N

Theory Developments in VBS/VBF

Richard Ruiz

Institute of Nuclear Physics — Polish Academy of Science (IFJ PAN)

23 May 2023

NARODOWE g
CENTRUM I~ 5 P=SIFIC

N A U K l MARIE CUFIIg

[} = =



https://twitter.com/hashtag/lhcp2023?src=hashtag_click

Thank you for the (in-person) invitation! ©

VBS/VBF Theory Updates - #LHCP2023 2 /25


https://twitter.com/hashtag/lhcp2023?src=hashtag_click

Source material:

06.01393

High Energy Physics - Phenomenology

(1), tastrevisea v

Vector Boson Scattering Processes: Status and Prospects
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and be P EW bosons precisely p (SM) and are closely related to the
Hi h models of SM (BSM),for example tothe H andthe t producti particles. In this review,
VBS atthe Large its upgrade, presented.
Gomments: 71 image fs, ight ables, and many eferences. VBSCan@Snowmass review
Subjcts:
Reportnumber:  CP3-21-14, DESY-21-064, IFJPAN-1V-2021-8, PITT-PACG2106, VBSCAN-PUB-0421
Cteas: arK02106.01393 hep-ph]

or aXi:2106.0135¢2 [hep-ph]for this version)
itps:/doLr9/10.48550/aX 210601353 @)
Journal reference: Reviews n Physics 8 (2022) 100071
Relled Q0 hilpsiidoiorg/10.10161.revip 2022.100071 @)

e VBSCan@Snowmass review: “state-of-the-art” + (Snowmass)
projections for HL-LHC + future colliders (pp,e" e, /1 17)  [2106.01303)

o Updates: follow-up work of Snowmass activities

o Apologies: skipping lots since only talk is only 15" ®
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Motivation: measuring rare processes, e.g., vector boson scattering
(VBS), is part of the Large Hadron Collider’s long-term program

See review by Buarque (ed.), Gallinaro (ed.), RR (ed.), et al, Rev. Physics ('22) [arXiv:2106.01393]

VBS probes spin & charge configurations inaccessible with quarks/gluons

= VBS is uniquely sensitive to Standard Model and new physics!
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polarization in vector boson fusion (VBF) / scattering (VBS)
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The WE, Z, bosons are

massive, spin-1 objects Plotted: angle of outgoing /" in

pp = WHW, jj - W*( mgjj via VBS
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MadGraph5_aMC@NLO now
supports event simulation at LO
Of partiC|eS with ﬂXed helicities Buarque Franzosi, Mattelaer, RR, Shil [(JHEP'20)]
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The W, Z, bosons are First measurement of polarization

massive, spin-1 objects in W*W#* scattering CMS (PLB'20)
Process o B (fb) Theoretical prediction (fb)
WiWE 0327042 0.44 4 0.05
— 2 transverse polarizations (L,R LR 1087
- T e ((0)) WiWi 3067051 3134035
— 1 longitudinal polarization A
& P WiWg 120792 1.63 +0.18
WrWs 211709 1.94 +0.21

uncertainties sizable but will improve with time

14 TeV
—]

CMS
| Phase-2 Projection
H 3-parameter fit measurements

= WW rest-frame

----- pp rest-frame

polarizations also imprint on
kinematics of decay products!

L

L

Oy w /Oy EXPEcted uncertainty [%]

MadGraph5_aMC@NLO now T aw  ww ecl;oo
. . Luminosity [fb™]
supports event simulation at LO

of particles with fixed helicities S (CMB PASFIR21001]
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The W, Z, bosons are

. . . First measurement of polarization
massive, spin-1 objects

fractions (f\) in W*Z scattering

. . ATLAS ('22) [2211.09435
— 2 transverse polarizations (L,R) et ]

— 1 longitudinal polarization (0) «° 0'6:"‘"‘"""""""""""‘:
- ATLAS Preliminary e Data .
0.5~ - Powheg+Pythia _
L E+= 13 Tevi 13_9 fbi —— 68% Confidence Level |
L W* polarisation in W*Z X i
L 95% Confidence Level |
0.4~ ]
0.3F -
0.2 -
polarizations also imprint on 0 1: 1
kinematics of decay products! T ]
8_|H|IHHI|‘||I...lluluuluuu_

MadGraph5_aMC@NLO now -0.15 0.1 -0.05 0 005 01 0.15
supports event simulation at LO f - fa

of particles with fixed helicities
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violation of lepton number symmetries (new:)
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Weinberg operator
/\/Cf’f“ 25 TeV

~{

Fun ideas using VBS /VBF to
probe lepton number violation
and lepton flavor violation:

