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many thanks for the invitation!
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Spin correlation and helicity polarization in multiboson processes
probe the structure of gauge theory itself, including:

@ spin and charge configurations not

@ longitudinal polarization O .
accessible in q/g scattering

(A =0) of W/Z bosons

o gauge charges of gauge bosons @ (mis)cancelations between gauge and

gauge-symmetry-breaking sectors
A
9
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theory vs data

polarization interference at high energies — Pheno 2026 4 /18



LHC s = 7TeV — 1 f — 1
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historically, compute full 02
matrix element analytically
and identify V= A structure

Collins & Soper ('77); Ellis, et al ('96); others
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Modern paradigm: use completeness to build up polarized matrix element

care needed due to loss of Lorentz invariance, unphysical dofs, etc!

_ _i(g,uu - qu‘?u/(wv_ iMVFV)
& — M+ My

— Z _ie.“(qv )‘) Ei(qa )‘)>
N A q2 — M2V+ iMIy

Ae{0,+1,5}

key step: truncate the sum over helicities “polarized propagator”

Ballestrero, Maina, & Pelliccioli [1710.09339,1907.04722]

—Ie (q7 )‘) £ (qa >‘)
Y, (q,\) = =2 v
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https://arxiv.org/abs/1710.09339
https://arxiv.org/abs/1907.04722

Different generators, different implementation but good agreement

COMETA stress test [2505.09686]

e helicity-truncated propagator + on-shell projection (DPA)

Aeppli, et al ('93,'94); Denner, et al ('00); Denner, Pelliccioli [JHEP('21)]; Pelliccioli, et al (PowHEG) [2311.16031]

o helicity-truncated propagator + full Breit-Wigner

w/ Buarque-Franzosi, et al (MadGraph) [JHEP('20)]; w/ Javurkova, et al [PLB('24)]; w/ Basu [2512.10015] (new!)

@ narrow width approx. (umpol. ratey + spin-density matrix (pol. fraction)

Hoppe, et al (Sherpa) [2310.14803]
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https://arxiv.org/abs/2505.09686
https://arxiv.org/abs/2107.06579
https://arxiv.org/abs/2311.16031
https://arxiv.org/abs/1912.01725
https://arxiv.org/abs/2401.17365
https://arxiv.org/abs/2512.10015
https://arxiv.org/abs/2310.14803

. Pol. fractions in W*Z production
Pol. fractions

. ) ATLAS [PLB('23); PRL(24)]
in WEWE scattering  cws (pLB20)

Process o B (fb) Theoretical prediction (fb) S A-,'-L‘Alsl B I,I[;altal T I-I\INIoéol T

EZTVES +042 5 _ 4 WeZ+W. mW;Z
WEWE 0327 0.44 £ 005 § 1900 s-1atev aon!  Jott MUSR
WEWE  3.061050 3.13 £ 0.35 i SR 100<p7<200 GeV 2 Tor. Uncert.
y ost-Fit
WEWE 1204038 1.63 +0.18
Wiws 211409 1.94 £ 021

| R S RS N NS R |

Sl b b b b b b Ly 1y

Data/Pred.

polarization paradigm works ¢ W z/y e

really well! M
= z/y W 2z
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https://arxiv.org/abs/2211.09435
https://arxiv.org/abs/2402.16365

LHC data is well described by sum of squared amplitudes | K

| ? = E My + E MM, <+ numerically small
Ae{+£1,0,5} AEN
diagonal pol. pol interference

why is polarization interference small? when is it large?
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pol. interference driven by helicity inversion and nonzero masses

so assume ¢, 2 — 0, then V — f7 current is conserved, q- J =0

— of V(q) only sees T/0 part of ffcurrent J*
— T-0 interference is odd-symmetric in kinematics of f, f

— T-0 interference is small after integrating over phase space!

1w/ T. Basu [2512.10015, 2605.xxxxx]
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https://arxiv.org/abs/2512.10015

how to show this?
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Step 1: treat the “polarized” propagator itself as a Feynman rule

w/ Javurkova, et al (PLB’24) [2401.17365]

—1 5/1('(1:)‘) 51*/<(]=/\> — /\/\/\/\

>~ M2 Vi(q)

BRST invariance: )\ — ) polarization should not be treated in isolation,
but on same level as \ = S polarization, Goldstones, and F.P. ghosts

't Hooft ('71), BRS('74,'75), T('75)
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https://arxiv.org/abs/2401.17365

Step 1: treat the “polarized” propagator itself as a Feynman rule

w/ Javurkova, et al (PLB’24) [2401.17365]

