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VBSCan@Snowmass:
An outlook for VBS

MBI 2021 – Milano - Bicocca University

Richard Ruiz

Institute of Nuclear Physics – Polish Academy of Science (IFJ PAN)
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Thank you to organizers and fellow participants!

(hardships continue but the outlook is encouraging!)
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What exactly is Snowmass?
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“Snowmass Mountain should not be confused with the Snowmass ski area,
located outside Snowmass Village; nor ... Snowmass Peak, ... that towers
over Snowmass Lake.” [Wikpedia]

... nor be confused with the University of Minnesota
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Snowmass is an ongoing, decadal community effort to (re)assess
and (re)align physics priorities in North America

Builds on output of the European Strategy Update(s)
In practice, a global effort like the ESU!

https://snowmass21.org
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Vector boson scattering / fusion (VBS/F) relevant to several “frontiers”
Energy (← click to explore the frontier’s page)

Theory
Computation
and others!

To support effort, VBSCan + LHC EW WG on multi-bosons organized

VBSCan@Snowmass Workshop (indico.cern.ch/event/980773)

Success: 22 invited and submited talks, from Run II SM measurements
and BSM searches to projections for HL-LHC and future colliders!
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Success: completion of the VBSCan@Snowmass review and whitepaper
Editors: D. Buarque Franzosi, M. Gallinaro, RR [2106.01393]

Builds on and extends VBSCan proceedings from:
Split (2017) [1801.04203]

Thessaloniki (2018) [1906.11332]

Istanbul Midterm Meeting (2019) [2004.00726]

Lisbon (2019) [2005.09889]

Complementary to milestone VBSCan studies
e.g., Ballestrero, et al [1803.07943], and Covarelli, et al [2102.10991]
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What did we learn?
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Chapter II. VBS at the LHC

Current results on vector boson scattering ← See talks by Sun, Mecca, Duda, Yap, others

Polarization and τ lepton studies in VBS ← See talks Pelliccioli, Roloff, others

Precise theoretical predictions for VBS
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Precise theoretical predictions for VBS1

1Please forgive me: refs in this talk are cherry-picked for clarity/plot usage; they do not reflect full community effort.

Please see review for fuller, more complete (correct) referencing.
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Major advancements in computational
techniques for VBF/VBS last few years

- NLO in EW, NLO in EW+QCD, and
PS beyond LL/Nc see talks by Lindert, Plätzer, others

- “EW@NLO” in event generators
E.g., POWHEG [1611.02951], Recola+Sherpa [1704.05783],

MadGraph5_aMC@NLO [1804.10017],

W−

W−

u

u

W−

W−

d

u
up

{

d
u
u

p

{

γ/Z

10−5

10−4

10−3

MoCaNLO LO

MoCaNLO NLO EW

POWHEG NLO EW + PS

500 750 1000 1250 1500 1750 2000
mjj[GeV]

−30

−20

−10

0

dσ[fb]/dmjj[GeV]

δ[%]

Biedermann, Denner, and Pellen [1611.02951, others]

δLL︸︷︷︸
≈−12%

=
α

4π︸︷︷︸
≈(13/2.)×10−4

−4CEW
W︸ ︷︷ ︸

≈−35

log2
(

Q2

M2
W

)
︸ ︷︷ ︸

∼20ish

+ 2bEW
W︸ ︷︷ ︸

≈26

log
(

Q2

M2
W

)
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Significant progress also in computing helicity-polarized cross sections

- Diboson at NLO in EW+QCD
e.g,Baglio, et al [1910.13746], Denner & Pelliccioli [2107.06579]

- Diboson at NNLO in QCD
(see talks by Popescu and Koole!)

- Automation in MadGraph5@LO →
(see tutorial by DBF at the VBFCan training school)

W−

W−

u

u

W−

λ

W−

λ

d

u
up

{

d
u

u
p

{

300 400 500 600 700 800 900 1000
M(WW)[GeV]

1−10

1

/d
M

 [
fb

/G
eV

]
σd

unpol.
TT
T0
0T
00

300 400 500 600 700 800 900 1000
M(WW) [GeV]

1
1.5

2
2.5

B
SM

/S
M

Buarque Franzosi, Mattelaer, RR, Shil, [1912.01725]

Just add {X} to simulate, e.g., pp → W±(λ = 0)γ(λ = +)jj at O(α0
sα

4)

