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VBS and anomalous quartic gauge couplings (aQGC) ﬂ(IT

VBS provides rich source of information
on dynamics of electroweak gauge bosons
and EW symmetry breaking

Signature is VVjj final state with well
separated tagging jets: simulate with VBFNLO

-

Contributions from

el « EW radiation
» Higgs exchange
W+

w- W- wr w- . .

« Triple gauge couplings

Zy « Quartic gauge couplings
- onb Use EFT to describe them
W= wt
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EFT operators for VBS =LA
f() g £.(6) 6 AG) o
Corr =33 1000 = 3 00+ 3 g0+

o o
- Vj\V;WTr(W“VWPWP”)qL...

fT A 7, ~ ~ o ~

BT (W W) Tr(W BWQ,B) 4o
1y

+ AjTr[W Wi | x |(Ds®) DO + .
fs y

-2 {(Dﬂd:’)’foycb} X [(D%)TD cb] b

Extensively used tool for describing BSM effects in vector boson scattering....
Problem: unitarity violation within LHC energy range
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Example: dim-8 effects with/out unitarization

qq — W7 Zj — IT 7T wj,
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1073 ¢ .

dU/me?VV [fb/GeV] (LO)

SM
EFT
UNI

107 :
500 1000

EFT for SO operator (simulated with VBFNLO)

1500
mT, vV [GGV]

2000

2500

Tu-model unitarization applied to WZ->WZ matrix elements (see arXiv 1807.02707 for details)
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Questions to ask ... and path to answers .\\J(IT
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How realistic is EFT description (with or without unitarization) as a function of
energy (m,,,)? What is the validity range of the EFT?

Are there relations between Wilson coefficients?

What experimental strategy is most promising to discover BSM effects in VBS?
(as opposed to merely setting limits)

Can VBS be first place to see BSM physics?

Study EFT as approximation to a UV complete model
At our disposal: gauge theory with extra scalars, fermions, gauge fields

Consider transverse operators as simplest case: dimension 6 and 8 operators
which contain SU(2) field strength, no Higgs couplings

Field strength tensor naturally (and only) generated at loop level:
Need loops of extra fields with SU(2) charges (U(1), neglected for simplicity)

UV complete model should be perturbatively treatable

—> predictions beyond validity range of EFT with small set of parameters:
mass and isospin of extra multiplets
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The model(s) '\\J(IT
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Nk SU(2) multiplets of isospin J; of scalars (R=S) or Dirac fermions (R=F)
with their SU(2) gauge interactions (no hypercharge couplings)

£ oy = Mg - Ly (v, ) 1 T (S e ) (14 )
=3 (OuH)" = HHE = 5Te (W) + S (oW ty

1=

+ VU (i, D" — Mp) U + (D'®)(D,®) — Ms*®Td.

Yukawa couplings of fermions to Higgs doublet absent if no fermion
multiplets with Jc- +%% are present

Yields natural dark matter models for Jp = 2

Very small splitting induced by SU(2)xU(1) breaking in SM (order 160
MeV to few GeV) = Pair production at LHC hard to detect due to tiny
phase space for B-decay within SU(2) multiplet

Refinements like extra (confining) gauge interactions, several multiplets,
hypercharge contributions, Higgs couplings keep our results as LO
approximation —> very generic class of models
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Matching of 1-loop results to EFT operators with field strength tensors Kerisuber sttt i Technoloe
;Hf Massive BSM matter fields in isospin Jg multiplets induce EFT operators like
- Owww = Tr (WEW* W ) |
WWW’: A ( g ‘) ~ TR:%[JR(JR+1)(2JR+1H

&y O = T (1D W17, W,

and also anomalous quartic gauge couplings (aQGC), like

jﬁ O, = Tr (WHW,, ) Tr (WW,5)

O, = (W“’/Waﬁ) Tr (W“ﬁm,,)
A
- - CZ,R TR
RH Or, = Tr (W””Wm) T (Waﬁwﬁu)
Oy, — Tr (WWW""@) Tr (VT/MWBM)

» Loop suppressed, but (Jg)® enhanced for trilinear couplings, (Jg)° for aQGC
« Find Wilson coefficients, e.qg.

fn ety 13TF Ts fll —28Chp +13) T (14C3 5 —5) Ts
Z " 360m2 M2 23:”*”“360#1\{3 Z e 1008072 ‘114 Z "8 40320m2 M2
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Unitarity considerations limit size of isospin representations e\ ‘(IT

m Argand diagram for
dominant VV->VV

My = 600 GeV, varying isospin

I Argand Hiagram dé)minant eigenvalue B

partial wave amplitude: 3 =~ | \
At large J,, model Cl jay
becomes non- a s
perturbative : =5
A yp=a
‘ a’?TFZS
Re a’
: Dominant partielel w_axilc eigcr}valuc a“:‘
;g F _.. , varying mass
g 1
m Energy dependence of o
dominant partial wave
amplitude
VB GeV]
Consider J. <4 and Jg <
8 UV complete models for VBS, LoopFest XX

