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Multi-gauge boson production at the LHC

Diboson Triboson Vector boson scatterings

»-

Physics case:
> sensitive to triple and quartic gauge couplings
» connection to EW symmetry breaking mechanism (EWSB)
» joint polarization

» quantum entanglement



EWSB

www.quantumdiaries.org

fwacuum expectation value”

v =2u/vV\~ 252GeV

Lh = (D"9)/ (D) + w00 — 2 (0l 0)?
> emergence of the Higgs: My = /2 ~ 125GeV
> emergence of 3 longitudinal modes: W', W™, Z at
> My = grv/2 ~ 80GeV
> Mz = /gl +giv/2~91GeV



Recent measurements

ATLAS 2402.16365 Measurement Prediction
100 < pf <200 GeV PE > 200 GeV 100 < pf <200 GeV  pZ > 200 GeV
foo 0.19 =£0:0% (stat) £5:92 (syst)  0.13 =000 (stat) £592 (syst) || foo 0.152 £ 0.006 0.234 £ 0.007
forsro 0.18 =007 (stat) 2993 (syst)  0.23 =017 (stat) £39% (syst) || for 0.120 0.002 0.062 + 0.002
frr 0.63 =002 (stat) + 0 (syst)  0.64 =013 (stat) =006 (sys0) || fro 0.109 +0.001 0.058 + 0.001
o0 obs (exp) sig. .. 3o . ) o e . +0. . =+ 0.
bs (exp) sig. 524.3) 1.6 (25) 0.619 +0.007 0.646 + 0.008

Inclusive VV:
> WZ: ATLAS 2402.16365
> ZZ: ATLAS 2310.04350
VVjj:
» Same sign WTWTjj: CMS 2009.09429, ATLAS 2503.11317

Polarization measurements: based on polarized-template fits! [more later]



Separation of polarizations for an intermediate V
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The k" k" term cancels against the Goldstone

. L. contribution.
Separation of polarizations:
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Off-shell amplitude:
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» Spin correlations between production and decay are fully retained.



Methods to define polarizations at LO
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1. Select all diagrams with n resonances: V; — II' (i = 1, n).
2. Factorize the amplitude into production and decay parts [pol selection].
On-shell approximations:
» DPA: OS mappings (6,2 = M,2) [PHANTOM, MoCaNLO, STRIPPER, BBMC, MulBos]
» Narrow-Width Approximation (NWA): [Sherpa, MadGraph]
e~ e )

[Carrivale et al 2505.09686: Comparison of those programs for polarized ZZ.]



Polarization Templates (DPA)
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» Select all diagrams with 2 resonances: Vi — hhb, Vo — k.
» Factorize the amplitude into production and decay parts.
» Perform an on-shell (OS) mapping.
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Polarization templates:

> . = =
> Q= qi — M, + iMy,y, [offshell] L= =2

> LT: A\ = -
»> DP region: ms > My, + My, LT: =2, A2 =1,3.
> TL: M\ = _
> OS mapping: [gauge invariance!] TL: A =13, e =2.
{ki,o o ka} = {ki, .o ka} > TT: A\ =1,3, \» = 1,3.
> A »,: Frame dependence » Interf:
Ounpol — Z PV

LLLT,TL,TT



Polarization separation in measurement

|pp — VWV’ — 4leptons, V = W,Z|

CMS Experiment at LHC, CER

Data recorded: Fri Sep 24 02+ 20:58 2010 CEST

3D view

Run/Event: 146511 / 504867308

04 = 07T +0TL+ 01T + 01+

double polarization signals

Tinterf

small if inc lep cuts

+

O off-shell

small d.t. OS cuts




Method of measurement

> Select double-resonance region: ms > My, + My, and/or suitable cuts
> Generate polarization templates using a SM simulator [d& /dx]
> A separate template for off-shell contribution (= oful — Ton-shell)
» Fit polarized XS: oy, o171, ...
Example: x = Agpgpr

dodata _ dOLL n doTL i déur n dérr

dx dx dx dx dx
dGintert dBoff-shell do—bkg, procs
+ dx + dx + dx

Remarks: ATLAS, CMS measurements
[CMS:2009.09429, ATLAS:2211.09435 ATLAS:2503.11317,...]

