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m For details see arXiv:1807.02707
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BSM effects in VBS: EFT expansion Q(IT

m Concentrate on quartic gauge couplings (QGC):
trilinear couplings already probed in qg—=>VV or h->VV
at much better statistics

m Dimension 6 operators do affect QGC, but they all also
contribute to trilinear WWYV or hVVV couplings =» allowed
values after qg—>VV or h->VV constraints affect VBS at
modest level only

a Consider mainly dimension 8 operators in effective
Lagrangian in the following
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( Going beyond dimension 6 )

Reason for dimension 8 operators like

L5y = [(DH(D)TDV(D] x [(D“(D)TDV(D}
Ly1 = Tr [Wwwvﬁ} x [(DﬁcD)TDﬂcD]
Lra = Tr [WayWHP| x Tr [W,s W]

e Dimension 6 operators only do not allow to parameterize VVVV vertex with arbitrary
helicities of the four gauge bosons

For example: L is needed to describe V V) — V| V| scattering

e New physics may appear at 1-loop level for dimension 6 operators but at tree level for some
dimension 8 operators

A ) _ -.gf . iTi ith (I) — O
Building blocks: D®=(0,+ Z§Bu + ng“? P wit = | vrH

N

W,Lw — igTI(a;LWV T apr T QEkaWﬁWf) 3
1
Bﬂ:l’/ — 59,(8#'81/ - 8VB"_1,) .
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Full set of dimension 8 operators (Eboli et al.)

m Distinguish by dominant set of vector boson helicities
m Longitudinal operators: derivatives of Higgs doublet field
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Field strength €-> transverse polarizations ﬂ(".

Transverse operators Mixed: transverse-longitudinal

Or, = Tr W, W] x Tr [W, ;W] Opr, = Tr [W,, W] x | (D40)" DPa] |
Or, = Tr [Wo, W] Ta [W,,W] Our, = Tr [ W, W] x [ (Ds2)" D'@] |
Or, =Tt _Wwwﬂ x Tr [W, W] Oy, = [B,B"] x _(Dﬁcp)TD%} ,

Op, = Tr [W,,W*]  x BB,

- OMrg = _BPWBVB} X [(Dﬁcb)TD'u(I)} ,
Oy =Tt Wwwﬂ x BB :

Onr, = _(D@)TWBVD%} « BP

O, = Tr Waﬂwﬂ x By, B"
7

L T v B
— B, B" BB ; ) Wa D®| x B,
— Puv af ’

(D, ®
= B,,B"’B,,B"*. On, = :(D#cb)TWBVWB”D”cb] .

Seminar VBS Dieter Zeppenfeld



( VV—WTW~ with dimension 8 operators

)

Effect of Lo = 240 Tr [Woay WHE] x Tr [W,s W]

with T = f""” constant on pp—WHTW™ jj—eTv,u™v,jj

0.01

0.001

do/dmy,y [fo/GeV]

SM
T,=50/TeV*
T1=25/TeV*

200

e Small increase in cross section at high WW invariant mass??
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(

VV—WTW~ with dimension 8 operators

)

Effect of constant T7 =

= ffﬁ on pp—WTW™ jj—eT Ve Vyujj
0.1
; .....................................
§ o001y
2
E 0.0001 }
= 05 L e
S 1e-05 -
=) —LI-L'—‘I-H_
18'06 2 SM T
----------- T,=50/TeV* T
1607 | o Ty=25TeV* T
500 1000 1500 2000 2500 3000 3500 4000
My [GeV]

e Huge increase in cross section at high myyy is completely unphysical

e Need form factor for analysis or some other unitarization procedure
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( K matrix unitarization )

Im(a) 4

Project amplitude kj, which exceeds (tree-
level) unitarity, back onto Argand circle
— K matrix unitarized amplitude g,

[VBFNLO implementation: Loschner, Perez;

following: Alboteanu, Kilian, Reuter]

|
3 ks Re(a)

Comparison with Whizard, which has this method already implemented: [Kitian, Oh, Reuter, Sekula, et al
g SLWHZ Example: VBF-ZZ (e+e-u+u-)
(AewHZ | good agreement between both codes
4l il C, VBFNLO | g .
107 T e, AGTomanix WHIZ —— 7 for longitudinal ops. at LO

T - AC, K-matrix, VBFNLO

—

do/d my, [fb/GeV]

— can now generate distributions
also at NLO via VBFNLO

Extension to mixed and transverse
operators not straight-forward: work with
Genessis Perez and Marco Sekulla

Ratio
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Off-shell VBS amplitude AT
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m Assume new physics in VV>VV only Mopisi; = Motarii + Mo
ot _ _ J
m SM part alone has vector boson j j o
emission, triple gauge couplings, :
H-exchange etc. which interfere j
destructively o _ R ¢
> SM piece is unitary and small ) Vet b i A

