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= Higher-order predictions mandatory for reliable predictions
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Perturbative expansion
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Perturbative expansion aMC@NLO, Sherpa, Herwig. .. &
Recola, Madloop, Gosam, Openloops

dedicated MC's: Matrix, MCFM,
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Perturbative expansion aMC@NLO, Sherpa, Herwig. .. &
Recola, Madloop, Gosam, Openl.oops

dedicated MC's: Matrix, MCFM,
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Relevance of EW higher-order corrections: collinear QED radiation

2
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. Possible large enhancement due to soft/collinear logs from photon radiation ~  «log (QQ) in sufficiently
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Relevance of EVW higher-order corrections: photon-induced channels

I 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. ﬁ (t-channel enhancement)
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=¥ large differences between different photon descriptions. Now settled: LUXqed superior

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




Relevance of

-W higher-order corrections: virtual Sudakov logs In the tails

Il. Possible large (negative) enhancement due to soft/collinear logs from virtual EVW gauge bosons:
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=?» overall large (negative) effect in the tails of distributions:
PT, Miny, HT, ... (relevant for BSM searches!)
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Origin of the logs

* Double Log (DL) from exchange a soft/collinear (SC) gauge bosonV

* |n Eikonal/Logarithmic (LA) approximation: factorisation of scalar thee-point function:
r‘ SU(2)-rotated trees
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Origin of the logs

Single Logs (SL) have a triple origin:  15L = | PR | COLL 4 | WFRC

—» PR running from renormalisation scale (EVV scale) to the hard scale

, o L Lo iyl 1
—p \\/F : wave-function renormalisation of external fields 'WFM'itin = IWEM -k , LV = 21 Ze

k k'

—» COLL : collinear-singular diagrams factorise into Born times universal collinear correction factors
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Note |: approximation applicable for processes that are not mass suppressed at LO: # 5

Note 2:for longitudinal modes of external massive gauge bosons use goldstone boson equivalence theorem
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Tools for EVW Sudakov corrections

MadGraph>_aMC@NLO
[Pagani, Zaro, 2| ]

also: alpgen [Chiesa, et. dl, ’| 3]
MCFM [Campbell et al.'16]

Openloops
ML, Mai, 23]
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Implementation iIn Openl.oops

OpenlLoops: automated tool for the calculation of tree and one-loop amplitudes at NLO QCD +NLO EW
[Buccioni, JML et. al,, 201 9]

Goal: exploit factorisation of Sudakov logs to evaluate one-loop EVV corrections at NLL via tree amplitudes
vo up to two orders of magnitude faster w.rt. full loop computation

How! Representation of LA algorithm via helicity-dependent two-point (effective) vertex rules

. V .
IV§ = iel, ' —e—x— = iely
| | | - I

The virtual soft boson Is cut and the internal propagator is removed, while the external particle remains on-shell

Example: Drell-Yan

% M %T,DL,qq —




[pb/GeV ]

d!
dprz,

1/LO

1/LO

pp# ZZ @ 13 TeV

Results: Z//

pp# ZZ @ 13 TeV

[ [ [ | —] L) "1 [ [ [ [ [ | ]

" . > 10 = =

10 2 = = (¢b} = =

= — LO =0 - — LO =

10 3 = —— NLL; EW =4 8 1052 — N'—'—yl EW _

oy E —— NLL'y, EW 1 | - = NLL'y; EW s

107 e —— NLOy EW = & ~— NLOy EW -

W F . 10 ° = —

10° g E

100 E 104 -

10 7 é— _é - -

= & 105 = —

10° - E

10'9 & - 106 - .

5 - | S E = e | = NLLyy EW=(1+LSC+SSC+C+PR+ 1)LO

- - 5 [ T

1.5 ] - -

- - 15[ —

- e - §

mI B -

05— . 05 [ —
- | E - | 1 |INLLQ, EW=(1+LSC+SSC+SSSC+C+PR+ 1)LO

3= | ] = 0 — i —=

} i 2~ I bl —

15[ — - R .

B ____._'-J 15— --__l'- ]

='====::----—--—--—-;-_--—--—_ ------ : O : - =" - _-------—------‘-:'

1 =__-_:._-_-____--_-__-_----- _ E: 1_ -“—d-l=L—-------‘ _

: ------’-|_‘_ --------‘-] B - -"'*-f-‘.-t-:h-_;-_---------------.--_

05— ===1|SC ===C Tt — 05 —==LSC ===C ":'_'1""-1-.1 -

- === SSC === PR LT - - === SSC === PR "'1-1_.|_ -

[ === SSSC -|—|_: - === SSSC -‘::

O —— | | | | q O | | | | |
102 103 103
prz, [GeV] mzz [GeV]