» Deep neural network classifier helps to better separate the four
polarization states ~ better fit
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Higher-order effects: fixed order [Overview]
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Fully-leptonic decays:

»> (N)NLO QCD: straightforward extension from the LO methods, because
QCD corrections affect only the production amplitude (e.g. qg — VV').
DPA (NNLOQCD STRIPPER) and NWA (nLO QCD Sherpa).
» NLO EW: succeeded for the DPA. EW corrrections in both production
and decay. Photon radiation off the OS W. [Denner, Peliiccioli, Haitz, Baglio, Dao,
DNL (2020-2023)].
Semi-leptonic decays:

> NLO QCD: Z(— £t¢~)W(— jj) using DPA. QCD corrections in both
production and decay. No gluon radiation off the W. [Denner, Pelliccioli, Haitz
(2022)].
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Higher-order effects: Parton Shower (PS)

Production:
» POWHEG-BOX: DPA, NLO QCD matched to PS.
Sherpa: NWA, nLO QCD matched and LO multi-jet merged to PS.
» MadGraph: LO matched and merged to PS.
» QED ISR: resumming the leading soft logarithms to all orders.

v

Decays (fully leptonic):
> QED FSR: resumming the leading soft logarithms to all orders.
Intermediate on-shell W:

» Resummation of QED radiation off W separately for production and
decay. [NEW for polarization. Not done.]

gg loop-induced (15%, M, overlap with qg, gg at higher orders): zz, wtw~
» fixed LO.

Notel: hadronization effects are negligible [vV', Pelliccioli, Zanderighi, 2311.05220].
Note2: unpolarized VV’, NLO QCD + EW matched to PS with Powheg-Box

[Chiesa, Oleari, Re, 2005.12146].
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Theoretical status

Fixed order calculations (fully leptonic):
» ZZ (NLO EW, NNLO QCD) [Denner, Peliiccioli, JHEP (2021)], [Carrivale et al 2505.09686]

» WZ (NLO EW, NNLO QCD) [Denner, Pelliccioli, NLO QCD, PLB (2021); DNL, Baglio,
Dao, NLO QCD-+EW, EPJC (2022)]; [Pelliccioli, Poncelet, NNLO QCD + NLO EW, 2510.25898]

> WW (NLO EW, NNLO QCD) [Denner, Pelliccioli, NLO QCD, JHEP (2020); Poncelet,
Popescu, NNLO QCD, JHEP (2021); Denner, Haitz, Pelliccioli, NLO EW, PLB (2024); Dao, DNL, NLO
QCD+EW, EPJC (2024), Dao, DNL, NLO QCD+EW, 2409.06396; b-induced]

» same-sign WTWTjj: NLO QCD-+EW [Denner, Haitz, Pelliccioli, 2409.03620]
» WZjj: NLO EW [Denner, Franken, Haitz, Lombardi, Pelliccioli, 2510.26462]
Fixed order calculations (semi leptonic):
» WZ at NLO QCD [Denner, Haitz, Pelliccioli, PRD (2023)]
» VVjj LO DPA: [Denner, Lombardi, Schwan, 2406.12301]
Parton showers:
» SHERPA (multi-boson, approx. NLO QCD) [Hoppe, Schénherr, Siegert, JHEP (2024)]
and MadGraph5_aMC@ONLO [Javurkova, et al, PLB (2024)].
> VV at NLOQCD+PS with POWHEG-BOX-RES {Peliiccioli, Zanderighi, EPJC
(2024)]

» ZZ: comparisons, NNLOQCD, NLOEW, PS {[carrivale et al 2505.09686] .



Integrated Results (W*Z): LO, NLO, NNLO

ATLAS Setup:
PT.e(u) > 20(15) GeV, M7 w >30GeV, 81GeV < M,+,- < 101 GeV

[Denner, Pelliccioli, NLO QCD (2021); DNL, Baglio, Dao, NLO EW (2022); Pelliccioli, Poncelet, NNLO QCD,
2510.25898]

state | oro [fb] oo oo |ontol%]
4.6% 5.4% 2.5%
off-sh.[10.869745% 34 6054% [37.87725% 9.5

unp. 19.457 33.957 37.13 9.3
LL [1.5326759%] 1.921728% 12.091721%| 8.8

—2.3% —1.8%
LT [2.0716735¢15.295174% 16.18174%% | 16.7
TL [1.9531755%| 5.007+7-4% |5.951+39%| 16.8
TT [13.751743%121.431+4%% 122.6771%% | 5.8

» gg, g7v: new sub-processes at NLO; gg: new sub-process at NNLO.

