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Motivations (1): luminosity®
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Motivations (2): clean experimental signatures

Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CE'

EtCut>0.3 GeV
PtCut>3.0 GeV
Vertex Cuts:

= Z direction <lem
Rphi <lem

“* Muon: blue
" Cells:Tiles, EMC

i L 4
%\ ‘Jﬁ:, 1
Ve ¢

24u candidate event, ATLAS-CONF-2011-162.
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Motivations (3): sensitivity to non SM gauge boson

interactions’
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Motivations (4): background to other SM searches*
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Motivations SM background to NP searches®
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Sfrom Phys. Rev. D 91 (2015) no.1, 012008
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Theoretical predictions for pp — VV': current status

pp— WW, ZZ, ZW, vy, W~ and Zv

QCD m NNLO : gg — V'V’ with decays for some processes
m NNLO-+NNLL : v, WW and ZZ (on-shell Z/ W)
m NLO+PS : V() decays, exclusive observables

EW m NLO : gq¢— V'V’ (in some approximation qq — 4f )
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NNLO QCD corrections to qqg — VV

E 2 loop helicity amplitudes: analytic results

1 loop corrections to VV+jet: automated tools

(BlackHat, GoSam, HELAC-NLO, MadGraph5_aMC@NLO, Njet, OpenLoops, RECOLA ...)

4|

i«m< double real radiation: automated tools
—w
.and. NNLO subtraction

(antenna, N-jettiness, g7, sector-improved, colourful, Stripper, Born projection)
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NNLO QCD corrections to qqg — VV

.and.

2 loop helicity amplitudes: analytic results

C. Anastasiou et al. hep-ph/0201274; T. Gehrmann and L. Tancredi 1112.1531; T. Gehrmann
et al. 1306.6344; F. Caola et al. 1404.5590, 1408.6409, 1503.08759; J. M. Henn et al.
1402.7078; G. Papadopoulos et al. 1409.6114; T. Gehrmann et al. 1503.04812; L. Tancredi

and A. von Manteuffel 1503.08835;

1 loop corrections to VV+jet: automated tools
C. Berger et al. 0803.4180; G. Cullen et al. 1111.2034; G. Bevilacqua et al. 1110.1499;
V. Hirshi et al. 1103.0621; J. Alwall et al. 1106.0522, 1405.0301; S. Badger et al. 1209.0100;

F. Cascioli et al. 1111.5206; S. Actis et al. 1211.6316;

NNLO Subtraction D. A. Kosower hep-ph/9710213; A. Gehrmann-De Rid-
der et al. hep-ph/0505111; A. Daleo et al. hep-ph/0612257; J. Currie et al. 1301.4693;

R. Boughezal et al. 1504.02540, 1504.02131; J. Gaunt et al. 1505.04794;

S. Catani and M. Grazzini hep-ph/0703012; C. Anastasiou et al. hep-ph/0311311; T. Binoth and G. Heinrich

hep-ph/0004013; G. Somogyi et al. hep-ph/0502226; V. Del Duca et al. 1501.07226; M. Czakon 1005.0274,

1101.0642; M. Czakon and D. Heymes 1408.2500; M. Cacciari et al. 1506.02660;
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NLO EW corrections to qq — VV

m computationally more involved than NLO QCD:

m up to 6 external legs

m unstable particles

m often computed in OS or DPA approximation for V, V'

m automated tools for NLO EW corrections*

GoSam, MadGraph5_aMCGONLO, OpenLoops, RECOLA

will play a crucial role for full O(«) corrections with decays

(*) G. Cullen et al. 1404.7096; J. Alwall et al. 1405.0301; S. Kallweit et al. 1412.5157; S. Actis et al. 1211.6316;
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qq — V'V and anomalous couplings

m at the LHC parametrized in terms of phenomenological
Lagrangians

A
Lwwy = —ie [(Wl,,W“A” ~ WIAWH) 4k, WIW, PP 4 5w WeF
w
m easy to include in QCD h.o. predictions

m could be consistently included in EW corrections only in EFT
framework (still missing in the literature)
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qq — 44 — 4l

Numerical results form:

(NNLO QCD) M. Grazzini et al. Phys. Lett. B 750 (2015) 407, arXiv:1507.06257

(NLO EW) B. Biedermann et al. Phys. Rev. Lett. 116, no. 16, 161803 (2016), arXiv:1601.07787
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qq — 77 — 4l at NNLO QCD M. Grazzini et al. 1507.06257
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s DR ¢ 1 1 I
£ 05 CMS, Phys. Lett. B 740 (2015) 250 and
S 1.05
z o
o 1
S
Z 095
100 200 300 400 500 600 700 800
m(z2) [GeV
Channel oo (fb) ono (fb) onneo (fb) Texp (D)
etemete 4.6793(stat) 01 (syst.) )] (lumi.)