—1 5/1,((1:)\) ep(a,M) _ /\/\/\/\

MY V(q)

BRST invariance: )\ — ) polarization should not be treated in isolation,
but on same level as \ = S polarization, Goldstones, and F.P. ghosts

't Hooft ('71), BRS('74,'75), T('75)

Step 2: treat each “polarized” diagram as separate subamplitude

4 X increase in diagram multiplicity in Unitary gauge

W(q)
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https://arxiv.org/abs/2401.17365

Step 3: realize that polarized propagators have simple analytical forms

given momenta g = (Ey, ) with arbitrary g2, one can always build:

E’lj_ ' 67‘-;1 ' nt = (17 _E’)
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Step 3: realize that polarized propagators have simple analytical forms

given momenta g = (Ey, ) with arbitrary g2, one can always build:
E’lj_ ' al:;j_ ' nt = (17 _E’)
transverse polarizations:

Doir MEu(@N)EN (@A) = GG+ aTaT
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Step 3: realize that polarized propagators have simple analytical forms

given momenta g = (Ey, ) with arbitrary g2, one can always build:

AI_L AIJ _ A
a, 4. n,u_(L_q)
transverse polarizations:

Doir MEu(@N)EN (@A) = GG+ aTaT

|0ngitudina| pO|arization (off-shell polarization vector needed for exact cancellations).

77)\:0‘€u(q7 A= O)EV(q7 A= 0) = (H)/u/ + q;;gy
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Step 3: realize that polarized propagators have simple analytical forms

given momenta g = (Ey, ) with arbitrary g2, one can always build:
E’lj_ ' 67‘-;1 ' nt = (17 _E’)
transverse polarizations:

Doir MEu(@N)EN (@A) = GG+ aTaT

|0ngitudina| po|arization (off-shell polarization vector needed for exact cancellations).

M=0Eu(q, A =0)er(q, A =0) = O, + %

scalar polarization in R¢ gauge:

v —1 v
M=seu(@ A =S)en(gA=95) = — (qtlg t qz—(él\ﬂ?/);gl?vl\/lv)

summing recovers unpolarized propagator

— (6-1) quqv
Z/\e{o,il,S} M eu(q,A) 5(a,A) = g+ (q2_§M%/+,-ngpv)
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©,,, captures forward and backward motion

-1 0 0 0
0 & &8y 4xa:
0 x4 4 44
0 gxq E’y 9z 673

Ou =

(n ) CI) q,uqun2 nun,uq2
= —— 55 |~ MGy — Quny +
(n-q?—g?n> [ "7 Y (n-q)  (n-q)
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https://arxiv.org/abs/hep-ph/9312319
https://inspirehep.net/literature/356111
https://arxiv.org/abs/2003.03003
https://arxiv.org/abs/2507.06568

©,,, captures forward and backward motion

-1 0 0 0
0 & &8y 4xa:
0 x4 4 44
0 gxq E’y 9z 673

Ou =

(n ) CI) q,uqun2 nun,uq2
= —— 55 |~ MGy — Quny +
(n-q?—g?n> [ "7 Y (n-q)  (n-q)

n* is an unphysical book keeping device, e.g.,
n* = (1,-4), with n* = 0 (light-like)
n = (1, 0), with n? = +1 (time-like)
n* = (0, —4), with n* = —1 (space-like)

this is a covariant gauge (R, Unitary), not an axial gauge!

earlier examples in ACOT-II ('94); Beenakker, et al ('94); also Hagiwara, Mawatari, et al [2003.03003], Dittmaier [2507.06568]
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Step 4: chug & plug
v G has some restrictions

v Lo =u(p, A) v (gLPL + grPR)V(P, N)

vr

My = Ghy 1L (a,A) - T

out

v a little Z boosting, a little y rotating

unintegrated pol. interference with 0y, ¢r defined in (f?) rest frame
T RIMioMoor] = R[S K, ]

° I{R ~ —|gL|? sinBf (cosOrcos pr— isin ¢y)
o I ~ —|gr|? sinff (cosBfcos g+ isin ¢y)
o Pp ~ —|gi|? sin6r (cosOrsin ¢r+ icos ¢y)
o 14 ~ —|gg|? sinff (cosOfsin ¢r— icos ¢y)
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Step 4: chug & plug
v G has some restrictions

v Lo =u(p, A) v (gLPL + grPR)V(P, N)