> Conventional scale uncertainties: 7 points € [uo/2, 2u0],
Mo = (MZ +4 Mw)/2 ~» underestimate MHOU (Missing Higher-Order Uncertainties)

» New idea: TNP (Theory Nuisance Parameters) — more conservative [Tackmann,
2411.18606], [McGowan et al 2207.04739; Lim, Poncelet, 2412.14910; Cridge et al, 2506.13874; Chang et

al, 2507.15954; Pelliccioli, Poncelet, 2510.25898] 14



(+) vs. (%)
Ref. [Pelliccioli, Poncelet, 2510.25898]

dUl(\lT\l)Lo =doo(1 + 5((31()10,ud + 6(Q2C)D,ud + 6I(51/)\/,ud)

+ dogg(1+ 09200 o)

+dogy + doge + dogy (3)
dofiLo =doto(1 + 586)0,ud + 5<()2C)D,ud)(1 + 5(El\/)v,ud)

+ dogg (1 + 5((:)1c)D,qg)

+dogy +dog +dogy (4)

state |ono (fb)| s, oo oGlLo |diff%

off-sh.| 10.860 |—4.4%| 37.87 | 37.50 |—1.0
> Integrated level: small

diff (due to small dew)

> Dif. XS: diff can be
larger in large pr region
TL | 1.9531 |-0.9%| 5.951 | 5.940 |—0.2 (EW Sudakov logs)

unp. | 19.457 |—4.4%| 37.13 | 36.77 |—1.0
LL 1.5326 |—4.5%| 2.001 | 2.064 |—1.3

LT 2.0716 |—3.5%| 6.181 | 6.134 |—0.8

TT 13.751 |—5.1%| 22.67 | 22.43 |—1.1
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EW Sudakov logs

[DNL, Baglio EPJC 82 (2022) 917]

0= e vt at NLO QCDHEW | /5 = 13 TeV | LUXqed17 | ATLASfid

— unpolarized — W, 2,
— W7

10?

do/dpy , [fb/GeV]
g = pp = (My + My) /2

10 + + +
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(a)

LL mode:

Sew ~ —0.015 [1 + log (”A;*Z>
V4

2 ( PT,Z
+ 2.8log ( Mz>}
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PS effects (WZ)

[POWHEG-BOX: Pelliccioli, Zanderighi (2023)]

PS/PS-QCD: QED effects.

pp—e vep 4 +X @ NLOPS, vE=13Tev: FID setup
dashed: KLO, salid
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Multi-jet merged effects (WZ)

[Sherpa: Hoppe, Schonherr, Siegert (2023)]
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PP —+ e vept j~ +X @LO+1j,nLO+PS, /5 =13 TeV (WZ-COM pol)
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Tools

[Carrivale et al 2505.09686]

DPA, FO —

DPA, PS —

code LL\LT\TL\TT\
77 @ NLO QCD \

MoCANLO |0.8899(3) |1.9313(5)|1.9243(2)[10.2095(9)
STRIPPER | 0.8899(1) [1.9305(1)[1.9241(1)|10.2008(7)
MuLBos 0.88997(6)[1.9305(1)|1.9240(1)|10.2106(6)
BBMC | 0.8898(1) |1.9306(2)|1.9240(2)|10.2085(7)
PowHEG-Box| 0.8918(4) |1.9366(9)|1.9291(9)| 10.215(5)
SHERPA | 0.9266(5) | 2.093(1) | 2.041(1) | 10.289(4)
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Polarization fractions

f=—"
Oun-pol
NNLOQCD-+NLOEW| ATLAS |[Pull
W:rZL 0.056 £ 0.002 0.072 £+ 0.016|—1.0
WLJFZT 0.167 4 0.008 0.119 + 0.034|+1.4
WT+ZL 0.160 + 0.008 0.153 £ 0.033|+0.2
Wi Zr 0.611 + 0.02 0.660 + 0.040|—1.2

Ref. [Pelliccioli, Poncelet, 2510.25898]; [ATLAS, 2211.09435]
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Why the LL fraction is smallest ?

Stable-Z approximation:

1
e’ = —(0,cos6,—i,—sin0),
V2
1
el = —=(0,—cos @, —i,sin0),
+ \/é( )
el = i(p Esin0,0, E cos ) ==, M, P°
L 1LY/ M
Z doy,  a Mz cos? 6 o l
( —— N\ dcosf 96 s* sin?f st )’
doir _a MZ 1
' dcos 12 s* +O(s3>’
dorT _i11+C0520 o l
B 7, dcosf  48s sin?0 s2
q ——

with a = ma?(c} + cg)/(stycy), /s € [2Mz,13 TeV]
» LL is most sensitive to the mass, but kinematically suppressed !