[pb/GeV ]

d!
dprz,

1/LO

1/LO

pp# ZZ @ 13 TeV

10 2
10 3
10 4
10 °
10 6
107
10 8

— [pb/GeV ]

||||||u| ||||||||| ||||||||| ||||||||| ||||||u| ||||||u| L LI
d!
dmzz

1.5

T T | T T | IIIIIII| IIIIII“ IIIIII“ IIIIIIII| IIIIIIII| IIIIIIII| IIIIII“ IIIIII“ T

0.5

IIII|IIII|4—HIII|I

1/LO

( NO
II|IIII||IIII|III

-==SSC === PR
SSSC
|

II!.I|IIII||LIII|IIII

1/LO

10 2

10 3

10 °

10 6

Results: Z/

pp# ZZ @ 13 TeV

— LO

— NLLV| EW

= NLL 'y EW
NLO\,; EW

|

L
n
"
I
1
]
1
i
1
1
1
1
1
|

L8 g -
"_ ‘--‘-:: ---------------------
-

-=-=-1SC ===C -
-==SSC === PR
SSSC
|

SSC and

become very sizeable

for PS regions where LA condition

sl ra" (p+ p)°# msy,
m

invariants

$K, |
s violated, with hierarchy among



' [pb/GeV ]

d
d mzz

1/LO

1/LO

10 2

10 3

10

1.5

0.5

pp# ZZ @ 13 TeV

— O
— NLLV| EW
=== NLL 'y, EW

NLO\, EW

|

~==1SC ===C

-==SSC === PR
SSSC
|

" [pb/GeV ]

d
d mzz

1/LO

1/LO

10 1

10 2

10 3

10 4

Results: Z/

pp# ZZ @ 13 TeV

— NLLV| EW
=== NLL 'y, EW
NLOy, EW

Pseudo-rapidity cut '#,! < 3 avoids pathological
very forward configurations which violate LA; such
cuts are anyway applied in any realistic analysis

Consider differences between NLL(and NLL *:

-1 NLL*! NLL > NLL'! NLO " S a

. reliable estimate of sub-sub-leading angular terms

“-hL-S'C"'"""(';'-::.':_'_'_::"'“'""'----E beyond LA
m == SSC === PR e '--.-,_: e |f NLO Iis unknown: might be interpreted as

SSSC
|

_ a conservative estimate of uncertainties of LA




[pb/GeV ]

d"
dpr,

1/LO

1/LO

pp# AW @ 13 TeV, LOO(!2!)

Results: ttWV,

pp# BW*j @ 13 TeV, LOO(! 2!)

L [ [ [ [ E Lo E_ [ [ [ [ E
:7___ _ % - Tl _
B — _| Q - L T .
10 4 & T — = 8 104 gy ™ E
~ —— NLLy EW - i ol & sk NLLyiEW o B a
10'5 = = NLL'y EW o — © -  —— NLL'y, EW — -
= NLO,, EW _ E - NLOy, EW — §
- — - 10'6 & = =
10°° = = = - = ]
- = i 10' 7 - = _
- — - : = =
10 7 & —] - -
= == B ===
"= | —— 1 18 = | ———————+—+——
14 = 14 =
12 = 12 =
- : I :
1 : = 0 1=———_: =
0.8 — — = 0.8 — .~
0.6 - 0.6 —
0.4 = 0.4 [ =
0.2 — | | | | | [ % — 0.2 — | | | | | o —
16__ [ [ [ [ [ ll-‘l_. ----__! 16__ [ [ [ [ [ [ [ [ | —
14:— ___‘_‘—l---l-'---F- _: 14:_ _:
- ] el e e —— oo Em o mmEm --l------_l-
12 __—---- —————— R e iy --—---------?: 12__ @ e o m m m m m E Em e Em N RN N S N PN e e Tl
:|.E : 1E ]
FEEEEEEEEEEEEECEESEEEEAREEETERI———mEET 9 EEEEEEEEE S SRS A RAEREAEEERREEEREERE
0.8 - = 0.8 —
T ke S - 06 - lsC === CT Tl -
04 === SSC === PR I=1e 04 === SSC === PR BELLT IO S
- SSSC=== YUK . - SSSC=== YUK =
02— | | | | ] 02 _ | | | | ]
102 103 102 103
pr [GeV] Prw+ [GeV]

e applicable to high multiplicity processes at low computational cost



Off-shell decays

¥ Standard algorithm not suitable for processes involving decay of an unstable particle as
2
My

LA is violated in the resonant region: Ti

¥ Standard solutions: Narrow Width Approximation (MadSpin, HDH in Sherpa) or Pole Approximation
problem: break-down in off-shell regime

¥ Out solution: combine off-shell and on-shell processes via probabilities based on kinematic projectors
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Jlowards two-loop

[JML, Mal, work in progress]|

* [actorisation/universality also holds at two-loop [Denner, Pozzorini, Jantzen, Melles, Penin, Smirnov, Kihn, ... |
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e [wo-loop corrections tend to partially compensate the large negative one-loop corrections



Conclusions

NLO EVW corrections at high energies are dominated by Sudakov logarithms which are significantly enhanced in talls
of kinematic distributions ( > 10%)

Explorting the universality of Sudakov logs we developed an effective CT vertex approach to implement the NLO
=W LA In Openloops

v0 Reduction of one-loop EVV corrections to a tree-level problem with percent level of agreement

Additional aspects of the implementation:

Outlook:

» Largely model independent (applicable to both SM and BSM scenarios)

» Direct employment in PS Event Generators (Sherpa, Powheg, HERWIG, .. )
via established Openloops interfaces
» Can be used together with differential QED radiation at NLO

» Support EW corrections for resonant processes

» NNLO/two-loop extension (ongoing work): NNLO EW and NLO QCD-EW
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