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Probing the SM EW Sector

Status: June 2024
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Probing the SM EW Sector

Despite many
confirmations, some
parts of the Standard-
Model (SM) EW sector
are still poorly
constrained:

* Triple and quartic
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What experiments can do ...

Tri-boson-production measurements are affected by large
background and small cross sections

* Peak Iuminosity —Integrated luminosity
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ATLAS
search at

L = 20.3fb™!
and

\/s = 8TeV

Luminosity [cm2s]
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.. and what theory ean do

M NLO QCD on-shell predictions for all tri-boson processes
[arXiv:hep-ph/0703273, arXiv:0804.0350].

¥ NLO QCD+EW on-shell predictions for WWW and WWZ
[arXiv:1307.7403, arXiv:1705.03722].

= Fully-leptonic decay included at LO with narrow-
width approximation for WZZ and WWW
[arXiv:1507.03693, arXiv:1605.005541.

Fully-leptonically decaying

MNLO QCD off-shell predictions [arXiv:0712.3544,
arXiv:0809.07901.

MNLO QCD+EW off-shell predictions for WWW
[arXiv:1806.00307, arXiv:1912.04117].

vector bosons

M NLO QCD+EW off-shell calculation matched to PS for tri-
boson in the W*W+*jj channel [arXiv:2406.115161. One hadronically-decaying

UNLO QCD+EW off-shell calculation for tri-boson in the vector boson
WZjj channel [arXiv:2407.21558].
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.. and what theory ean do

M NLO QCD on-shell predictions for all tri-boson processes
[arXiv:hep-ph/0703273, arXiv:0804.0350].

¥ NLO QCD+EW on-shell predictions for WWW and WWZ
[arXiv:1307.7403, arXiv:1705.03722].

= Fully-leptonic decay included at LO with narrow-
width approximation for WZZ and WWW
[arXiv:1507.03693, arXiv:1605.00554].

Fully-leptonically decaying
vector bosons

MNLO QCD off-shell predictions [arXiv:0712.3544,
arXiv:0809.07901.

MNLO QCD+EW off-shell predictions for WWW
[arXiv:1806.00307, arXiv:1912.04117].

This Talk!

M NLO QCD+EW off-shell calculation matched to PS for tri-
boson in the W*W+*jj channel [arXiv:2406.115161. One hadronically-decaying

vector boson

{ONLO QCD+EW off-shell calculation for fri-boson in the
. WZjj channel [arXiv:2407.21558],
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.. and what theory ean do

4 )

Off-shell calculations just _@
look at the final states
= Qverlap of VBS and -et
tri-boson production ? ~ Vg
_I_
-
\/1,_
\— _ -

M NLO QCD+EW off-shell calculation matched to PS for tri-
boson in the W*W+*jj channel [arXiv:2406.115161. One hadronically-decaying

UNLO QCD+EW off-shell calculation for tri-boson in the vector boson
WZjj channel [arXiv:2407.21558].
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.. and what theory ean do

Off-shell calculations just p
look at the final states

= QOverlap of VBS and
tri-boson production

M NLO QCD+EW off-shell calculation matched to PS for tri-
boson in the W*W+*jj channel [arXiv:2406.115161. One hadronically-decaying

UNLO QCD+EW off-shell calculation for tri-boson in the vector boson
WZjj channel [arXiv:2407.21558].
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.. and what theory ean do

look at the final states W—

Off-shell calculations just o

= Overlap of VBS and TN
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M NLO QCD+EW off-shell calculation matched to PS for tri-

boson in the W*W+*jj channel [arXiv:2406.115161. One hadronically-decaying
vector boson

UNLO QCD+EW off-shell calculation for tri-boson in the
WZjj channel [arXiv:2407.21558].
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.. and what theory ean do

