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Electroweak multi-boson processes

p P p
v v v
14
v v
p 1% p v
di-boson production (VV) vector-boson scattering (VBS) tri-boson production (VVV)

Physics interest:
» strong sensitivity to EW gauge-boson self-interaction

> window to EW symmetry breaking (EWSB) via off-shell Higgs exchange at high energies,
complementary to direct analyses of Higgs bosons

Analysis framework:

> “SM Effective Theory (SMEFT)" (or other EFTs) based on SM particle content

_ Ci A(dim—6) . P Buchmiiller, Wyler '85;
Leg = Lsm + Z A2 L; , effective dim-6 operators Croadkowski et al. '10
» Specific SM extensions (extended Higgs sectors, modified EWSB, etc.)

All channels measured by ATLAS & CMS  — compatibility with SM

= BSM effects (if accessible) subtle and small — highest precision required !
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Electroweak multi-boson processes

p P p
v v v
14
v v
p 1% p v
di-boson production (VV) vector-boson scattering (VBS) tri-boson production (VVV)
This talk!

Physics interest:
» strong sensitivity to EW gauge-boson self-interaction
> window to EW symmetry breaking (EWSB) via off-shell Higgs exchange at high energies,
complementary to direct analyses of Higgs bosons
Analysis framework:
> “SM Effective Theory (SMEFT)" (or other EFTs) based on SM particle content

G (dimt o ; o
Lo = Lsm + Z /\7’2 ,CE im—6) effective dim-6 operators gfzcahdrﬂgu:h \é\iyﬁ_’ ?g

» Specific SM extensions (extended Higgs sectors, modified EWSB, etc.)
All channels measured by ATLAS & CMS  — compatibility with SM

= BSM effects (if accessible) subtle and small — highest precision required !
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Analyses of EW multi-boson processes

VBF, VBS, and Triboson Cross Section Measurements  siaus: June 2024 JEdt terence
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» good overall agreement between SM predictions and data

» significant increase in precision at HL-LHC

S.Dittmaier
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Classification of LO diagrams for pp — VV'’ + 2 jets

EW channels
W w
w
vz IMew]> < of
w w
W,
VBS channels bkg diags VVYV channels
QCD channels
& wuTy

not for WEw=

production!
Wi

EW-QCD interference  — colour-suppressed = small x asa

0o

[Mqep|? x aZa*

TTT T T T T T T

-

5

VBS analysis:

EW VBS contribution enhanced via dedicated VBS cuts (mj; 2 500 GeV, |Ay;j| 2 2.5),
all channels/diagrams included in predictions (at least in LO)
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VBS at NLO

Schematic view of perturbative orders at LO and NLO

MEQ, MERT + c.c. MER L, MERT,
O(asa®) O(a2a?)
EW EW
QCD QCD
O(asa®) O(aad) O(a3at)
mixed EW-QCD QCD

= Tower of mixed EW-QCD corrections at NLO
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Survey of NLO contributions of QCD type

QCD corrections to EW channels

X MEX o« aso

— QCD corrections only ~ 5% (little colour exchange between protons)

QCD corrections to QCD channels

& oop =
E - XMIQ%B 0((12(14
; £ €

g

> no relation to EW VBS subprocess, just QCD VV + 2jet production

> contribution damped by VBS cuts, but still quite large
(WEW= is exception with ~ 10%, since gg channel missing)

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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NLO corrections of EW and mixed QCD-EW types
Mixed QCD-EW contributions o a2a®

g

vh_( vﬁ(
N7 W s S~/Z/W X MIQ%E

W, W,

Mixed QCD-EW contributions o asa®

mixed contributions not VBS enhanced,
colour/kinematically suppressed

— very small

w

w Sudakov-enhanced VBS corrections,
vzrw X MER ~ —15% (larger in distributions)
w W, — experimentally relevant!

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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NLO calculations for VBS processes:
> genuine QCD corrections available since more than 10 years (several groups)

» NLO predictions for full NLO tower very challenging, but available
VViVVi: Biedermann et al. 1611.02951, 1708.00268; S.D. et al. 2308.16716;
WZ: Denner et al. 1904.00882; 77: Denner et al. 2009.00411,2107.10688;
WEWT: Denner et al. 2202.10844

» Main challenges:
> algebraic complexity (many partonic channels, ~ some 10° diagrams)
< amplitudes from OPENLOOPS2 c,qio)j et al. 11115206 Buccioni et al. 1907.13071
or RECOLA Actis et al. 1605.01090; Denner et al. 1711.07388
> multi-leg tensor one-loop integrals (8-point functions)