B v \ ZT v a little Z boosting, a little y rotating
My = G- ny/z((fv A) - Jout

unintegrated pol. interference with 0y, ¢r defined in (f?) rest frame
T RIMioMoor] = R[S K, ]

° I{R ~ —|gL|? sinBf (cosOrcos pr— isin ¢y)

o I ~ —|gr|? sinff (cosBfcos g+ isin ¢y)

o Pp ~ —|gi|? sin6r (cosOrsin ¢r+ icos ¢y)

o 14 ~ —|gg|? sinff (cosOfsin ¢r— icos ¢y)

integrated pol. interference

° 027r dos I5,, = 0 < rotation symm about decay axis
° f_+11 dcos Oy (IIL‘R+ I’,‘;,L) ~ (lgL|* — |grl?) + fwd-bkd (a)symmetry
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summary and conclusion
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gauge qfts are weird but neat and work ®

deep dive into polarization interference for intermediate weak bosons
in high-energy scattering w/ Basu [2512.10015, 2605500004

o identified analytical structures that make evaluation and power
counting of polarized amplitues more manifest

e showed small pol. interference is tied to properties/V — A
structure of conserved currents, g- J =10

@ proposed scheme for combining polarizations, Goldstones, and F.P.
ghosts that improves robustness against gauge choice
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https://arxiv.org/abs/2512.10015

thank you for your attention!
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backup
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polarization in MadGraph5_aMC@NLO
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Polarization in MadGraph:

— diagram selection Plotted: angle of outgoing /~ in

— BW pole + truncated pro . —
pole I+ U prop pp — WHW, jj — W 7]
— restrict \/q* integral to My, £+ 10"y
Buarque-Franzosi, OM, RR, Shil (JHEP'20) [1912.01725] 90310° — ,
p——T——
80| - - Sum of polarization(OSP)

— Sum of polarization(MadSpin)
o M. Transverse(OSP)

oS 60| i Longitudinal(0sP)

o) Transverse(MadSpin)

o

Longitudinal(MadSpin)

n
oS
A AR

o

OSP
MadSpin

0000 o

(o NpoLLio N

> set group_subprocesses false
> generate p p > W+ W_{O} J J 1 -08 0.6 04 70,2cog(e)0.2 04 06 08 1
QED=4 QCD=0, w—- > e- ve

R. Ruiz (IFJ PAN) polarization interference at high energies — Pheno 2026 3/8


https://arxiv.org/abs/1912.01725

counting polarizations
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Unpolarized propagator in R gauge
v _ —i (1-8)quqv _ v
7, (q,8) = m (g;w - WJFEMVFV) = > 15 (q. A 8)

@ Unitary gauge: 4 polarizations, A = +1,0,S
o General covariant gauges (R¢): 4 4+ Goldstone
@ Axial gauges: 3 polarizations (no A = S) +Goldstone

key: roles and poles of A =0, S, G, c migrate across different gauges

't Hooft ('71), BRS('74,'75), T('75)

—1 5,11(%/\) 5i<Q>)‘> — ,\/\/\/\

Q_AJQ
Lo V\(q)
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Observation: since sum over all polarized amplitudes M is gauge
invariant, sum of non-transverse states in difference gauges are related

w/ Basu [2512.10015]

§ % Ward v
M (@A) ‘Rs o Z H/w(q7 ) ‘Unitary
A=0,5,G A=0,S

_ ' o G
q2 — /W%/—i— iM\Iy i /W%/— MLy

Idea: 2 Polarization (2P) Scheme for covariant gauges (r..unitary)
@ transverse pol. (A = T) sums over A = £1

@ long-scalar pol. (A =0") sums over A =0,S,G

minor conceptual change when interpreting LHC results
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https://arxiv.org/abs/2512.10015

ghost mechanics (for non-specialists)
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The Original Sin(s) of Gauge QFT

(] QM Spin-l states have 2 (massless and on-shell) O 3 (massive or off-shell) dof

Manifest Lorentz invariance is useful = A" carries extra dof(s)

spurious/extra divergence at q2 = 0 in propagator for intermediate vector boson with A = 0

e gauge fixing: modify (ot removey “scalar/aux.” polarization to fix A

add 9, AM terms to theory. these project/collect A = S in helicity basis

SSB: Goldstones offset gauge charges of Higgs, mixes with 9, A*

non-Abelian: Faddeev-Popov ghosts offset charges in gauge fixing

't Hooft+BRST: everything. is. a. mess. but an unphysical mess
= possible to swap 9,A*, G, c,¢ = things work. masses related

gauge fixing <> assigning roles to unphysical fields
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