Off-shell calculations just

look at the final states W_

= QOverlap of VBS and R
tri-boson production ooty
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The two processes are

experimentally defined on ‘,
different fiducial phase |
spaces |

M NLO QCD+EW off-shell calculation matched to PS for tri-
boson in the W*W+*jj channel [arXiv:2406.115161. One hadronically-decaying
vector boson

UNLO QCD+EW off-shell calculation for tri-boson in the
WZjj channel [arXiv:2407.21558].
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Strueture of the caleulation
A.Denner, DL, SLP. Chavez and 6. Pelliccioli [arXiv:2407.21558]

NLO QCD and NLO EW corrections to fully off-shell
PP = €U U ]

in a phase space which enhances the tri-boson signal.

* Calculation performed with the in-house MOCANLO program:
> SM amplitudes computed with RECOLA (CKM matrix set to identity matrix);
> Tensor reduction and evaluation of 1-loop integrals with COLLIER library.

* All relevant partonic channels included: light-quark and photon induced, together with bb
initiated (5-flavour scheme).

* Signal: 6(a®) (LO)+ O(a’) (NLOEw) + O(a,a®) (NLOqco)

* Background assessment:
> Channels with at least one final-state bottom quark — top-enhanced contributions;
> Additional LO terms at @(asas) and @(asza“) — their NLO corrections not part of this study.
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Strueture of the caleulation
A.Denner, DL, SLP. Chavez and G. Pelliccioli [arXiv:2407.21558]

NLO QCD and NLO EW corrections to fully off-shell

pp = eV pT i

in aiphase space which enhances the tri-boson signal

sl _ . - Sr Al P PO e a o e G ) o " e i3

* Calculation performed with the in-house MOCANLO program:
> SM amplitudes computed with RECOLA (CKM matrix set to identity matrix);
> Tensor reduction and evaluation of 1-loop integrals with COLLIER library.

* All relevant partonic channels included: light-quark and photon induced, together with bb
initiated (5-flavour scheme).

* Signal: 6(a®) (LO)+ O(a’) (NLOEw) + O(a,a®) (NLOqco)

* Background assessment:
> Channels with at least one final-state bottom quark — top-enhanced contributions;
> Additional LO terms at @(asas) and @(asza“) — their NLO corrections not part of this study.
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Definition of phase space
Ingpired by HL LHC studies by ATLAS [ATL-PHYS-PUB-2018-030]

pp — etvutu~jj @13.6TeV

* QCD partons with |77] < 5 are clustered into jets with anti-k, clustering (R = 0.4).

* Photon never reconstructed as jets + per'fecT b-jet tagging and veto

RIS P A S N NS A R NS A N M Lo

"‘i}’ ‘T] > 40 GeV |y] | <3 — VETO on additional r'adna‘rlon
| 50GeV < M, < 100GeV

» Exactly two tagged jets satisfying:

- Invariant-mass cut on tagged jets:

S B S : e e S S P o

Hdromcallg decaying vector boson

* Leptons/quarks are dressed with anti-k, clustering (R = 0.1):
- Common rapidity cut for all leptons: |yfi| <4
+ Transverse-momentum cuts on pr-ordered leptons py , > 50GeV, pr . > 40GeV, pr, > 20GeV.

- Cuts tuned to leptonically-decaying vector bosons:

=G Ay NI R S AN T Ry NSRS =G Ay

(- Zboson: 76GeV < M,., < 106GeV
- W+ boson: 2pT Pry, (1 — cos(gbe+ ¢,)) > 20 GeV

Leptomcallg decagmg vector bosons

MT,W+ —
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Structure of the caleulation: 6(a®)

NLO QCD and NLO EW corrections to fully off-shell
PP = €U U ] \

in a phase space which enhances the tri-boson signal.