< numerically stable evaluation with COLLIER library .. .. 5D Hofer 1604.06702
or improved OPENLOOPS2 reduction

u d u d u d
Ve ' Ve o Ve

Ziy z VY 2y H: Yu gé Z Yu
+ o + 3 +

- N I

u d u d u d

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026

12



NLO corrections and scale uncertainty of integrated cross sections:

WHW scattering with ATLAS cuts: S.D. et al. 2308.16716

order | o[fb] 0[%]  Scale uncertainty
LO  0O(afdd) 1.24597(5) -7.7%  9.9%
O(adad) 0.051133(3) —14.0% 17.7%
O(a*a?) 0.18649(2) —-222% 31.6%
sum 1.48359(5) -9.8% 12.1%
NLO O(a’al) | —0.1747(5) —11.8%
O(abal) | —0.0902(8) —6.1%
O(a®a?) | —0.00017(19) 0.0%
O(a*ad) | —0.0033(7) —0.2%
sum | —0.268(1) —18.1%
LO-+NLO sum 1.215(1) —4.0% 1.5%

EW O(a") contribution is largest NLO correction  (soft/collinear W /Z exchange)
— 0,7 = —12% for integrated cross section within VBS cuts

Good description of dominant correction by leading EW high-energy logarithms:

N ~ ple 2 Q> 19 @? ~ ~
b~ 2 () 22 (3% ). @~ (Mag) ~ 400 GeV

Biedermann et al. '16,'17
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VBS approximation (VBSA)

VBSA = combination of two types of approximation:

» ‘“double-pole approximation” (DPA)
— leading term of resonance expansion for produced W bosons in virtual corrections

< factorizable non-factorizable corrections (real corrections without DPA)

>i%i j E é see, e.g.: Denner, S.D, 1912.06823

» selection of relevant partonic channels

» only partonic channels

Vv
featuring VV — VV: 3
V,
-
» no identical-particle e [ 3w
interferences: & il )
L ——n

< only uc -+ W W+ds loop amplitudes + crossed variants
+ corresponding /g emission graphs (4all gg/qgy channels)

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Full and approximated NLO corrections to WT W + 2j channel

Invariant-mass and transverse-momentum distributions: S.D. et al. 2308.16716
pp — e ve ptw, §j + X (@13 TeV)

1073 pp = et ve pty, jj + X (@13 TeV)
— LO 102 — LO
=== NLO n === NLO
=
T 10-3
3 10
=
% 107
s
S
= 10°°
5
- 0(a") - O(asa®) - O(ala®) O(atat)
500 1000 1500 2000 200 400 600
M;,[GeV] Prer[GeV]

Most important corrections:
O(a’) = EW correction VBS ~ 10—15%

O(asa®) =~ QCD correction VBS ~ 5%

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Full and approximated NLO corrections to WHW 4+ 2j channel

Invariant-mass and transverse-momentum distributions: S.D. et al. 2308.16716
%1073 pp — etve ptwy, jj + X (@13 TeV) pp = etue ptyy,j + X (@13 TeV)
=10 10-2 =10
=== NLO T == NLO
=
> 3
5 10
=S
5 1071
&
S
o
5
0.2 106
W] 0fa) - Ofaa) - Ofa2a?) - Oala?) 10 - Ofa2e?) - O(afal)

500 1000 1500 2000 200 400 600

]M.]L]Q[GCV] DT et [GCV]
Quality of the VBSA:  Avpsa < 1.5% (Note: quality of the DPA alone: Appa < 0.5%)
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Table of contents

NLO predictions for VVV processes

S.Dittmaier

Precision for electroweak multi-boson processes

Moriond EW, La Thuile, March 2026

17



NLO predictions for VVV processes

Graphs for leptonic final states

VVV production at LO

+ graphs for semileptonic final states

d ut U —— d u d
b u
wr v 3 W ve = W e
w 7 €, o a e
wt ot B a " X "
u v, d— a d ut
VVV production at NLO
d 2
1 ut ut Wt Ve
u —»—-vvvwv<
W Vi Wt Wt Vi d - et
i ve w 7 d
u u
wWo W e e i
W+ o+ W+ . u 8 Vi
a —<—-vvvwv<
u Vr u vr W wt
d g
d ut ut d
W+ Y W+ Vp +
e
W- Ve W Ve Ve
e~ e~ D“_
Wt o+ wt o+ "
u vr u vr u
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NLO predictions for off-shell VVV production:
leptonic final states semileptonic final states

WWW: Campanario et al. 0809.0790 (only QCD); WWW: Denner et al. 2406.11516
Schénherr 1806.00307;
S.D. et al. 1912.04117