- bosons: X = 0,+,-,A
- fermions: X = R,L

LO decay synatx and MadSpin both work!
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Outlook on measuring polarized VBS cross sections is encouraging

(L) CMS [2009.09429] (R) ATLAS [ATL-PHYS-PUB-2017-023]

]-1Luminosity [fb
0 1000 2000 3000 4000 5000 6000 7000 8000

E
xp

ec
te

d 
S

ig
ni

fic
an

ce

0

1

2

3

4

5

6

ATLAS Simulation Preliminary
=14 TeVs

jj±
LW±

L W→pp 

with all sources of uncertainty

with only statistical uncertainties
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Chapter III. VBS prospects for the HL-LHC

Experimental projections for the HL-LHC ← See talks by half the speakers

SMEFT in VBS at the HL-LHC ← See talks by the other half

Trott, Homiller, Chaudhary, Magni, Boldrini, Ricci, Bhattacharya, Durieux, Zeppenfeld, others

Neutrino BSM with VBS signatures
Anomaly detection with machine learning ← BSM/theory perspective

Machine learning for VBS ← PID/experimental perspective

Detector and performance upgrades for the HL-LHC
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Neutrino BSM with VBS signatures2

2Not a review, just some results!

For reviews on LNV/LFV at colliders, see Cai, Li, Han, RR [1711.02180], and Pascoli, RR, Weiland [1812.08750]
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Type I Seesaws hypothesize a new scalar SM singlet νR
Depending on assumptions, mν ∼ ΛLNV or ⟨Φ⟩2/ΛLNV

For specifics, see, e.g., Pascoli, et al [1712.07611]

Sterile neutrino N and mixing |VℓN |2 accessibly with VBF/VBS

210 310 410
 [GeV]       NmHeavy Neutrino Mass 

6−10

5−10

4−10

3−10

2−10

1−10

1

2 |
 Nµ

   
  |

V

13 TeV LHC
95% CL sensitivity

±W±W

-1300 fb

-13 ab

PRL 120 (2018) 221801, -113 TeV, 35.9 fb

2|
Nµ

CMS 95% CL upper limit on |V

γ CCDY + W

(Observed)

-1   35.9 fb

(Projection)

-13 ab

JHEP 08 (2016) 033     

2|
Nµ

Indirect upper limit on |V

High-mass sensitivity at ATLAS and CMS driven by W γ and W±W±

Alva, Han, RR [1411.7305]; Pascoli, RR, Weiland [1812.08750]; Fuks, Neundorf, Peters, RR, Saimpert [2011.02547];

See backup for connections between W±W± with muon gµ − 2
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Type II Seesaws hypothesize a new scalar SU(2)L triplet ∆
Small ⟨∆⟩ generates LH Majorana masses for ν
H0,H±, H±±, ξ0 carry SU(2)L charges; accessibly in VBS/F

0 1 2 3 4 5 6 7 8 9 10
 [TeV]∆m

1
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510

]
1

L
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ty
 [
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100 TeV

14 TeV

1
50 ab

1
30 ab

1
10 ab

1
5 ab
1

3 ab

1
1 ab

σ5
σ3

σ5 σ3

 (DYNLO)

±

∆±±∆      w/  

LO)γγ (DYNLO + 


∆++∆

At LHC with L = 5 ab−1, 3σ sensitivity up to m∆ ∼ 1.5 TeV
Fuks, Nemevšek, and RR [1912.08975] + new FeynRules NLO UFO TypeIISeesaw

Note: can be improved for specialized final state / parameter space
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IV VBS at future colliders

EW parton distribution functions ← See talk by T. Han

EW parton showers ← This is super cool (no time!)

SMEFT with VBS at µ+µ− colliders
BSM with VBS at µ+µ− colliders ← See talk by T. Han

VBS at e+e− colliders ← EFT physics here, too!

production from new resonances ← 100 TeV pp collider
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(SM)EFT with VBS at future e+e− µ+µ− colliders

µ−

V
X

ℓ

µ+

ℓℓ

V ′
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The 2020 Update for the European Strategy of Particle Physics has
designated an e+e− Higgs factory as one of the highest priorities,
particularly as a staging platform to an even higher energy pp collider

Briefing book [1910.11775], 2020 “Update” [CERN-ESU-013]