3.547(1) 2% | 5.047(1)*28% | 5.79(2) &%
phtp e e ¢ 5. 0+“ﬁ(stat)+“(sx st. )+02(11um )

eteptp | 6.950(1)729% | 9.864(2)*25% | 11.31(2) 32 | 111555 (stat) T 2 (syst.) T 5 (lumi.)

Table 1: Fiducial cross sections and scale uncertainties for ATLAS cuts at LO, NLO, and NNLO
in the three considered leptonic decay channels. The ATLAS data are also shown.
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qq — 77 — 4l at NLO EW B. Biedermann et al. 1601.07787
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| L !
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ARy > 0.2, My; > 100 GeV
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i, s,
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FIG. 1: Invariant-mass distribution of the y™u™ system in 13 13.8598(3) —3.6 —3.6
pp — ptp~ete” + X including NLO EW corrections (upper 14 14.8943(8) —3.6 —-3.6

panel), and relative EW and purely weak corrections at NLO
(lower panel).
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qq — V'V at NLO EW, general features
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from A. Bierweiler et al. 1305.5402

m small on integrated cross sections
®m may introduce shape distortions

m large in high pr tails (Sudakov logs)
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gluon fusion contributions

LO m finite and gauge invariant subset
) = O(a?)
‘ m m typically sizable
m often added to NLO predictions
m g9 — ZZ corresponds to =~ 60% of NNLO corrections

m NLO corrections® to gg — ZZ would increase the NNLO
predictions of ~ 6% at 8 TeV

F. Caola et al. 1509.06734
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vy, W~ and Z~

isolated photons

Numerical results form:
(NNLO QCD) M. Grazzini et al. JHEP 1507 (2015) 085, arXiv:1504.01330
(NLO+PS QCD with POWHEG+MiINLO ) L. Barze et al. JHEP 1412 (2014) 039, arXiv:1408.5766

(NLO EW+NLO QCD) A. Denner et al. JHEP 1504 (2015) 018, arXiv:1412.7421
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NLO QCD corrections with isolated ~ 7

gl gl

LO NLO, Real

m QED singularities from the integration of real
QCD corrections

m no virtual counterpart, ...

"Neglecting the secondary photons coming from hadronic decays
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Isolated photons: theoretical options at QCD

smooth isolation

VR<R
7 =0 5 ( 1—cosR\"
Z Erj<enpr 1—cosR
Rj~<R 0
NLO, Real can hardly be implemented in experimental

S. Frixione hep-ph/9801442 event SeleCthnS

fragmentation functions m extracted from data
Y
Dyjgsn(z, M) = collinear approximation:
no exclusive parton generation
NLO, Real
1
S. Catani et al. hep-ph/0204023 o (pv) :ag(p%MFHZ/ O D (2, M) (2L )
z z
a 0
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Isolated photons in the literature

Les Houches prescription:
use tight hadronic isolation cuts in experiments and compare with
smooth isolation predictions

m NNLO QCD corrections to vy, Z~, W+~ computed using smooth
isolation

m for NLO QCD predictions with fragmentation functions are also
available

Alternative approach:
fully exclusive generation of radiated particles (¢/g/7) in the POWHEG®
framework without relying on fragmentation functions

m 7 yONLO+PS in HERWIG++ L. D’Errico and P. Richardson 1106.3939
m W(— lv)yONLO+PS in POWHEG L. Barze et al. 1408.5766

8P. Nason hep-ph/0409146; S. Frixione et al. 0709.2092; S. Alioli et al. 1002.2581;
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W~ at NLO+PS QCD accuracy in POWHEG (1)

FKS ,,mm,._i QED singularity
S / W j underlying Born
P ,\/\< ~ radiated particle

(*)

R 11\:;< \ — e QCD singularity
ecal v

o . W~ underlying Born
for jj = vj q/g radiated particle

J=4q.9 -

No-competition method, similar to the one proposed for 7

* MIiNLO applied to suppress the singularity of Wj underlying Born for
p]T — 0 preserving NLO accuracy

K. Hamilton et al. 1206.3572, 1212.4504;
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W~ at NLO+PS QCD accuracy in POWHEG (2)

x_i\/s‘ﬁ

LO-competition (C-LO)

000

m dynamical competition between QED and QCD radiation off quark

lines for Wj Born: both Wjj and Wj~y ME enter the Sudakov form
factor

m in case of QCD radiation with Wj Born softer photons are
generated by the Parton Shower