Observed 95% CL Limits on [V,n|?
S

3
10 £
— Wy 30+ Xor 15 + X —
Y or + .
via heavy neutrinos w/ Alva, Han [1411.7305]; 10 E.
via heavy neutrinos w/ Pascoli, et al [1812.08750] el -
- WEWE S -

via heavy neutrinos w/ Fuks, et al [2011.02547) [ "~ e

-7 il il Il Il
— W=EW=* = /=0'+ 1000 10' 10° 10° 10*

my [GeV]

via Weinberg operator w/ Fuks, et al [2012.09882]
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First high-energy constraints on d =5

CMS [PRL'22]

NEW! w/ ATLAS ('23) [EXOT-2020-06]

ATLAS t-channel
this work
£=140fb7!
ATLAS s-channel
JHEP 10 (2019) 265
£=359fb"t
ATLAS s-channel

_ JHEP 07 (2015) 162

Vs =8TeV
£=20.3fb~
ATLAS displaced
arXiv:2204.11988
£=139fb7!

CMS t-channel
arXiv:2206.08956
£=139fbt

CMS s-channel
JHEP 01 (2019) 122
£=359fb~t

CMS displaced
JHEP 07 (2021) 081
£=139fbt
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171 collisions at many-TeV?

1Surge of motivation/interest, e.g., Al Ali, et al. [2103.14043]; R&D progress as reported in the European Strategy Update
(Delzhaye, et al) [1901.06150], muoncollider.web.cern.ch; Snowmass + US activities
next several slides from w/ A. Costantini, et al [2005.10289]
R. R IFJ PAN VBS/VBF Theory Updates — #LHCP2023 11 /25
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Higgs production

cross sections (o) vs /s for
s-channel annihilation (dash) vs VBF (solid)
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Top production
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@ Do you notice a pattern?
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Many-boson production

HHH

HHHZ

o [fb]

- T Y/ /

102 L 10°
3 1 3

10 14 20 30

5 5
Vs [TeV] Vs [TeV]

@ VBEF is the dominant production vehicle for many processes
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Evidence for trend that VBF/S rates will always exceed s-ch. rates

Is this obvious? (nottomeatfirstty IS there intuition for this? (es)

w/ A. Costantini, et al [2005.10289]

TRV \GS/VBF Theory Updates - #LHCP2023 15/ 25


https://arxiv.org/abs/2005.10289
https://twitter.com/hashtag/lhcp2023?src=hashtag_click

Evidence for trend that VBF/S rates will always exceed s-ch. rates

Is this obvious? (nottomeatfirstty IS there intuition for this? (es)

w/ A. Costantini, et al [2005.10289]

Idea: crudely compare the production of X by writing generically

s—ch. (s=M3) ~ (s=M3)
(s—M\Z/)2 s2

o < assumes s > I\/I\z/

doVBF Vv’ %) (z1225-M5,) os—¢ch-
dndz ~ fv(z)fv(2) (M2 “M2)2 fv(z)fv(2) "y (s—MZ)
“uPDFs" \—“"—/

2 _ 2
MVV,—21225>>MV
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Evidence for trend that VBF/S rates will always exceed s-ch. rates
Is this obvious? (nottomeatfirstty IS there intuition for this? (es)

w/ A. Costantini, et al [2005.10289]

Idea: crudely compare the production of X by writing generically

gS=¢ch (s=M3) (s=M3)
(s-My)?

2 < assumes s >> M?2

doVBF vv' M)2<) (21225*,\/’)2() o=
dndz ~ fv(z)fv(2) (M2 “M2)2 fv(z)fv(2) "y (s—MZ)
\_,,__/

M2VV,=21225>>M‘2/

“1PDFs"

PDFs are largest when z = Ey/E,, < 1 but Ey

~ /s> My
— f\/(Z,)N— =

47 z;

Iog(M2 ) <« crude approximation

R. Ruiz

- IFJ PAN
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Evidence for trend that VBF/S rates will always exceed s-ch. rates
Is this obvious? (nottomeatfirstty IS there intuition for this? (es)

w/ A. Costantini, et al [2005.10289]

Idea: crudely compare the production of X by writing generically

gS=¢ch (s=M3) (s=M3)
(s-My)?

2 < assumes s >> M?2

doVBF vv' M)2<) (21225*,\/’)2() o=
dndz ~ fv(z)fv(2) (M2 “M2)2 fv(z)fv(2) "y (s—MZ)
\_,,__/

M2VV,=21225>>M‘2/

“1PDFs"

PDFs are largest when z = Ey/E,, < 1 but Ey

~ /s> My
— f\/(Z,) ~

Hz_

Iog(M2 ) <« crude approximation

Observation: s—ch. x [ dzidzy . ..