Signal contributions are triply resonant W”e

* 419, channels, with g, and g, belonging to same

"V\ZA/\<d
generation and such that O(q,) + 0(g,) € {—1,0} dy d

— 7 W
- yy and bb channels a Mlﬁ

Background (at most doubly resonant)

- 414, channels, suppressed by phase-space cuts

y <
=
+
on
. X

* Channels with at least one b quark in the final
state (contributions to tZj production) —
assuming perfect b-jet veto

Y A
N
o,
+ t|

u K
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Structure of the caleulation: 6(a.a°)

NLO QCD and NLO EW corrections to fully off-shell:

pp = eV pT T jj \

in a phase space which enhances the tri-boson signal.

Background arising from
- Interferences of O(g°) and O(g’g*) amplitudes allowed by colour algebra
- Squares of @(gsg5) amplitudes from yg and yg channels

(50GeV < M, < 100GeV = ME" |
1/2 JJ

M. . cut.
Typically large Ji2 ™~ ]
.yp . yarg misidentified
Invariant mass had all

adronically-
(]wjljz > ]st'm) !

decaying boson
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Structure of the caleulation: 6(aa*)

NLO QCD and NLO EW corrections to fully off-shell:
pp = €y utuTjj

in a phase space which enhances the tri-boson signal.

Background arising from

* Diagrams with only an
internal gluon propagator

* Diagrams with two

external gluons, either
as initial or as final
states — overwhelming
background source
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Structure of the caleulation: 6(a”)

NLO QCD and NLO EW corrections to fully off-shell:
+ 4+ — e \
in a phase space which enhances the tri-boson signal. ’E

u e+

1. yg channels open up at O(a’) (absent at O(a®))
— only initial-state singularities

. It . . :
’ 7 5 2. Real and virtual corrections (\/\./Z\./‘\<
———— U,

to channels at O(a®) Y
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Structure of the caleulation: 6(a,a®)

NLO QCD and NLO EW corrections to fully off-shell:
pp = € utuTjj ¥QCD EW
in a phase space which enhances the tri-boson signal.
QCD corrections to O(a®) .S !
* Both QCD and QED Catani-Seymour dipoles required | ‘ '
i
- Unsubtracted singularities due to jet definition ; ) g
- et
Configurations where a ] W i

d
clustering of collinear quark . q
g

pair from y* — gg splitting
occurs are not compensated by
virtual corrections

— Photon-to-jet conversion function
[arXiv:1907.02366]
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Structure of the caleulation: 6(a,a®)

NLO QCD and NLO EW corrections to fully off-shell:

pp = € utuTjj \QCD EW
in a phase space which enhances the tri-boson signal.

EW corrections to @(asas)
* QED Catani-Seymour dipoles suffice to subtract all IR singularities (due to jet selection cuts)
- Unsubtracted soft-gluon singularities for gy channels

yq, = HruTe'y, 612 1

y Modlfled jet algorithm: Dlscar'd all even‘rs wher'e jets are

e e e L o e

Soft gluon can be clus’rered wu’rh a har'd
phoTon

e ST RS S A R s S dayeikih

recombination of a parton and a photon whose energies
exceed E, /(E,+ E) >z, = 0.7 [arXiv:1411.0916]

' correctiong

- Events with collinear pairs (g5, y) partially cut away:
Absorb new divergences in photon fragmentation function
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Mo Fiducial cross sections at LO
po =

Subprocess O(a®) [ab] O(asa®) [ab] O(a2a?) [ab]

q7 — q7  47.616(2)  —0.4524(2) 39.1(1)
b 12.3879(6) - 7.628(2)
qq/qq@  1.04105(5) —1.9664(4) 20.05(7)
0%/ 0.8592(1) — —
bb 0.7137(1) - 0.0034516(7)
v9/7q — 9.617(2) -
gy - 0.9460(4) -
gg — — 17.5(1)
84/84 - - 608.8(3)
qq — &g — — 162.0(1)
total 62.618(2)  8.144(2) 855.3(5)
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Fiducial cross sections at LO