WWW in triple-pole approximation (TPA):
S.D. et al. 1912.04117
w
W
W

WZ~: Cheng, Wackeroth 2112.12052 WWZ/WZZ: Denner et al. 2407.21558

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026 19



NLO corrections to WWW production with leptonic W decays
S.D. et al. 1912.04117

W-W W' pp—e Depuvutvr + X

Vs[TeV]  ovolfb] oncolfb] — dgV[%] a5V [%]
13 0.104990(19)  0.2626(10) —7.7(4) 7.22 38.02(4)
14 0.20982(2) 0.2872(12) —7.8(4) 7.78 40.04(4)

WIW W pp = efvep vur or + X

Vs[TeV]  oLo[fb] onvolfb]  0EWV[%]  SEWV[%]
13 0.118411(12) 0.1597(6) —7.0(3) 7.26 37.17(4)
14 0.120086(13)  0.1779(7) —7.2(4) 7.73 39.15(4)

A5Ee ~ 1-2%, ASFHS ~2-3%

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026




Purely leptonic final states in VVV production

NLO prediction for pp — e Dep v, 7 s + X

1072

1073

1074

[fb GeV 1]

do

dp -

5 (%]

S.D. et al. 1912.04117

T T T
pp = e vepty, T + X
| Vs =13TeV
E <— sizable y-induced contribs.
E <« large QCD corrections
:: < large EW corrections
(Sudakov logs)
0 100 200 300
pr,e- [GeV]

» rather typical pattern of NLO corrections

> cancellations between EW corrs. in gg channels against v-induced contributions (accidental!)

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Semileptonic final states in VVV production

VBS versus VVV in etvepu®r,jj production

< One final state — two different event selections:

cuts:

LO contribs.:

EW,gg... corrs.

EWy—induced
QCD corrs.

Ascale:

VBS Biedermann et al. 1708.00268
S.D. et al. 2308.16716

VVV Denner et al. 2406.11516

ij > 500 GeV, ijj > 2 ij < 160 GeV, ijj <15
Mpp > 20GeV, ... 40GeV < My < 400 GeV, ...
Awww ~ 53% Agw
Awn  ~41%Apw
Aqcep ~13% Aqep  ~ 25%
~ —16% AE\’V + ... ~ —7% AE\,\,' —+ ...
~ +3%Agw ~ +3% Agpw
~ —7% Agw ~ +39% Apw
—2%Aqcp + - - +87%Aqcp + - -
LO ~ 10%, NLO ~ 4% LO ~ 5%, NLO ~ 6%
S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026 22



VVV setup for eTveputv,,jj production
Different NLO contributions:

pp = e vep v

Denner et al. 2406.11516

do/dpry+ [fb/GeV]

- LOEW
- LOQCD
- LOINT
- LO
—— NLO

Onro[%]

-15 — 7
— 2

o 50 100 150 200

250

300 350 400

pru [GeV]

<— very sizable QCD corrections

<— very large EW corrections (Sudakov logs)
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Conclusions
Higher-order predictions for VV, VBS, VVV processes:

» State-of-the-art:
VV: NNLO QCD @ NLO EW @ resummations
VBS,VVV: full tower of NLO QCD/EW corrections (this talk)

» Radiative corrections:
» known for off-shell and on-shell processes

> EW: ~ 15% for integrated EW VBS cross section
~ 10%—30% in TeV range for VBS & VVV

> QCD: ~ 40% for integrated EW VVV cross section
Some recommendations from theorist's perspective:
> use state-of-the-art calculations (at NLO QCD+EW or better)
» perform sanity checks — compare different calculations (multi-purpose + dedicated MCs!)
> do not presubtract/unfold final-state radiation (not properly defined, ruins data for later reanalysis)
>

if approximations are used, check validity care fully
(pole expansions vs. off-shell calculations, VBS approximations, etc.)

» ... communicate with theorists (+ acknowledge relevant theory publications)

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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VBS kinematics and VBS cuts
Example: pp(WTWT — WHW+) — pFy,eTve + 2jets + X at the LHC
EW VBS versus QCD contributions: VBSCAN (Ballestrero et al. 1803.07943)
EW VBS contribution: QCD contribution:

o (fb) per bin (m, Ay |): aZa’

o (fb) per bin (m , A |): a°

0.01

0.008
0.006
0.004

0.002

POO 200 300 400 500 600 700 800
m; (GeV)

PDO 200 300 400 500 600 700 800 ©
my (GeV)

Typical VBS cuts:  mj; > 500GeV, |Ayjj| > 2.5 — hard forward/backward jets
< Strong suppression ( < 10%) of QCD (and WWW contributions) for WEW= VBS!