. O_VBF

is solvable for My > Mx!
R. Ruiz

- IFJ PAN
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Universal behavior: when production of X by VBF and annihilation are
driven by same physics, VBF dominates when /s satisfies

VBF 2

() () g2

—_ >1
gs—ch. 4 M)Q(

5 lo
MZ 82

Scaling estimate not so bad if My > M\, . Difference is about O(10%)

mass (My) [TeV] | SZ (Singlet) H,Z (2HDM) 7 (VLQ) il (MSSM) {°x° (MSSM) x*%~ (MSSM) | Scaling (Eq. 7.7)
400 GeV 2.1 TeV 2.1 TeV 11TV 29TV 32 TeV 75 TeV 1.0 (1.7) TeV
600 GeV' 25 TeV 2.5 TeV 16TV 3.8 TeV 38 TeV 8.1 TeV 1.3 (2.4) TeV
800 GeV 5 4 1.7 (3.1) TeV
2.0 TeV 3.7 (6.8) TeV
3.0 TeV 5.3 (9.8) TeV
40 TeV 6.8 (13) TeV

Table 9. For representative processes and inputs, the required muon collider energy /s [TeV]
at which the VBF production cross section surpasses the s-channel, annihilation cross section, as
shown in figure 17. Also shown are the cross over energies as estimated from the scaling relationship
in equation (7.7) assuming a mass scale Mx (2Mx).

Evidence that PDF prescription works quantitatively
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The Effective W/Z Approximation (EWA)?

a.k.a. weak boson parton distribution functions

2
Dawson('84); Kane, et al ('84); Kunszt and Soper ('88)
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Idea: one can write the following scattering formula

o(p - = F + anything) = fi/,+ ® f;,- ® G + uncertainties
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Idea: one can write the following scattering formula

® &y + uncertainties

o - F + anything) = fi/,,+ ® i/,

1
unyve, FL 06 [ 4 | a7

sum over all configurations / phase space integral

d&(Va, V4, ~F)
X X — s
dPs,
———

“hard scattering” at LO

W} /W5 /Zx /7> PDFs

— V) / matrix elements)

M\Z/ PZT v,
+ O ( M2 K ) 0 ( l\/l2 k <= (appear from expanding
wv/ wv/

perturbative power—law corrections
2
Hr
d 8 <«
+ O (Iog M@)
———

log corrections

(w¢ is only an UV regulator here at LO)

We studied the red terms w/ Antonio Costantini, Fabio Maltoni, Olivier Mattelaer [2111.02442]

R. Ruiz - IFJ PAN
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some results on V\ V!, > X in ;)i collisions®

3w/ A. Costantini, F. Maltoni, L. Mantani, O. Mattelaer [2111.02442]
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Higgs production in EVA

We then had fun looking into *many* processes

100

o (VV - X) [fb]

Vector Boson Fusion — All Polarizations

100 Transverse —Longitudinal Contribution

10-°
1078 1078
10 15 20 25 30 5 10 15 20 25 30
Vs [Tev] Vs [TeV]
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Top production in EVA

*many* processes
(L) Xxang VaaVo, — ttX (R) Voo — ttX

Vector Boson Fusion — All Polarizations Longitudinal - Longitudinal Contribution
10 10
g g
[ =
Tl Tooa
> =
> s
5 5
0.001 Ly 0.001
watt H
w (L LEQCD+EW wem EE EL gy
5 10 15 20 25 30 5 10 15 20 25 30
Vs [Tev] Vs [TeV]
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Diboson production in EVA

(4 polarization plots + 1 table) x each class of processes

o [fb]
mg5amc syntax Vs =3TeV Vs =14 TeV Vs =30 TeV
SVaLVi, 2 WS | vp vm > w w- 22102 1357 7.0-10%
VeV - WHW= | vp{T} vm{T} > w+ w-  2.0- 6.6- 102
VoVi = WHW= | vp{0} vm{T} > w+ w- 12- 4.4-10'
VoVy — WHw vp{0} vm{0} > w+ w-  4.2-107! 1.7-10°

VALV, 2 WTZ | vpvm > w2 5.3 10! tig?{f‘ 1.8-10%
VeV = W*Z | vp{T} wm{T} > w+ z 50-100 HE 1.6-10°
VoV = WHZ | vp{0} vm{T} > w+ z : 1410
VoVy = W*Z | vp{0} vm{0} > w+ 2.1-10~