0S
Subprocess (’)(a6) [ab] O(asa?) [ab] O(o2a?) [ab]
e M qq —qq _ 47.616(2 @ —0.4524(2 39.1(1)
716 = 90; 230(2) < b 12.3879(6 7.628(2)
‘ ™ q/aq L. 04105(5)\ —1.9664(4) 20.05(7)
97% of LO signal Ny 0.8592(1) | _ _
arises from gq ~bb  0.7137(1 ~ 0.0034516(7)
channel va/7q - 9.617(2) -
gy - 0.9460(4) -
gg — — 17.5(1)
84/84q - - 608.8(3)
qq — &g — — 162.0(1)
total 62.618(2)  8.144(2) 855.3(5)
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Fiducial cross sections at LO

Subprocess O(a®) [ab] O(asa®) [ab] O(a2a?) [ab]
| | —04524(2)  39.1(1)

- 7.628223 ﬂ

—1.9664(4) 20.05(7) \t Background

oP8 = 50.230(2) ab

97% of LO signal
arises from gg

_ 00034516(7) Channels with one

channel 9.617(2) _ or two b quarks
0.9460(4) — in the finale
- 17.5(1) state: isolated
— 608.8(3) assuming perfect
- 162.0(1) b-jet veto
total 62.618(2)  8.144(2) 855.3(5)
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oS Fiducial cross sections at LO

Subprocess O(a®) [ab] O(asa®) [ab] O(a2a?) [ab]
| 1 —0.4524(2) 39.1(1)

—_—— _

- a 7.628(2
—1.9664(4) 20.05(7) \t Background

oP8 = 50.230(2) ab

| 90— ad

97% of LO signal
arises from gg

_ 0.0034516(7) Channels with one

channel 9.617(2) _ or two b quarks
0.9460(4) - in the finale
- 17.5(1) state: isolated
— 608.8(3) assuming perfect
qq — 8¢ - — 162.0(1) b-jet veto
‘otal 62.618(2)  8.144(2) 855.3(5)

Dominance of squared-
diagram contributions from
yq channels
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oS Fiducial cross sections at LO

Subprocess  O(a®) [ab] O(asa®) [ab]  O(ea?) [ab]
(141 ad___4T616(2) | —0.4524(2) | 39.1(1)

— e —

- a 7.628(2
—1.9664(4) 20.05(7) \i Background

oP8 = 50.230(2) ab

97% of LO signal
arises from gg

_ 00034516(7) Channels with one

channel 9.617(2) _ or two b quarks
0.9460(4) - in the finale
- 17.5(1) state: isolated
— 608.8(3) assuming perfect
qq — 8¢ - — 162.0(1) b-jet veto
‘otal 62.618(2)  8.144(2) 855.3(5)

Dominance of squared-
diagram contributions from
yq channels

Channels with external
gluons completely
overwhelm the signal
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Fiducial cross sections at NLO YT
=

Agg : ratio of NLO correction
and corresponding O(a®)
contribution

Subprocess O(a®) [ab] O(a’) [ab] Ag’g (%] O(asa®) [ab] Agg |7%)]

Q7 — qq  47.616(2) —7.81(5) —16.4 —6.83(6) —14.3
9q/qq 1.04105(5) —0.1156(3) —11.1 4.19(1) 402.5
vy 0.8592(1) —0.1045(6) —12.1  —0.1341(4) —15.6
bb 0.7137(1) —0.0836(4) —11.7  —0.2195(5)  —30.7
vq/Yq — 0.9175(2) — —0.593(6) —
gy - - - 0.0053(7) -
84/8d - - - 5.766(3) =
total 50.230(2)  —7.20(5)  —14.3 2.17(6) 4.3
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Fiducial cross sections at NLO Y
=

y/
A at j
6 ratio of NLO correction \

and corresponding O(a®) EW

contribution

Subprocess O(a®) [ab] O(a’) [ab] Agg (%] O(asa®) [ab] Agg |7%)]