Value

Im a?
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Mg = 600 GeV, varying isospin

ol Argand diagram dominant eigenvalue -|

sl /\
0 AN
0
Qyo—8
a®
-5} ‘IS:7 -
al
Js=6
Jg=5
10 -5 0 5
Real

Dommant partlal wavc c1gcnvalue a’
; 5 ‘= 6, varying mass

--------

6 as range of perturbative domain
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Constraints from experiment:

Bounds on (Jp, Mp) with cut at

> 2000 unitarity limit for aQGCs,”’
Q fn _ ’
IR gt — 11 7Tev
~, ' = —0.69 Tev—+
1500 [~ y“% =3.1TeV—

M

..... Arp = 26.0 TeV
A=6.6-10""

1000 [~

500 -

Deviation in Drell-Yan
Cross section, normalized
to SM expectation

(1- and 2-0 error bands
adapted from

CMS: arXiv:2103.02708 )
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g — 0.97 Tev—4
g‘lﬁ =3.1TeV—*

Apr = 26.0 TeV

A=-65-10"°

Bounds on (Jg, Mg) with cut at
i unitarity limit for aQGCs

My = 600 GeV

dognr
dmgg

/

dog
dmygy
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MMyy [Ge\/]
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limits on individual
Wilson coefficients:

NO serious competition
to VBS from aTGC
Measurements in

VV production

(Assume wide

EFT validity range)

1.6

1.4}

-
o
T

-
=)

0.8F

06}

Mg = 600 GeV

2000 2500 3000

myy [GeV]
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Parameter choices: I

a Use fermion model with J- = 4 and M- = 600 GeV
or scalar model with J< = 6 and M¢ = 600 GeV
for illustration from here on

m Parameter choices are optimistic for sake of sizable VBS
signals

= < 3 better accomodates Drell-Yan constraints

O JS 5 better fits in the perturbative domain (as estimated
from unitarity)

a Qualitative results, below, do not depend on this

10 UV complete models for VBS, LoopFest XX Dieter Zeppenfeld
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full model vs. EFT = EFT validity range:

1.10 L L L I L B L T T 1-4"'1"'I"‘I"'l"I"'l'
2 [ Wiw+ o wiw+ ] Lpp — WEWE55 — lWwl'vyj
N [ Js=6,Ms=600GeV > e 7 K
o | ] n apblele, u}
+ o5t ] o [Js = 6, Ms = 600 GeV
o - o
< [ SM
= 1.2fF

S , ©® [ —Full Model

.................................. - N
@ 100 === — = [ EFT
E o~ o 11F Ip,Th,15,13
—~ E [
®) I = [
S o095t -~ : O 1.0f
g SM T S |
.S | —— Full Model w |
+7 HRRRLILIIEES EFT ] E’ 0.9} =t
8 090 To, 17, 13, T3 Oy Q [
N [ - --EFT dimension 6 | > .

"""" i 0.8}
A T, K ot
O 085 N BT PR S S T S S S Y [ oIS S S S S S S S S S S S SRS S S R b
5 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 1600

Vs [GeV] m(WEW=) [GeV]

« EFT is valid only well below threshold at 2M;=1200 GeV (as expected)
« Deviations from SM barely reach 10% within EFT validity range, even for J;= 6
« Because of J;° vs Ji2 growth, dim-8 terms are much more important than dim-6
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Comparison for LHC: full model — EFT — unitarized EFT ‘(IT

103 LI B IR B B B B R SR BN S R B L R R B B R 103E' T
;g , Epp — WEWEj55 — Wwil'vjj, 1,I'e{e, p}j :_g JF pp — W:tWi jj — Eul’u_}j, I I E{e, ,u}
\10 E . JF=4,MF=6[}OG6V_ \10 E Js = 6, MS—GOOGBV-_!
I I f
S ol | € =
100  Hmy e 10
S LS E
1071 . 1071 1
102 i 102 3
103 SM ] 03— SM -,
—Full Model —Full Model
104L EFT 1040 " EFT
""" EFT unit. =" ""EFT unit
10-5 To, T1,T2,T3 10-5 To, 11,12, T3
10—6 MEPEEFEEE B B S B S BT T S i 10_6 M P T SRR B P B
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
m(WEWE) [GeV m(WEW) [GeV]

« Bad news: Violent disagreement between full model and EFT approximation
« Good news: Sizable effects are possible at modest invariant mass

« Disclaimer: VBFNLO implementation is so far approximate, based on on-shell VV-> VV amplitudes
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Conclusions ﬂ(“.
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There are many UV-complete models which generate EFT operators with
field strength tensors at low energy

They require existence of extra SU(2) scalar or fermion multiplets which
generate these EFT operators via 1-loop contributions

Sizable effects in VBS require very high multiplicity of BSM fields, like
SU(2) nonets (quintets may do): rarely expected in BSM models

Model is generic: existence of additional SU(2) multiplets in loops is also
necessary condition for EFT operators with W field strength
Further complexity does not change basic result, e.g.