BSM v V Ve
Mpp—>~1fJ:f J,citl—;ﬂf’l Jpz —iVa D,uclr ((11) Dyf? (q2)

®m > unitarize BSM piece only MEB7E D‘ “(gs) D DYi(a)
X VI V2_>V 1.’ ; Q3 6& q4

P
Xy i Fasir
m V-propagators decompose into DI¥(g) = — (gw _ q”g“)
. . qg —my +imy 'y q
polarization sums ,
—1 * 1L v
=3 2, - Z e, (¢: \em(a, A)

¢ —my +imy 'y 5

. VBS a3vyo * *
m Defines -ng,)\,l;Al,AQ (QI:QQ;Q.’%aQ«i) = EJ'\/i,cx(Qh )\1)6,1\/1,,6(@2;/\2) Ml""f'gg—ﬂf’gl{i EM,W(Q.%: )\3)6,&/[,5((14a/\4)
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Partial wave decomposition and unitarity relation ﬂ(".
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®  S-matrix unitarity S =1+iT, T, = (2n)'6(P; — P) T},

11

MmT = —i (T _ TT) — T'T = 7T

Implication for

helicity amplitudes
M)«:%)\fﬁ—).l)\z = 7}5 1/2(S’q”*3’q’2‘*’1)d§2

85(2:{)‘

Z diq NI
T*_l f 0 x 27]— 4(5 Pi_ n,3 =~ Un Sn’?::fn
' oy yamy 2, o) O = s = ) Sn Ty

—_

"

Projection onto j<=2 partial waves

Jmax

Mo, (©.9) = 87N, Z (25 + 1).A4] AAg Azd).\lg/\:m (©) etsr?

j=max(|/\12|=|/\34|)

Partial wave unitarity relation

1/2 2 2
_ Mnan A (S;qn,:%;fi'n,:l) g Aj*’ , Aj
B Z N s " Z AAZEASA TN Ny A

F ! !
n AL

21111(/4';3)%%}‘1)\2)
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Partial wave decomposition and unitarity relation ﬂ(".
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®  S-matrix unitarity S =1+iT, T, = (2n)'6(P; — P) T},

12

MmT = —i (T _ TT) — T'T = 7T

Implication for

helicity amplitudes
M)«:%)\fﬁ—).l)\z = 7}5 1/2(S’q”*3’q’2‘*’1)d§2

85(2:{)‘

Z diq NI
T*_l f 0 x 27]— 4(5 Pi_ n,3 =~ Un Sn’?::fn
' oy yamy 2, o) O = s = ) Sn Ty

—_

"

Projection onto j<=2 partial waves

Jmax

Mo, (©.9) = 87N, Z (25 + 1).A4] AAg Azd).\lg/\:m (©) etsr?

j=max(|/\12|=|/\34|)

Partial wave unitarity relation

j =3 Y /
21111(/4)\3}‘4,\;)‘1}‘2) — A l;)\rz'i—A:a)‘f1“4A’i)\’2<—A1>\g

1 ! !
ALA
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Unitarization of tree level amplitude: T, =2 T, ﬂ(".

K-matrix (also called T-matrix) procedure for on-shell hermitian T,

) —1 —1 :
1 1 1
T, = (]1 — %T(T]) 5 (T[J + T(T]) = (]1 T ZTOTO) (TO + §T0T0)

General virtualities = T, not normal for off-shell VV>VV

Must distinguish A, .= M,‘\gz)\,l;,xl,)\g(Q:aa q4;G15q2)

A, = Mﬁ\g;)\,i;,kl,)\z(k:a: ky; Ky, kz)
Ay = MJ\g:Ad;Al,)\Q(Q’:—;a q4; ko, k?)

uni 1 h l
Use s = (]1 + ZAH—SAH—t) (At-:—s T EAH—LAu—s)

Alignment problems avoided by using largest eigenvalue of denominator

uni 1 - i l
u—; = (]l + iaim};) (A‘f<—s T EAtet,Ates)
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Application to same sign W scattering ﬂ(".

m Observed (with modest background) by ATLAS and CMS
m Useful bounds on Wilson coefficients of dim-8 operators

CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
C i s (- - ' ' I ' ' ' | ' ' ' R
Yo e Data e -+ Data I
\150__ EW WW | ~ 150 - EW WW 1
(7)) i mwz i (7)) mwz i
i i
(- Nonprompt cC i Nonprompt
g Others g - Others
L 100 \ \\ Bkg. unc. | L 100 N\ 2 Bkg. unc. .
50 |- AR _ 50 | -
_ o IR : -‘\\\\\?\\\\\
i L ] [ _\\\\\\\\\\\\\\\\i\\\\\\\\\\\\\\-
O i | | | ] | | | I ] ]ﬁ O ] ] ] ] [ | | | | ] ] ] :
500 1000 1500 2000 200 400 600
m; (GeV) m, (GeV)
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Definition of fiducial VBS cross sections =

m Phase space cuts

Myy > 20 GeV, mj; > 500 GeV?