—> | q7—qq | 47616(2) | —7.81(5) | —164  —6.83(6)  —14.3
qq/qq  1.04105(5) —0.1156(3) —11.1 4.19(1) 402.5
vy 0.8592(1) —0.1045(6) —12.1  —0.1341(4) —15.6
| b 0.7137(1) —0.0836(4) —11.7  —0.2195(5)  —30.7
> | e/ ) - | 09175 2_] - —0.593(6) -
gy - - 0.0053(7) -
84/8q - - | 5.766(3) -

total 50.230(2)  —7.20(5) 2.17(6) 4.3

Large NLO EW correction of
-14.3%, due to missing cancellation
between gg and yg channels

— large EW Sudakov logarithms
induced by (\/E) ~ 750 GeV
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Fiducial cross sections at NLO Mg
=

Agg : ratio of NLO correction

and corresponding O(a®) W \QCD EW

contribution

Subprocess O(a®) [ab] O(a’) [ab] Agg (%] O(asa®) [ab] A(Z) %]

—> | q7—qq7 | 47.616(2) | —7.81(5) | —164 | —6. 83(6)-j ~14.3
99/3@  1.04105(5) —0.1156(3) —11.1 l 4.19(1) 402.5
vy 0.8592(1) —0.1045(6) —12.1  —0.1341(4) —15.6
,f b 0.7137(1) —0.0836(4) —11.7  —0.2195(5)  —30.7
> | e/ ) - | 09175 2_] - —0.593(6) -
gy - - 10.0053(7) -
g8q/8q - - ' | 3

total 50.230(2)  —7.20(5)

Large NLO EW correction of
-14.3%, due to missing cancellation
between gg and yg channels

Large cancellations among
different channels

— large EW Sudakov logarithms
induced by (\/E) ~ 750 GeV
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Differential eroge sections: Mj1 i

—— T > LO QCD background
% 100;': gﬁaﬁ)s) LLL"-L.__.-"JF'-LI .
R L I o | —— —
Elo_lg —— i \ i N 1

w | 1"'-|_| l_r"""ﬂL,_r"";' | > O(a,o°) background

75
< il
C ik

O ﬂ—"'"-IJ LLI"_"'JL 10"

{ =— LO
50 60 70 80 90 100 | T b0 QoD 4 Bw

M;,;, [GeV] ] =—— NLO EW
: { =— NLO QCD

o

Signal LO

+ It amounts to 38% at M; ; ~ My, and
14% at M; ; ~ My of the sum of the
three LO contributions

da/d]\ljljz [ab/GeV]

20 —— NLO QCD + EW/100 —— NLO EW —— NLO QCD/100 ]|
§ |-|_I-I
20
o - 1|_|"-|__r|_|__‘___|_‘_ .
—20 :
50 60 70 80 90 100
MjljZ [GeV]
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Differential eroge sections: Mj1 i

-
== NLO QCD + EW = 0(a®) + 0(a’) + @(asa6;
e NLO EW = 0(a® + O(a’)

_— NLO QCD = 0(a® + O(a,a® )

0 — , ' > 10'F Lo
50 60 70 80 90 100 —— NLO QCD + EW
M;,;, [GeV] ] —— NLO EW
= { =— NLO QCD
QCD corrections 3
. . o 100F :
- Large radiative-return effects (left sides of < 3
peaks) =]
o
* Real-radiation effects on right side of Z-peak S 101}
EW corrections
» Tiny radiative-return effects 208 _ '—— NLOQCD 4 EW/100 —— NLOEW —— NLO QCD/100 ]
S
* Largest corrections of -17% on W peak < %v
-20 I ] ] 1

50 60 70 80 90 100
MjljZ [GeV]
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Differential eross sections: A¢, ; and py. .