SVl > ZZ | vpwm>zz 1.6-10°
ViVj— 22 | vp{T} wn{T} > z z 14-10?
VoVip = 2Z | vp{0} vm{T} > z z 1.8-10" T4
VoVy = ZZ | vp{0} vm{0} > z z 6.0-1071

SV, 29Z | vpvm>az 7.1-10" t;s_‘,:!“/f
VoV —~Z | vp{T} vm{T} > a z 6.8- 10!
VoVp —~Z | vp{0} vm{T} > a z 4.4-10° *
VoV§ =~vZ | vp{0} vm{0} > a z X 45-107%

S VAV, AW | vp vm > a wr 11101 111;3,;7” 4.0- 10 jﬂ}ﬁ/;”
rVi = AW* | vp{T} vn{T} > a w+ 1.1-10! “éi/f‘ 3.9-10 *J!’.?,f
VoVj =AW+ | vp{0} vm{T} > a wr  1.6-102 2% 73.1071 3%
VoVg =AW+ | vp{0} vm{0} > awr  15-107* 12107

SV, 2 | wwmo>aa 21100 FI2% 85107 j'ﬂ;z/
VeV =y | vp{T} vm{T} > a a 2. T 8.5.100 +152%
VoV =y | vplo} vm{T} > a a 3.4-107
VoVy — vy | vp{0} vm{0} > a a 4.7-107%
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What about impact of
DGLAP/RG evolution?

— shift in normalization

— perturbative generation of g, q. t
— PDF mixing

— Some PDF tables now public!

— look out for updates here!

10%

100 %
S
B o100k
E
107!
102 ‘ S
10°° 1072 107! 10°
x
Han, et al [2007.14300]
100 T T T T T
Q=3TeV
—— LePDF
108 -~ EVAo
WL
g
><
&
0.]001
0.010F
008kt 0005 0010 0050 0.100 0500 1

X
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Summary and Conclusion

Exploring VBS/VBF is part of LHC’s long-term program

See review by Buarque (ed.), Gallinaro (ed.), RR (ed.), et al, Rev. Physics ('22) [arXiv:2106.01393]

Helicity-polarized simulations available with MadGraph5aMC@NLO

up to LO+LL(PS) [1912.01725]; NLO is under dev.; see also Poncelet, et al [2102.13583], + others

e At high-energies, VBS /VBF eventually becomes leading
production mechanism in /"/~ collisions [200s.10289)

+ dedicated updates to support VBS/VBF at higher energies in mgbamc, e.g., [2102.00773]

Clarity on quantitative success of W/Z PDFs in /"/" pii1oxa

EWAQLO in mgbamc is now available and plans underway to merge parallel Snowmass efforts

o EW PDFs at higher orders actively being studied

Han, et al [2007.14300], Garosi, et al [2303.16964], +others
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Thank youl!
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Implementing EW boson PDFs in MadGraph5

o NEW: (Polarized) Effective Vector Boson Approx. (EVA)

» Bare (LO) PDFs for helicity-polarized W, Zy, v, from
» Automatically support PDFs for unpolarized W/Z (EWA) from

o KEPT: Improved Weizsacker-Williams approximation (iWWA)
» Unpolairzed v PDF 4+ power corrections from (Frixione, et al [hep-ph/9310350])

@ Technicalities:
> My, Mz always nonzero in PDFs and matrix elements!
» static and dyamic pur
> n-point pr variation
» Choice of pr and g as evolution variable (tnis gives extra log(1 - ¢) terms in PDFs!)
» Also enabled EVA+DIS collider configuration

@ Technical appendix rederiving W), Z, PDFs to provide standard
reference and mapping between different approaches in the literature

» Released in v3.3.0 (Major milestone for lepton colliders; see Frixione, et al [2108.10261])
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s-channel annihilation vs VBF /S

Z

z* X
gs—channel _, g
< 5

~
~

More legs == more propagators == [ dk?/(k* = M2,) ~ log(A\*/M3,)
Larger s = larger (l\/IﬁVW/I\/I ) = collinear V compensate for g
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PDFs for — Wy /Z\/ya+ ! depend on helicities ()
@ Subtle but important differences if evolving by g® of V vs

(this can account for some differences in literature!)

Fopu(z03) = f—iwlog % s
Fvoyp(zmf) = j—,i% g ﬁé :

Py (2 457) = j—i@

Ptz nd) = (z—ﬁ)z X fv_ s, (2, 13)

TR ENTA R (Z—f)z X fvy (20 17)

Py a7 13) = (f]—f)z X fvos g (% 1)
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