NLO-competition (C-NLO): same as C-LO, with W~ and Wj at NLO
QCD accuracy
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Py > 15 GeV, |ny| < 2.37, ARy, > 0.7

Ro=0.4, ¢, = 0.5, ZRV <rg B <en
1Y

ph > 25 GeV, || < 2.47, pIpisS > 35 Gev

and NLO—|—PS QCD Barze 1408.5766

s

0) [fo/Gev]

D

do/dp i (v) (N;

Byt > 30 GeV, [njec| < 4.4, AR(e/n/7,jet) > 0.3

cuts from ATLAS Phys. Rev. D87 (2013)

[Pb] Niet =0 Niet 20

Exp. | L7750 Dehar £0.24syst | 2.7450 T8t +0.32syst
MCFM 1.39+£0.17 1.96+£0.17

C-LO 142700 2.257 071
C-NLO 169703 2957020
NNLO” 1.493700 24537010
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ny at N I_O EW A. Denner et al. 1412.7421

fragmentation functions + democratic clustering?
_ By A

Rjy > 05, 2= gdg, 2> 0.9, ARy > 0.7

plp > 25 GeV, B > 25 GeV, p)), > 15 GeV

ly'] < 2.5, |y7| < 2.5, M¥¥ > 40 GeV

veto: discard event if pjT > 100 GeV

pp— Ty v+ X

V/3/ TeV 7 8 14
oMO/fh | 846.53(4) 940.30(4)  1447.99(4)
/% | =315 -3.14 -3.15
0w /% | —1.95 —1.94 —-1.95
Oaw.qy/% 1.04 1.10 1.30
/% 0.74 0.76 0.84
dqep/% | 122.33(4) 128.30(5)  153.61(3)
S5en/% | 11247(4)  117.15(5)  135.97(9)

a E. W. N. Glover and A. G. Morgan
Z. Phys. C62 (1994) 311, Phys. Lett. B334 (1994) 208
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Theoretical predictions

m QCD at NLO+PS (MadGraph5_aMC@NLO, POWHEG)

T. Melia et al. 1102.4846, 1107.5051; P. Nason and G. Zanderighi 1311.1365;
B. Jager and G. Zanderighi 1108.0864, 1301.1695; B. Jager et al. 1312.3252;

m EW contributions at LO only

moderate NLO QCD corrections with small scale uncertainties

See the talk by M. Rauch at sm@Ihc2015 in Florence® for bibliography
and numerical results

9

https://indico.cern.ch/event/351610/contributions /826566 /attachments/695536,/955021 /Rauch_SMLHC.pdf
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QCD EW
NNLO NNLO+NNLL NLO+PS NLO
77 Grazzini 1507.06257 Grazzini 1507.02565 (OS) | Nason 1311.1365 (POWHEG) Biedermann 1601.07787 (RECOLA)
Cascioli 1405.2219 (0S) Melia 1107.5051 (POWHEG) Gieseke 1401.3964 (DPA, HERWIG++)
approx (LoopSim, VBFNLO) Baglio 1307.4331 (OS)
Campanario 1504.05588 Bierweiler 1305.5402 (DPA)
W Grazzini 1604.08576 Nason 1311.1365 (POWHEG) Gieseke 1401.3964 (DPA, HERWIG++)
approx (LoopSim, VBFNLO) Melia 1107.5051 (POWHEG) Baglio 1307.4331 (0S)
Campanario 1209.4595 Bierweiler 1305.5402 (DPA)
WW | Gehrmann 1408.5243 (OS) Grazzini 1507.02565 (OS) Nason 1311.1365 (POWHEG) Billoni 1310.1564 (DPA)
approx (LoopSim, VBFNLO) Melia 1107.5051 (POWHEG) Gieseke 1401.3964 (DPA, HERWIG++)
Campanario 1309.7293 merged WW + 0j,WW + 15 Baglio 1307.4331 (OS)
(MEPSGNLO) Bierweiler 1208.3147 (OS)
Cascioli 1309.0500 (OpenLoops+Sherpa)
" Catani 1110.2375 Cieri 1505.03162 D'Errico 1106.3939 (HERWIG++) Bierweiler 1305.5402
Z Grazzini 1504.01330 Denner 1510.08742
Grazzini 1309.7000 Accomando hep-ph/0509234 (PA)
Hollik hep-ph/0402281 (OS)
Wry Grazzini 1504.01330 Barze 1408.5766 (POWHEG) Denner 1412.7421
Accomando hep-ph/0509234 (PA)