' — | ([ )
. i — Ntoqop + EW —— NLO QCD + EW = 0(a%) + 6(a’) + O(a,a)
_ Pt — Lo QeD —— NLO EW = 0(a®) + 6(a)
3 | 6 6
: — =0 0
EBO rn—-—._|_|:|__- | % NLO QCD (@) + O(a,a”) y
§20 . .
3 * Dominance of EW corrections where bulk of
o)
10} | the cross section resides
- Negative corrections in the tail
0 | | | | .
20 ' i ' : ! ]
X 0f ]
%_20 - I l ' l — LOI [
1 1 | 1 ] | === NLO QCD + EW [
0.0 0.5 1.0 15 2.0 2.5 3.0 1071 —— NLO EW
Mgy, frad = — Noa |
Q102 |
G
Bulk P .
~ 510—32_
* EW and QCD corrections of similar size but g
e
opposite sign TN
1\
. 107° ' : : : :
Tails _ | | | _
S| — _
- EW Sudakov logarithms generate large < _\_l_'__‘—\—._._|__::
—100 . [ . 1 . <
negative corrections 0 100 200 300 400 500 600
. . . PT,u+ [GeV] ~7
* Negative QCD corrections due to scale choice { ™ . e
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Summary

* Tri-boson production plays a crucial role in improving our understanding of the standard

model — it is worth investigating it in all its decay modes!

- We computed for the first time the NLO corrections to triple vector-boson production in
the WZjj channel:

> At the inclusive level, EW corrections amount to -14% — large compared to previous

results available in the literature:

> At the differential level, EW and QCD corrections show a non-trivial interplay for many

leptonic and hadronic observables — relevant shape effects
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Summary

* Tri-boson production plays a crucial role in improving our understanding of the standard

model — it is worth investigating it in all its decay modes!

- We computed for the first time the NLO corrections to triple vector-boson production in
the WZjj channel:

> At the inclusive level, EW corrections amount to -14% — large compared to previous

results available in the literature:

> At the differential level, EW and QCD corrections show a non-trivial interplay for many

leptonic and hadronic observables — relevant shape effects

Thank you for your attention
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Backup
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Structure of the caleulation: 6(a,a®)

NLO QCD and NLO EW corrections to fully off-shell:

pp = €W utuTjj \QCD EW
in a phase space which enhances the tri-boson signal.

Virtual contributions can not be unambiguously
attributed to one of the two corrections

EW correction to O(a,a”) QCD correction to O(a®)
or

EW correction to O(a,a’)
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Fiducial cross sections at LO

LO containing

Contributions with

5 | (A6 | 5 2 4
the signal > O?) | Olase?) O(a “ ) i two external gluons
o1 [ab] [50.230(2) 8.144(2) | 847.7(5) | 906.0(5)
Agot [%] | 5.54 0.90 03.56  100.00
Subprocess O(ab) O(asa®) O(aa?) sum
N o099 ) 4-.657(2)| —2.4189(5)  59.2(1)  105.4(1)
ﬂ Ags (%] 06.87 4.8 117.92 209.98
aLO ab] | 0.8592(1) | 10.563(2) - 11.422(2)
Ao |%) 1.71 21.03 - 22.74
obB [ab]  0.7137(1) - 0.0034516(7)  0.7171(1)
Ays [%] 1.42 - 0.01 1.43
 oPPlab]  12.3879(6) - 7.628(2)  20.016(2)
A (%] 2466 - 15.19 39.85
J

Top enhanced contributions

Daniele Lombardi

NLO corrections to tri-boson production in the WZjj channel
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<g’ Fiducial cross sections at NLO

M+
Z

" QCD /EW
et \ Real gluon
7 W . .
d i radiation
eluding cut

Subprocess O(a®) [ab] O(a’) [ab] Agg (%] O(asa®) [ab] Agg (%] constraints

—> | g7—qq | 47616(2) | —7.81(5) | —164  —6.83(6)  —143 //’3

qq/qq  1.04105(5) —0.1156(3) —11.1 4.19(1) |
vy 0.8592(1) —0.1045(6) —12.1  —0.1341(4) —15.6
bb 0.7137(1) —0.0836(4) —11.7  —0.2195(5) |[—30.7 |
> | v/ ] - 09175 2_] - —0.593(6) - N
g - = 0.0053(7) - Top-
84/84 - - - 5.766(3) - enhanced
total 50.230(2)  —7.20(5)  —14.3 2.17(6) 4.3 loop

corrections
Large NLO EW correction of
-14.3%, due to missing cancellation
between gg and yg channels