pr>20GeV, pl>30GeV, prs>30GeV
[7e| < 2.5, n;| <5, An;; > 2.5,

m Jets defined with anti-kT clustering and R=0.4
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Comparison to K-matrix

1071

10—2? ...........

do/dM [fb/GeV]

[—
=
=]

1077

.........................................

pp— WWT55 — vl tygg

Fg =218 TeV™* EFT
Fs,= 60.0 TeV~*, T-matrix :
—— Fg=60.0 TeV~*, T, model E
—— SM _
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Excellent agree-
ment between
different unitari-
zation methods

Fs, = fs, /A
coefficients
adjusted for
unitarized
models to
reproduce pure
EFT cross
section €=
CMS limits on F
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Mixed and transverse operators Q(IT
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- pp = WIW 5 = ol Lo-1 pp — WIWHj5 — 0rultygg
E ! ! . . F T T T T
i : : Fay= 5.9 TeV™*, EFT i : : Fr,= 0.65 TeV™*, EFT
) —— Fy,= 145 TeV™", T, model ! : — Fr,=1.60 TeV* T, model ]
1077k , . 1072 My
— SM

do /dM [fb/GeV]

._.
]
(]

—
T
[=r}

T

| el |

500 IUiOU 15i00 2(].00 2500 ' S(i]U lOiOD 15“00 2000 2500
M(£+6+)[GeV] M (£+6+)[CeV]

Unitarity bound depends on whether j=0,1, or 2 partial waves dominate

Larger deviations allowed for transverse than for longitudinal operators
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Incident W polarization: pT(j,max)

1072

10—3 :

—_
cl.
oy

pp = WW 7 — vl Tygj

Fr,= 0.65 TeV—, EFT

Fr,= 1.60 TeV~%, T,, model

107° Fy,= 21.8 TeV—*, EFT
— F5=60.0 TeV~™, T, model
— SM ; ; : :
10—7 I |_ I 1 | _i i _ i
0 200 400 600 800 1000 1200 1400
Pr max(7)|GeV]
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Typical off-shell behavior

~ [s? + (0,2 + 0, — 03% — Q4%) SJA?

Unitarization suppresses
large incident virtualities
- pT(j,max) shapes
depend on polarization
only

Enhancement at small
pT(j,max) is sign for
enhanced longitudinal
scattering

Dieter Zeppenfeld



19

Lepton transverse momentum correlation
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® Aprw = |Pre, —Pry,| is sensitive to final W-polarization differences

Seminar VBS

1072

— 1073

[a—
S
e

7

=

@
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% _

= 10—5 - BTl e
~ . :

S ——— Fp,=0.65 TeV™4 EFT
S Al Fr,= 1.60 TeV™, T,, model

— 107°F Fg=218 TeV™4 EFT [Tl Pl .

o [— Fs,= 60.0 TeV~*, T, model
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10—? | ] I i i [Iﬂ a
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LT P | ]
. pal Tl ol TP

pp — WHIW*jj — Crultuggj
: ! ’. ! -' ]'
r = ~u., N ! _

-

APT 174 [GeV]
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a Unitarization changes shapes of distributions

a T, model supresses high VV invariant mass and large
Incident virtualities: similar to what one expects from loop
functions

m Unitarization is not unique -> additional model dependence
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Conclusions ﬂ("

a VBF and VBS provide powerful tests of electroweak
symmetry breaking

m Pure EFT approach to parameterization of BSM effects is

iInsufficient due to large energy reach of LHC and breakdown
of unitarity at tree level

a Unitarization models provide improved tools for describing
BSM VV scattering
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Off-shell VBS amplitude: detalls

T : JAD ! Y
m Off shell polarization Va [+ \ 1 4]
vectors e;(q,0) =N, (|G_’1= Q’oq) ;
4]
. my, 1
a Normalizaton factors Ny = = N = -

m Defines off shell tree-level amplitude

SKIT
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q2 +q2
:th_.[.‘_ B Y :E# Q*:IZ
|fﬂ ) J\/t( )

N ((ﬂ Q’Ulé) = Effi/l(qa 0)

MI-N:M = 1/(12

VBS 5
M)\g,)\,l;}«l,/\g (91592303, G1) = ‘fM,a(th )\1)6,4/1,,5((1% Az) M%ﬁ:’]‘é%t{glﬁ ETM,T(%: )\3)634,5(@4a Ag)

m Normalization of partial wave amplitudes
1/2 2 2
M’Lian A / (S: qfn,,S; q?‘a,cl)

j -y Y A !
ZIIH(AA?,}@‘T_}q)\Q) — th s S‘n -/4 )\EA;FAﬁ)\iA}‘{l)\;{—AI)\Q

T

A1\

S

1

Mtfé -
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