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Status

Diboson Cross Section Measurements Status: March 2019
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NNLO QCD corrections vorVV

All VV processes known through NNLO QCD: [Talk by M. Wiesemann]
— inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)

YY = inclusive and differential [Catani, Cieri, de Florian, Ferrera, Grazzini 'l 2],
[Campbell, Ellis, Li, Williams 'l 6], [Grazzini, Kallweit, MW '17]

ZY - inclusive/on-=shell and differential/off-shell
[Grazzini, Kallweit, Rathlev, Torre 'l 3], [Grazzini, Kallweit, Rathlev 'l 5]; see also: [Campbell et al. "1 7]

WY = inclusive/on=shell and differential/off-shell
[Grazzini, Kallweit, Rathlev, Torre 'l 3], [Grazzini, Kallweit, Rathlev 'l 5]

y &y 4 = inclusive/on=shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer,
von Manteuffel, Pozzorini, Rathlev, Tancredi,Weihs '14]; see also: [Heinrich et al."17]

- differential/off-shell [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW "I 8]

WW = inclusive/on=shell [Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, et al. '14]
- differential/off-=shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '|5]

WZ - inclusive/on=shell [Grazzini, Kallweit, Rathlev, MW ' 6]
- differential/off-shell [Grazzini, Kallweit, Rathlev, MW 'l 7]
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Perturbative expansion

do = dor,0 + ag dont,o + agw doNLO EW

D NLO EW

Numerically O(a) ~ O(a?) =

NLO QC

7
+as donnLo + apw doONNLO |

NNLO QC

D

2

NNLO EW

sw + asapw AONNLO QCDxEW

NNLO QCD-EW

NLO EW ~ NNLO QCD

NLO EW

D

D

—//

FWW

Sk-/7 & 2-5SF-Z/ZWW & 2I-DF-WW

-DF-W/Z & 3I-DF-WZ

Blec

Bledermann,

ermann,

Denner, Dittmaler, Hofer, Jager;”’

Billoni, Denner, Dittmaier, Hofer;

Qallwert, ML, Pozzorini, Schdnherr; " | /

Biedermann, Denner, Hofer, ' | /

6,16
ager, Salfelder; ' 6



Relevance of EVW higher-order corrections: Sudakov logs In the tails

. Possible large (negative) enhancement due to soft/collinear logs from virtual EVW gauge bosons:
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Relevance of EW higher-order corrections: collinear QED radiation
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I Possible large enhancement due to soft/collinear logs from photon radiation ~ alog (Q;) in sufficiently

exclusive observables.
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Relevance of EVW higher-order corrections: photon-induced channels

Il. QED factorisation and thus photon luminosities needed to absorb IS photon singularities.

- Possible large enhancement due to photon-induced channels in the tails of kinematic distributions,

in particular in WW: :iié (t-channel enhancement), but also In Bremsstrahlungki,
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=¥ large differences between different photon descriptions. Now settled: LUXqged superior

=» O(10%) contributions from photon-induced channels




Nontrivial features in NLO OQCD — NLO E

. QCD-EW interplay
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3. virtual EWV corrections more involved than QCD
(many internal masses)

2. At NLO EW corrections in production, decay and
non-factorizable contributions for V decays

— complex-mass-scheme

W+

4. photon contributions In jets and proton
— photon-jet separation, YPDF

N\

collinear g = qy singularrties




Validation between tools

* [here are subtle differences iIn iImplementation of these schemes In particular in the context of
CMS (complex mass scheme).

— Have been studied for ZZ in the context of [LHI1/, 1803.0/797//]
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Diboson production at NLO QC

D+EW: Collinear Q
[Kallweit, IML, Pozzorini, Schonherr; "1 /]

5.1 GSS (Catani-Seymour-Shower)
unaware of resonance structure
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* Fully consistent PS matching at NLO EWV under development

D radiation

YFS (Multi-Photon-Resummation)
- preserves resonance structure
— EW effects agree at the few
percent level.

Source of differences:
eMulti-poton effects in YFS
eResonance-assignment in YES

* Naive NLO EW+PS matching avallable in Sherpa+Openloops (applicable at particle level)

=SS dipole shower (not resonaonce aware) = significant mismodelling

=YFS resummation (resonaonce aware) = valid approximation

— QED effects largely overestimated
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The need for off-shell calculations
[Biedermann, M. Billoni,A. Denner, 5. Dittmaier, L. Hofer, B. dger, L. Salfelder ;' 6]
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Combination of NNLO QCD and NLO EW

*In Matrix+Openloops all (massive) diboson processes are available at
NNLO QCD + NLO EW (parton-level) [M. Grazzini, S. Kallweit, IML, S. Pozzorini, M. Wiesemann; very soon]

41-S¥-77 pp = LT~ (Z7)
41-DF-77 pp — L0 0T0— (Z7)
21-SF-77 pp = L vpvy  (Z7) |
N-SF-ZZWW  pp — (0, (2Z/WW)  (s00n to be made public)
21-DF-WW pp = U0 vy (WW)
31-SF-WZ pp — L0 Ly, (WZ)
3I-DF-WZ pp — L0l vy (WZ)
e Combination of QCD and EW
L N)NLO N)NLO L
additive: daé}(%DJrEW — (1 + 5&2(%]3 + ) + dor88 O

multiplicative: dG&Néga%w — (1+d5cp )1+ ) + dosst©



Combination of NNLO QCD and NLO EW

*In Matrix+Openloops all (massive) diboson processes are available at

NNLO QCD + NLO EW (parton-level) [M. Grazzini, S. Kallweit, IML, S. Pozzorini, M. Wiesemann; very soon]
41-SF-77 pp — Y04~ (Z7)

| =0+

(soon to be made public)

31-SF-WZ pp — L0 Ly, (WZ)

e Combination of QCD and EW

additive:  dogen s mw = (1 + 68INLO 4 51w) + doreskO
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Glant K-factors and EVV corrections
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pp — e~ et uv

’hoton-Induced contributions

LHC /s = 13 TeV
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Conclusions

* NNLO QCD + NLO EW available in MATRIX+OpenlLoops for all (massive) diboson processes

* soon public
* V+gamma In the making

* QCD uncertainties at NNLO often reach few percent level.

* EW corrections enhanced at high energies reaching several tens of percent.

* |[n observables subject to ‘giant K-factors: QCD+EW vs. QCDXEW introduces O( 1) uncert
* Can be cured via jet-veto.

* Relevant contribution of photon-induced processes

» Open Issues:
» When measuring diboson processes at large pIVI/MET/mVV
should a\vvays a |et veto be considered! Increased sensitivity to alGCs?
» How to obtain reliable inclusive predictions?! In particular relevant for background simulations.
= MEPS@NLO multi-jet merging including EVV corrections (see V+jets, 151 1.08692)
= how to retain NNLO QCD precision?

» How to estimate NNLO EW - O(x2)?
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Numerically O(ar) ~ O(a?) ={NLO EW ~ NNLO QCD

Relevance of EW higher-order corrections |

Possible large (negative) enhancement due to soft/collinear logs from virtual EW gauge bosons:
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Relevance of EW higher-order corrections |

Real photon radiation Y
* soft/coll. photon unresolved
* needed to cancel QED singularities

Photon initial states
* QED factorisation needed to absorb IS photon singularities ] !
* possible strong enhancement, e.g. forVV

Real W,Z,h radiation (HBR)

* partial cancellation with virtual Sudakov logs (KLN theorem not applicable)
(strongly dependent on experimental selection)

* free from singularities = separate processes

* themselves recelve large virtual EVW corrections

& inclusion requires care (double-counting issues)