— large EW Sudakov logarithms
induced by (\/E) ~ 750 GeV
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Differential cross sections: /3

3 p— | % T T T T T 3
] m— O L
10724 e NLO QCD + EW [
= 1 — — 102 —— NLO EW |
% % = NLO QCD
2 o - |
'_c% 10—4 - ] ,.COG 10_3 -‘_I—|_H L
S — LO S [
s Jdl —a 2 ;
R 10 99 e 5 10 o
-7 - C
W Sy
100 : : : : : : : 100 : : : ]
_I - _‘_\—I—|_|_|_|_‘_
§ qq bb "
90 I~ E AB 50 ™ qq9 ——] E -
\t/om — gy
g 80 I_,_|—I
‘:‘ 1 1 1 1 1 1 1 0 1
qd 10 l ' l ' ' 150 m—qq qq — iy ) —yq — 0y — g ]
S — | |
5F :\8 0 L
\CQO’
0 0 5(|)0 10l00 15l00 20l00 25.00 30100 35'00 4000 —150 0 560 10100 15100 20|00 25|00 30100 35l00 4000
V3 [GeV] V3(GeV]
() (4)
. o do
500 L0 T 99NLO EW/QCD
EW/QCD  tot tot
016 T 09NLo EW/QCD
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Differential eross sections: Ay, . and A¢;

| | —l sum 301 = LO H
—— NLO QCD + EW
<) — 0O(a®) x 10 j —— NLO EW
100y —— 0(as0®) x 10 | 257 - ::FH;_ — NLOQCD |
= r—— 2,4 a N —
4 I_,-Il'l—___.—l'ﬂ_l_I O(oge) .90 —
z - o
<200 3 |=F il
~ J15
0 T T o 10 F 4
100
- T g 5L |
g 90 i (e I L ' '
:é = T T I T T T T
Ok 1 i 1 2 _:-‘—ﬁ; 1 :ﬁl_l— _|—I_ 1
—2.0 —-1.5 —-1.0 —-0.5 0.0 0.5 1.0 1.5 2.0 -2 —2.0 —-1.5 -1.0 —0.5 0.0 0.5 1.0 1.5 2.0
AYija Ay,

1000 T - - . .
= pum T - II\JI(L)O QCD + EW
g 750 — O(a®) x10 40 i L —— NLO EW .
c) —I:ELL — O(asa®) x 10 = A 1 L —— NLO QCD

2 500 O(2a?) {4 £ O
;s]"’ = 530 -
= _.—l"_l_‘_‘_l_‘ﬂ_‘- ‘_N' I~ -
= 250 - 3 -
< e, S S20
L e — T S
0 : . =
S
100 < 0
S 90 ) | | | |
S 10 ' — - 20 - . .
< - L—I_L‘—'_I_l—'—!—l
5 _l-'_.-‘_'_._.__'— - §' 0 = —
0 | | | = __J;b'%ﬁ%?; _

0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ay, j, [rad] Agy,j, [rad]
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Differential eross sections: p; ; and M, .