» Dominant contribution to o;; comes from the threshold region.
21



Polarized VBS at NLO QCD+EW (W W jj)

[Denner, Haitz, Pelliccioli (2024)]
pp—etvutujj+ X @ NLO, Vs =13.6TeV
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Summary

» Polarized VV (fully leptonic decays): good understood up to NLO EW
and NNLO QCD.

» Polarized VBS (W*WTjj, WZjj): results at NLO QCD+EW available.

» PS: MadGraph (LO), POWHEG (NLO QCD), Sherpa (nLO QCD) can
generate events.

» PS: soft QED radiation off the W resonance(s), NLO EW matched are
still missing.
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Vietnam School of Physics: Since 1994

32nd Vietnam School of Physics: Particles and Dark Matter
1. Standard Model (TBA)

2. Experimental methods and Statistics at the LHC (Tae Jeong Kim,
Hanyang University, Korea)

QCD (Bayu Hartanto, APCTP, Korea)

Dark matter (TBA) | Please share info — Students !

Beyond SM (TBA)
Tools and Monte Carlo (Leif Lonnblad, Lund, Sweden — TBC)

N o o b~ w

Machine Learning for particle physicists (Michael Spannowsky,
Durham, UK — TBQ)

ICISE, Quy Nhon, Vietnam, 13-24 Jul 2026
Web: https://indico.in2p3.fr/event/37344 /overview
Main organizer and sponsor: Rencontres du Vietnam, APCTP
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https://indico.in2p3.fr/event/37344/overview
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TNP

[Pelliccioli, Poncelet, 2510.25898]

pp—=etveu*tu~, vs=13TeV: NNLOgp/NLOgp ratios

1.5} NNPDF3.1 (NNLO, luxQED)

THP (HHLO)
TNP(NLO)

LT
=

0.10

pp=e*v,u*u~,Vs=13TeV: polarisation fractions
NNPDF3.1 (NNLO, TusxQED)

---- 7pSV(NNLO)
== 7pSV(NLO)

TNP (NNLO)
THP (NLO)
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pr.pp- [Gev]
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NLO QCD corrections

3
Vi Vo —dl 1 ViVa g Vi—lilayg Va—rlgly 7
AlGobe = 0.0 Z ALGT 2 (s, Ay A2)ALG T (b, A ALS T (R A2),
Al Ae=1
e+
q '\Vyv+vx< ’\/\/\N\_/\< 7 'v\va\_/\<
g t Ve W + W+
" e ,\,\,\/\< v fvvvx,<
3 wvx< — TN 9 0000/ q

NEW compared to LO:
» (a): Virtual corrections.
> (b): Real gluon emission.
» (c): Real quark emission.

Real QCD emission induces a global
recoil of the VV system!

QCD corrections only affect the
production part.

(b)

Calculation details:
> On-shell mapping: same as LO
(VV', vV =2l
» Catani-Seymour-Dittmaier

subtraction method
(straightforward).

» Details in [Denner, Pelliccioli, ZZ, 2107.06579].
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NLO EW corrections (I)

Vu

(b2)

i;< +§ =L

pq

Y
Wo

'\VX_\/\/\< '\/\/\/\<
?._ < T_ ———
(e1) Vi (e2)

Production (NEW compared to QCD):
» Real photon emission off an OS W.

» ~v induced contribution (LO, Virt,
Real).

Decays:
» Virtual corrections.

» Real photon emission off a charged
lepton, W.

(f1)

(c2)
'\(/f:v\<

Y

NO double counting: (bl), (1)




NLO EW corrections (1)

W W
a. W 9 . S
v
w ’V\/\/\,< , «/vv\< w
T —_— ——hAnY AaAAS—— 9 :
(c1)
L—W g_(__ Wv\;é —<—p J —4—’\/\N\</L
Vo ,
Wo W W Wo
q ~ T— — —»—'vvvv<
Vu (1) (f2)

Decays:

» On-shell mapping: VV’, V — 2]+ 4, V' — 2] [Denner, Peliiccioli, 2z, 2107.06579).

» Subtraction for W — evey [Basso, et al, 1507.04676; DNL, Baglio, Dao, WZ, 2208.09232].
Production: qg — W W™, subtraction term, CS and OS mappings.

P initial emitter, initial spectator: [Denner, Pelliccioli, ZZ, 2107.06579].

» final emitter, initial spectator: [DNL, Baglio, Dao, WZ, 2208.09232].

P final emitter, final spectator: [Denner, Haitz, Pelliccioli, WW, 2311.16031; DNL, Dao, WW,

2311.17027]
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