W+W− → W+W−/ZZ at√
s = 1 (1.4) [3] TeV with

L = 5 (1.5) [2] ab−1 data can probe
d = 8 operators

LS,0 =
FS,0Tr

[
(DµH)†DνH

]
Tr

[
(DµH)†DνH

]
LS,1 =
FS,1Tr

[
(DµH)†DµH

]
Tr

[
(DνH)†DνH

]
solide (dashed) = (un)polarized
e+e− beams

Fleper, Kilian, Reuter, Sekulla [1607.03030]

-100

-50

0

50

100

-100 -50 0 50 100

F
S
,1

[T
eV

−
4
]

FS,0 [TeV−4]
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The 2020 Update for the European Strategy of Particle Physics has
designated an e+e− Higgs factory as one of the highest priorities,
particularly as a staging platform to an even higher energy pp collider

Briefing book [1910.11775], 2020 “Update” [CERN-ESU-013]

Modulo me ↔ mµ, physics at e+e−
and µ+µ− colliders are the same

W+W− → W+W−/ZZ/Zγ at√
s = 3 TeV with L = 6 ab−1 data

can probe (many) d = 6 operators

LϕB = CϕB
[
H†H

]
BµνBµν

LϕW = CϕB
[
H†H

]
W µν

I W I
µν

Costantini, Maltoni, Mantani, et al [2005.10289]
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The 2020 Update for the European Strategy of Particle Physics has
designated an e+e− Higgs factory as one of the highest priorities,
particularly as a staging platform to an even higher energy pp collider

Briefing book [1910.11775], 2020 “Update” [CERN-ESU-013]

Modulo me ↔ mµ, physics at e+e−
and µ+µ− colliders are the same

W+W− → W+W−/ZZ/Zγ at√
s = 14 TeV with L = 20 ab−1 data

can probe (better) d = 6 operators

LϕB = CϕB
[
H†H

]
BµνBµν

LϕW = CϕB
[
H†H

]
W µν

I W I
µν

Costantini, Maltoni, Mantani, et al [2005.10289]
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VBS at future muon colliders

µ−

V
X

ℓ

µ+

ℓℓ

V ′
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Noteworthy that W+
λ W−

λ′ parton luminosites (Φ) in µ+µ− collisions can
exceed those at a pp collider (holds for other VV ′, too!)

Φi j(τ,Q) =
∫ 1
τ

dξ
ξ fi/µ(ξ,Q)fj/µ

(
τ
ξ ,Q

)
, τ = Q2

s

0.2 0.3 0.4 0.5 0.6 0.7 0.8√
τ

10-17

10-15

10-13

10-11

10-9

10-7

10-5

10-3

10-1

Φ

pp: WTWT

pp: W0W0

pp: W0WT

µµ: WTWT

µµ: W0W0

µµ: W0WT

Costantini, RR, et al [2005.10289]
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Running the numbers for a µ+µ− scattering34

3Out-of-the-box MadGraph5_aMC@NLO, except we upgraded the box to better handle
(throw more die) phase space integration over t-channel momentum exchange

4For vector boson fusion/scattering (VBF/S) processes, we selected for VBF/VBS
diagrams in a gauge-invariant manner
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Higgs production
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cross sections (σ) vs
√

s for
s-channel annihilation (dash) vs VBF (solid)

1 3 5 10 2014 30√
s  [TeV]

10-2

10-1

100

101

102

103

104

σ
 [f

b]

H

HZ

HZZ

HWW

1 3 5 10 2014 30√
s  [TeV]

10-5

10-4

10-3

10-2

10-1

100

101

σ
 [f

b]

HH

HHZ

HHZZ

HHWW

σVBF > σs−channel since
▶ σs−channel ∼ 1/s
▶ σVBF ∼ log2(M2

VV /M2
V )/M2

VV due to forward emission of V = W /Z
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Top production
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1 3 5 10 2014 30√
s  [TeV]
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10-1

100

101
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σ
 [f

b]

tt̄

tt̄H

tt̄Z

1 3 5 10 2014 30√
s  [TeV]

10-5

10-4

10-3

10-2

10-1

100

101

σ
 [f

b]

tt̄HH

tt̄HZ

tt̄ZZ

tt̄WW

tt̄tt̄

Do you notice a pattern?
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SUSY
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(L) chargino pairs (R) stop pairs

1 3 5 10 2014 30√
s  [TeV]

