermions 4 OTHE PROCESS
W. Beenakker, F. A. Berends and A. P. Chapovsky, Nucl. Phys. B 548 (1999) 3
[hep-ph/9811481]. All these hundred-citation works
S. Jadach, W. Placzek, M. Skrzypek, B. F. L. Ward and Z. Was, Comput. Phys. Commun. ¢¢ . 2
140 (2001) 475 [hep-ph/0104049)]. were before NLQ I.‘e.VOhlthIl )
A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Nucl. Phys. B 587 (2000) 67 2—>4 exact was lnltlally not
[hep-ph/0006307]; A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Comput. Phys. pOSSible.
Commun. 153 (2003) 462 [hep-ph/0209330]. I f h . . d
A. Denner, S. Dittmaier, M. Roth and L. H. Wieders, Phys. Lett. B 612 (2005) 223 ot ol tec nlques Invented to

[Erratum-ibid. B 704 (2011) 667] [hep-ph/0502063]; A. Denner, S. Dittmaier, M. Roth and circumvent/solve the pr()blem:

L. H. Wieders, Nucl. Phys. B 724 (2005) 247 [Erratum-ibid. B 854 (2012) 504]

(hep-ph/0505042]. DPA, CMS, non-factorisables ...
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