(Note: much weaker suppression for other VBS channels)

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Effective vector-boson approximation (EVA) at LO

Basic idea: exploit collinear enhancement of W radiation off (anti)quarks

» factorization of VBS-like amplitudes Kane, Repko '84; Chanowitz, Gaillard '84; Dawson '85; Lindfors '85;

Kuss, Spiesberger '95; ...

an @ a @

. +
W wr ot wWte wt W WA

enhanced Voo _ @ ¢

t-channel v - p

propagators\ " vy
w wt

+ + + +
ot tw @ W wte w '\/V\'<H+
% @ a2 @

nearly collinear WW scattering W decays
W radiation

» neglect of all diagrams without double t-channel enhancement
— Reproduction of contributions enhanced by large In(E/Myy)
Issues:
> on-shell (OS) projection of qq — 2q4¢ phase space to WW — WW phase space required

» gauge-invariance requirements for VBS subamplitude Mww —ww

W W
» Coulomb pole in Mww_ww t:::g\}i:
W W

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Details of our EVA evaluation at LO:  (see arXiv:2308.16716)
» Different variants for initial- and final-state W bosons
< check influence/importance of different choices

» OS projections — preserve location of Coulomb pole!
» incoming W bosons in Mww_ww  — transversality crucial
» off-shell polarization vectors for incoming W bosons
— always a compromise, never perfect
> outgoing W bosons (transversality, OS projection)
— minor influence

» Different phase-space regions:

» LHC VBS cuts: PT.jet1 > 65GeV, ...
< Problem: no collinear jet emission,
instead contamination by large pr jet!

> “inverted pr jet cuts’: prjer < 150(100) GeV
— only region of collinear jet emission!

— EVA has to be “good” in this region — consistency check v

» Numerical comparisons to full 2 — 6 LO predictions
and to results from older EVA variant of Kuss/Spiesberger (KS) '95

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Approximative quality of the EVA in a nutshell g p  p Majerhsfer, C.Schwan, R.Winterhalder 2308.16716

b = e vt i + X (@13 TeV, Setup 111)

x10~4 PP = e v pty, jj + X (@13 TeV, Setup 111)

- LO

40 —— EVAKS T)

O 30 =S

= =.10

=, T
g :

<20 )

= 2 ol o ——EVA2

T T —Evaks =—Ewas
- ~ ==EVAl ==EVA4

00
£2100
Z 50 s
o T
< p= .
500 750 1000 1250 1500 1750 2000 200 100 600 800
Mooy [GeV]

My [GeV]

EVA1/3 — best choices of EVA variants
. . Tjer <100 GeV
> Integrated cross section: ~ ALEC cuts ~100%, A%]\,‘j\‘ Y~ 5%

» Differential distributions:  no reasonable approximation for LHC cuts!
For inverted pr jet cuts (where cross section is maximal):
> jet observables: Agva ~ 10—-20%

» |eptonic observables: Agya ~ 50—100%
Earlier results with better approximative behaviour were typically for eTe ™ collisions and/or idealized cuts on W bosons.

Agva =dogva/oLo — 1,

Note:

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026




NLO predictions for WTW™ scattering

NLO predictions for integrated cross sections:

Comparison between two independent NLO predictions for WHW scattering:

order o[ fb] o[ fb]
Biedermann et al.  S.D. et al.
1708.00268 2308.16716
LO O(a) 1.4178(2) 1.41773(5)
O(adas) 0.04815(2) 0.048138(3)
O(a*a? 0.17229(5) 0.17233(2)
NLO  O(a’) —0.1732(3) —0.1728(6)
O(abas) | —0.0568(5) —0.0560(8)
O(a5a?) | =0:00032(13) 0.0047(2)
O(a*al) | —0.0063(4) A —0.0073(2)

issue resolved
(RECOLA bug fixed by authors)

Agreement at the level of 1—2¢

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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Transverse-momentum distributions:
S.D. et al., 2308.16716

pp = et vepty,jj + X (@13 TeV) pp = € Ve, jj + X (@13 TeV)

— LO 102 — LO

T'— == NLO ﬁ_‘ == NLO
L 5

) ¢ 10~

2" g

s 10t

£ £

= g

S -4 S 10

< 10 =

200 . 0(a") - O(aa®) - O(ala®) O(adat)

200 100 600
prji[GeV] pr.e+[GeV]

200 400 600
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Rapidity distributions:

S.D. et al., 2308.167

16

1071 pp = etve ptr, i + X (@13 TeV) x10~1 pp = ¢ Ve, jj+ X (@13 TeV)
3.0 — LO
4.0 == NLO
=) =
=20 =
S =%
< =l
5 D
= 1.0 <90
— LO
== NLO
1.0
- O(asa®) === O(ala®) O(alat)