Additional confining gauge interaction of multiplets averages out
(analogous to quark-hadron duality in QCD)

Perturbative coupling of two multiplets to Higgs doublet field generates modest
multiplet splitting (suppressed by (v/Mg)? ) which smears out threshold structure

UV complete models for VBS, LoopFest XX Dieter Zeppenfeld



Conclusions continued... ﬂ(“.
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m VBS signal is most dramatic close to threshold, not at highest energy
=> do not concentrate efforts on highest energy bin

m VBS is competitive with other searches for this type of model.
Qg =2 VV is not as sensitive due to mere Jz3 growth and cancellations

Direct search for the extra multiplets is hampered by compressed
spectra

Drell-Yan process is most likely competitor

m EFT as tool for describing BSM effects is of only limited use in
describing processes with vast dynamic range such as VBS at the LHC
=» use models discussed here as alternative benchmark for VBS
studies

14 UV complete models for VBS, LoopFest XX Dieter Zeppenfeld
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Backup
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Dim-6 and dim-8 operators needed for ‘("'

matching of hypercharge Y=0 multiplets e
a Dim-6 Owww = Tr (W, W2, 17, ) aTGC ...
Opw = Tr ([ﬁm WeiDe, WW]) Propagator correction ...
a Dim-8 r = T (Wi, ) Te (Wi,
—Tr(T/ Wap) Tr (W10, a0GC ...
= Tr (W W ) Tr (W9 W, )
r = Tr (We o) T (W,a iy, )
T
Opwww, = Tr ([Da, Wl (D, W, }Waﬁ)
Opaw = Tr ([f)a, 1D*, W)[Dg, [DP, WWH) Propagator correction ...
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Full dim6+8 EFT considered -\\J(IT

Fal

Lerr = fuwTr (V\V‘W W) + fK—ZVTr ([ﬁa, WD, Wpu])

fWWW A ~U R fD2W o A ALV R r 1
- Tr (W9, W2, WP, ) + =25 ([Da, [D%, W*][Dg, [D?, Ww]])

A2

— fDV;\V:WO Tr ([[ja, W, 1D, WVP] Wpﬂ)

n va/v\v:m T ([Da, I?V”"’][[\Dﬁ, W] M"/aﬁ)

+%-ﬁ. (WA W) Tr (p‘vaﬁ Waﬂ) + %Tr (WH W,o5) Tr (I?Vaﬁ ﬁ/ﬂu)
+;\T§Tr (W, W, ) Te (W WF, ) + :\TjTr (W W) Te (W, Wi, )
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Wilson coefficients

a Propagator
and higher

a alGC
and higher

a aQGC
and higher

18 UV complete models for VBS, LoopFest XX

02,}{ = JR(JR—I-l)
WIth Tk =% [Jr(Jr + 1)(2Jk + 1)]
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Constraints from experiment: ﬂ(IT

limits on individual Wilson coefficients

L L
‘Bounds on (Jp, M) with cut at .~ - Bounds on (Jg, Mg) with cut at

> 2000 - unitarity limit for aQGCs.” i ':>' 2000 - unitarity limit for aQGCs ]
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I S AR I ¢ DR N
—_ 94’%} = —0.69 TeV~* o —_ g4% = 0.97 TeV™

Ry 1500 [ . . gt — 3.1 TV~ Uy 1500 . . _gtl — 3.1 Tev— 7
2 I Arp = 26.0TeV R 2 I Arr = 26.0 TeV

" r/ < -
A=6.6-10"" R 7 A= —6.5-10""

1000

500
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Constraints from experiment:
Deviation in Drell-Yan cross section, normalized to SM expectation
(1- and 2-o error bands adapted from CMS: arXiv:2103.02708 )
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EFT validity range for ZZ production in VBS

21.20 ———— T 2.0 e
I WEWF - ZZ | s ZZid TRt |

R | Jg=6,Ms=600GeV | S [ pp— ZZjj = WG

o - n | LU €{e,pn}

+ L.15F =1 o 181t Jg = 6, Mg = 600 GeV )

FU SM i - = .

g | — Full Model o | —SM _

— Q . [ ~Full Model .

g 110 E . _____ EFT . _

g 2 To,T1, To, T3 | -

S = i ]

S Los| 5 14r ' ]
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« EFT is valid only well below threshold at 2 Mg =1200 GeV (as expected)
» Deviations from SM barely reach 10% within EFT validity range, even for Js= 6
« Because of J;° vs Ji2 growth, dim-8 terms are much more important than dim-6
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Diboson mass vs transverse mass
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do/dm(W* W*)[fb/GeV]
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Dependence on multiplet mass
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