J T T T — LOI L
S —— NLO QCD + EW |
<] -
) 1 = NLO EW
1 - - —
% 0 %—L = NLO QCD
— sum _|_|—|_I - ©
E=l 1 1 ) (@) .
£ 19-2f — Ola) ——— 3
% —— O(asa®) =
’C’ —— 0(a2a?) 510—3 I
10—5 1 1 | E
T T T Fg ]
100 1074} -
- —_ [
% 90t 1 1 1 . 105 L : : :
4.8 1 T T 1 O -_‘_| T T T T ]
50F e . . L : b
2.5 o —50 F I_|_‘_I_|_ =_._.
0.0 EE— i i ﬂ_l_‘—|_

1 1 1
100 200 300 400 500 600 10 100 200 300 400 500 600

Pt [GeV] Z [GeV]
. et R = ! i 10'F 1o !
> 10! ! —— NLO QCD + EW
3 ; —— NLO EW
> sum o —— NLO QCD
=) ook O(ab) J_'-Ll i >
—— O(as0®) T 2 ol
= — 2 4 G
= - O(aza®) [ S ] ,_.--'""-'-FH
107 ~— e e 2 ——
e} g_——_—'__._,_._._._n—'"-._ g E._‘ -
] L=
100 ' ' g
l.l""a‘TL._r'_'_'—= 107,
S 1] |
<‘]9 IJFI_I 201 ' NLOQCD + EW/100 —— NLOEW —— NLO QCD/100
0 —20 |
50 60 70 80 90 100 50 60 70 80 90 100
]VIJ'1J'2 [GeV] ]Wju'z [GeV]
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Differential cross sections: p;- . and M, -

101 T T T ! T T T [
- | I \ — LO i
> —__ m ~—— NLO QCD + EW |
N I 107 — Noan |
% 10 T L_ _.I ,;‘ ] | Q g
T sym __|_I_|_|_\_|_% 8 10—2- l;—|_| .
g0} — 9 —— 4 ]
27 [ o) e |
o — O(a2a?) 10734 =
-5 1 - I 1 1 % I_
10 T T T ?
100 <
1074
S L —
'_u' 80 | i 1 10~° . .
8 T T T —1___| T T
4 0 i -
10 X
I % —50F l_l_‘__‘_‘—|_|_|_ =
0 T ? T —100 | I i e
100 200 300 400 500 600 0 100 200 300 400 500 600
Pr,pu+ [GeV] prus [GeV]
. | T 1 1 _I LO 1 -
> ——— NLO QCD + EW
&) 10-1] NLO EW 4
= — ] = NLO QCD -
) 2 s
| 2
E
3 =
3 = |
< qp-s} T Olesed) 1 = L|_|_'_"‘---._,_H
1 1 1 1 1 !-O |
T T T T ~ |
100 5 H_L‘_‘_\"-'-._H
_‘—_‘__I_._—H—'_._I—"_‘_I_'_‘_I_I_|j 10—3: !
§u 80 B : 1 1 1 L 1 :
§ T T T T T T T T T
< 0 |
10 F —._._'hl_‘__._lﬂ_l_'—l i §, ey T _‘_‘_‘_‘_‘__‘_'_‘_n_
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Differential cross sections: cos 6., and M,

T T T

— 1O
= —— sum 160 NLO QCD + EW
8, — 0(a®) x 10 —— NLO EW
. 2000 Do ot 10— NLo Qop |
s —— O(ase”) x 10 e
< —— 2.4 "®120F .
8 O(asa ) |
S 1000 §100 - .
< _i=|= 2
’ 2] - — .
S j |—'_—'_ 8 80
=}
I : | - i
0 T T T T 5 60 f
100 40r | 1
al ﬁ ’
)
é,,_: 90 1 i i i 0 T 1 | ! 1 1
S T T T T P 20 1 ] ] 1 1
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§ O ' | _|_|—'
2.5 o — 1
00E i i i i — —20 | ! | 1 |
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oS 84— coS 84—
':;' == T 10_1: : 3!
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@107 E —— NLO QCD
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2w :
3
F —4 1 1 | 45: -3 ‘
o 10 T T T E 10 i T
100 =z i
§ 80 _ I —l_l_‘_‘ﬁ_l_l—lﬁ—_l_'__ 10_4 | |
8 T T T 1 T
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