- 0(a") - O(aa®) - O(ala®)

O(alat)

33
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LO contributions and NLO corrections to WZ + 2j channel
Denner et al. 1904.00882

do/dpr,.-[fb GeV~!] do/dAd;,;, [fD)

74 — Lo o2of — O
10 —— NLO QCD —— NLO QCD
—— NLO EW —— NLO EW
10- NLO QCD+EW 0-15 NLO QCD+EW
- 0.10
i
- 0.05
0% 0%
202 o

100 200 300 400 500 600 700 800 0.0 0.5 1.0
Py [GeV]

» LO contributions after VBS cuts:

A ~ 20%, A, o5 ~ 0.5%, Ag2qe ~ 80%
» Corrections to the EW channel (relative to Ué’é)):

6.7 = —16%, 0, 06 = —2%

e [eeyet

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026
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NLO corrections to WWW production with leptonic W decays g p ot a1 1912.04117

W-WTW*: pp—e beputvu,mrv, + X

VATVl owolfb]l  owtolbl  55V%] 55N

13 0.104990(10)  0.2626(10) —7.7(4) 7.22 38.02(4)

14 0.20082(2) = 0.2872(12) -—7.8(4) 7.78 40.04(4)
WHW=W~: pp—etvep 0yt or + X

V's[TeV]  opolfb] onvolfb] 6V [%] 65V [%]

13 0.118411(12) 0.1597(6) —7.0(3) 7.26 37.17(4)

14 0.129986(13) 0.1779(7) —7.2(4) 7.73 30.15(4)

Afcale ~ 1-2%,

Comparison of different NLO calculations:

ALHE ~ 2-3%

(W™ WTWT channels)

oLolfb]
Campanario et al. 0809.0790 | 0.2256(2) 0.3589(4)
S.D. et al. 1912.04117 0.22548(5)  0.35944(14)
arolfb] Ggq" %] 820o [%]
Schénherr 1806.00307 | 0.0955 =46 2.4
S.D. et al. 1012.04117 | 0.095480(11) A —8.5(4)  2.3906(11)

issue resolved (SHERPA bug fixed by author)

— good agreement

Physikalisches Institut

S.Dittmaier
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TPA for pp — 9717(\/1+1//1T71/7 + X at NLO SD. et al. 1012.04117

1072 —— ‘ ‘ ——gy
? e
NL
I (U NLO()ruu E
= - 1
g § P3¢
10 L
=) T,
4 ——\"r\"'l., D
o| B8 fla S PT,ve
< LE pr,y,
10-6 L pp— e vepty . + X beam axis
V5= 13TeV
400 e
<300
5 200
100
0
— 10
53
g b ; -t' at
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VVV setup for eTveptv,,jj production

NLO corrections and scale uncertainties: Denner et al. 2406.11516

PP — e vep v PP — e vep T vjj
= 0 L e e — 08 =
5 FOTT ARRNRRRSE = ]
2 [ 1 - 7 =
£ E 5 E
+ 3 = 06 -
= F ] < B
= r 7 <] |
(Y L 1 0.5 =
T ] 3 E
510 E 0.4 -
r ] 03 E
104 E 0.2 é
F E 0.1 é
R N N R e N N A A s ]
60 = =
50 E
— 40 = — —
£ 30 E| 5 =
e 3 9 3
z 20 = zZ E
“ 10 = B 3
o I =
-10 — o =|
N R S BN BT B BT B N T E
50 100 150 200 250 300 350 400 o 1 5
prpe [GeV] 8y -]

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026



VVV setup for eTveputv,,jj production
Different NLO contributions: Denner et al. 2406.11516
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Brief dictionary of approximations for multi-boson processes:
| 2

Narrow-Width Approximations (NWA)
unstable particles = on-shell, o; ,x_r = 0jx X BRx_r,
< no resonance description, improvements by spin correlations possible

Leading-Pole Approximations (PA, DPA, TPA)
leading terms of expansion about resonances
— good description of resonance region, no description of far off-shell tails

Vector-Boson Scattering Approximation (VBSA)
neglect of VVV channels and of t/u interferences in VBS processes
— good description of some VBS observables possible, but should be carefully validated

Effective Vector-boson Approximation (EVA)
Weizsacker-Williams-like (logarithmic) approximation, W/Z like partons in p/p
— only qualitative predictions at the LHC

Approximation by Goldstone-boson Equivalence Theorem (ET)
Longitudinal vector bosons replaced by Goldstone bosons in high-energy limit
< at best qualitative predictions at the LHC
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