10-2

10-1

100

101

102

σ
(µ

+
µ
−
→
ν µ
ν̄
µ
χ̃

+
χ̃
−

) [
fb

]

Mχ̃ ±  = 0.4 TeV
Mχ̃ ±  = 0.6 TeV
Mχ̃ ±  = 0.8 TeV

Mχ̃ ±  = 2 TeV
Mχ̃ ±  = 3 TeV
Mχ̃ ±  = 4 TeV

1 3 5 10 2014 30√
s  [TeV]

10-2

10-1

100

101

102

σ
(µ

+
µ
−
→
ν µ
ν̄
µ
t̃t̃

) [
fb

]

Mt̃ = 0.4 TeV
Mt̃ = 0.6 TeV
Mt̃ = 0.8 TeV

Mt̃ = 2 TeV
Mt̃ = 3 TeV
Mt̃ = 4 TeV

And now?
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Simple Extensions
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(L) S inglet + Z production (R) vector-like top pair production

1 3 5 10 2014 30√
s  [TeV]

10-4

10-3

10-2

10-1

100

101

102

σ
(µ

+
µ
−
→
ν µ
ν̄
µ
S
Z

) [
fb

]

MS = 0.4 TeV
MS = 0.6 TeV
MS = 0.8 TeV

MS = 2 TeV
MS = 3 TeV
MS = 4 TeV

1 3 5 10 2014 30√
s  [TeV]

10-4

10-3

10-2

10-1

100

101

102

σ
(µ

+
µ
−
→
ν µ
ν̄
µ
t′
t̄′
) [

fb
]

Mt ′  = 0.4 TeV
Mt ′  = 0.6 TeV
Mt ′  = 0.8 TeV

Mt ′  = 2 TeV
Mt ′  = 3 TeV
Mt ′  = 4 TeV

. . . a little different but a lot of the same
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Many-boson production5

5My favorite! I find these processes really neat!
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Eventually, VBF becomes the dominant production vehicle of many
types of processes
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.

When annihilation and VBS channels are driven by same physics, evidence
that dominance of VBS is universal and occurs at

√
s for

w/ A. Costantini, et al [2005.10289]

Scaling estimate not so bad if MX ≫ MV . Difference is about O(10%)

R. Ruiz - IFJ PAN VBSCan@Snowmass – MBI 2021 36 / 39

https://arxiv.org/abs/2005.10289


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Question: For large enough
√

s, a µ+µ− collider is effectively
an “EW boson collider.” When do EW bosons become partons?

µ−

V
X

ℓ

µ+

ℓℓ

V ′
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Many fascinating ways to explore this, e.g., EW parton showers and PDFs

Snowmass 21 LoI: SNOWMASS21-TF7_TF0-EF4_EF0-026

Stay tuned! Lots of effort in parallel and a coherent picture is forming!
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Thank you!
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6 sterile neutrinos and ∆aµ

6V. Cirigliano, W. Dekens, J. de Vries, K. Fuyuto, E. Mereghetti [2105.11462]
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νSMEFT is the Standard Model Effective Field Theory extended by νR

Unexpectedly, only one νSMEFT can generate the right ∆aµ

LHνe ≈ gv2

2
√

2Λ2

∑3
k=1

[
C̄Hνe

]
kℓ (Nkγ

µPR ℓR)W+
µ

(
1 + h

v
)2

+ H.c.

This generates ∆aµ of the form

∆aµ ∼ − 2mµmN
(4π)2Λ2 Re

(
VµN

[
C̄Hνe

]
Nµ

)
(see [2105.11462] for exact formula!)
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Anomalous magnetic moment of the µ at the LHC
Fermilab’s Muon g-2 expt. has
confirmed that aµ = (gµ − 2)/2
is *a bit* large [2104.03281]

Uμ4=0.01

Δaμ

h→
μμ

h→
μ
μ
(H
L-
LH
C
)

pp→μν4 +X (HL-LHC)pp→μν4+X

m4>Λ

200 400 600 800 1000

500

1000

1500

2000

2500

3000

m4 (GeV)

Λ
(G
eV

)

Interesting finding: If N are involved in ∆aµ, then expect something in

pp → Nµ± + X and H → µ+µ−

in Run III data and at the HL-LHC (see paper for details! Cirigliano, RR, de Vries, et al (2105.11462)
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