Available tools for NLO QCD+PS corrections to pp — vy:10
m MadGraph5_aMC@NLO (J. Alwall et al. 1405.0301)
m HERWIGY7 (J. Bellm et al. 1512.01178): OpenLoops+HERWIG(™)
m SHERPA (T. Gleisberg et al. 0811.4622): GoSam+SHERPA, OpenLoops+SHERPA(™)

FxFx NLO multi-jet merging (R. Frederix and S. Frixione 1209.6215) available in MadGraph5_aMC@NLO

* NLO QCD ME computed with OpenLoops for OS V;

10

smooth isolation for ~y

Mauro Chiesa
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m theoretical predictions at NNLO QCD accuracy are available
for v, ZZ, WW, ZW W~, Z~

m vector bosons decays included for ZZ, ZW, W~, Z~
m NNLO+NNLL for vy and ZZ, WW (on shell Z/ W)

m NLO EW in general computed with approximated treatment
of Z/ W decays (few exceptions)

m NLO EW corrections to qq — 4f : automated tools for the
computation of O(«) corrections will play a crucial role
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Backup slides
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Current status: WW example

QCD
QCD © ®| NNLO+NNLL
Ew ©
EW ® | NNLO
WW41j@NLO
NLO, | S merging
DPA
-0 - o - NLO-+NLL
NLO, | .. oS
os 00 00 - NLO
NLL [ - -
L LO
| | | | | | | |
19, 19, 00, 20y, ‘oq
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Current status: WW example, References

= LO: R. W. Brown and K. O. Mikaelian, Phys. Rev. D 19 (1979) 922.

= QCD NLO
J. Ohnemus, Phys. Rev. D 44 (1991) 1403; S. Frixione, Nucl. Phys. B 410 (1993) 280; L. J. Dixon et al.,
Nucl. Phys. B 531 (1998) 3; L. J. Dixon et al., Nucl. Phys. B 531 (1998) 3; L. J. Dixon et al., Phys. Rev.
D 60 (1999) 114037.

m NLO QCD corrections to gg -+ WW
D. A. Dicus et al., Phys. Rev. D 36 (1987) 1570; E. W. N. Glover and J. J. van der Bij, Phys. Lett. B 219
(1989) 488; T. Binoth et al., JHEP 0503 (2005) 065; T. Binoth et al., JHEP 0612 (2006) 046;
J. M. Campbell et al., JHEP 1107 (2011) 018.

= WW + 1j@NLO QCD
S. Dittmaier et al., Phys. Rev. Lett. 100 (2008) 062003; J. M. Campbell et al., JHEP 0712 (2007) 056;
S. Dittmaier et al., Nucl. Phys. B 826 (2010) 18.

m  Resummation for pp(WW)
M. Grazzini, JHEP 0601 (2006) 095; Y. Wang et al., Phys. Rev. D 88 (2013) 114017; P. Meade et al.,
Phys. Rev. D 90 (2014) no.11, 114006; S. Dawson et al. Phys. Rev. D 88 (2013) no.5, 054028.

= NLO QCD+PS
S. Frixione and B. R. Webber, JHEP 0206 (2002) 029; T. Melia et al., JHEP 1111 (2011) 078

= multi-jet meging for WW+jets
F. Cascioli et al., JHEP 1401 (2014) 046; NNLO QCD for On-shell WW T. Gehrmann et al., Phys. Rev.
Lett. 113 (2014) no.21, 212001.

= NNLO+NNLL QCD
M. Grazzini et al., JHEP 1508 (2015) 154

m gg — WW®NLO QCD: F. Caola et al., Phys. Lett. B 754 (2016) 275

m NLO EW in the Sudakov approximation
E. Accomando et al., Nucl. Phys. B 706 (2005) 325; E. Accomando and A. Kaiser, Phys. Rev. D 73 (2006)
093006; J. H. Kuhn et al., JHEP 1106 (2011) 143.

m NLO EW for On-shell WW
A. Bierweiler et al., JHEP 1211 (2012) 093; J. Baglio et al., Phys. Rev. D 88 (2013) 113005.

m NLO EW for gq¢ - WW — 4f in DPA
M. Billoni et al., JHEP 1312 (2013) 043.
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m ATLAS event selection ATLAS-CONF-2013-020

66 GeV < M}?) <116 GeV,  pl>7 GeV,

m CMS event selection phys. Lett. B 740 (2015) 250

P >5 GeV, [n¥] < 2.4, p5 > 5 GeV,

60 GeV < M) <120 GeV,  ph! > 20 Gev,

In'| < 2.7

n°] < 2.5

ph? >10 GeV
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