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VBFNLO is a collection of many mixed QCD/EW _\\J(“'
processes with NLO QCD corrections

3.1 VBF Higgs boson production in association with 2 jets VBF Higgs
3.2 VBF Higgs boson production in association with 3jets
3.3 VBF Higgs boson production with a photon and two jets

3.4 VBF production of a single vector boson and two jets
3.5 VBF production of a spin-2 particle

3.6 VBF production of two vector bosons and two jets VBS
3.7 VBF production of two Higgs bosons and two jets

3.8 W production with up to one jet

3.9 Double vector boson production VvV, VV, VWV

3.10 Triple vector boson production

3.11 Double vector boson production in association with a hadronic jet )
3.12 Triple vector boson production in association with a hadronic jet V, VV, VVV +1 Jet
3.13 Higgs production in association with a W

3.14 Higgs production in association with a W and a hadronic jet :

3.15 QCD-induced production of a vector boson in association with two jets V, VV + 2 JetS

3.16 QCD-induced diboson production in association with two jets

3.17 Higgs boson production in gluon fusion with two jets

3.18 Gluon-induced diboson production

3.19 Gluon-induced diboson production in association with a hadronic jet

VBF Z,W,photon

Gluon fusion at LO
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B S I\/I effeCtS I n C I u d ed I n m a.n y p ro C eS S eS Karlsruher Institut fur Technologie
ProcID | PROCESS BswMm
100 | p'Y > Hjj )
101 | pp — Hjj =i
102 | pP — Hjj— ptu jj
103 | pp — Hjj — 7 jj _ |
104 p(;[_?] L H jj— bbjj * anomalous HVV couplings, MSSM
105 | pp — Hjj— WW=jj — 6 ve by e, jj
106 | pp — Hijj— ZZjj — 60765 j7
107 | pp = Hjj — ZZjj — 6T ve,in, jj
ProcIp | PROCESS BswMm
Anomalous couplings
Included in various forms: 120 | pp — Zjj — 00 jj )
121 | pp — Zjj — v jj
e General form factors 130 p(l_)) S Wi g anomalous couplings
e Dimension 6 EFT 140 p(}—)) W i = T i
. ) »
150 PP — 7731 )
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.... and dimension-8 EFT operators for VBS

ProcID | PROCESS BSM

(=) .. .
200 | pp = WIW™jj — (v b5, jj

210 p(j_)) — ZZjj — 6760y §j anomalous couplings,
two-Higgs model,
Kaluza-Klein models,
spin-2 models

211 | pp — ZZjj — 6 6 v, 0e, §j >
220 | p'p = WHZjj — v 365 jj
230 | pp = WZjj — (700,65 65 jj
250 | p'p — WHW™ jj — v, (v, ji
260 | p'p — WW~ jj — (7, L5 g, jj }

anomalous couplings, two-Higgs model

270 | pp — WHyjj — vy

(=) - .. - ..
280 | pp > WTyij =L vy i) | ;
290 p(i)) N th j] _ €+‘€_’}‘jj ’ anomalous couplngs

(=) .. _ ..
291 pp — LY J3 — vebey )
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Example: tensor structure of HVV coupling ﬂ(".
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Most general HV'V vertex T*V (g1, 42)

Physical interpretation of terms:

_ 7] _
q q

nel oy SM Higgs  L;~ HV, V¥ —

4,2V
0 -2 0

(@) loop induced couplings for neutral scalar
CP even E’eff ~ HVF_WV‘MV —
™ = aq g;,w -+

v .y CP odd Eeff s HV“VV‘UV — a3
a (q1-92 8" —q195) +

VPO
a3 e"VP7 g1p020

The a; = a;(q1, q2) are scalar form factors
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Connection to EFT description ﬂ(".
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We need model of the underlying UV physics to determine the form factors a;(q1, 92)

Approximate its low-energy effects by an effective Lagrangian

fW f 2 f(g) .
Lot = ~pp O Wi W+ 75 (cp*cb——) (Dud)' DFp+ -+ 3 0 0 +

i

Gives leading terms for form factors, e.g. for hWW coupling

2miy fo ©° AR
mn = - (1-{-??)"‘;(;! ﬁvq + -
(8)
a, = c(z)f—xgvv+chz){"\—4vq2+

Describe same physics (for a particular vertex) by taking some minimal set of effective
Lagrangian coefficients f; as form factors
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( Implementation in VBFNLO )

Start from effective Lagrangians

L = gz%f ’ HZ,,Z* + g%fz HZ,,Z* + g%\ﬂijvwﬁ"’ + g%\ﬂngvwﬁ"’ +
5 5 5 5
gg’zy HZ,., A" + g;’ZY HZ,, A" + g?“’w HA A" + ‘ﬂH}i ARY
As HY As Y 2As5 Y 2As5 a
or , alternatively,
Legt = fK?(fJTWwWW(fJ + J:ng(PTgwgw(b + CP-odd part + - - -

A2 EFT, 12/14/2020

Dieter Zeppenfeld



( Implementation in VBFNLO )

Start from effective Lagrangians (set PARAMETR1=.true. in anom_HVV.dat )

gHZZ gHZZ ) gHWW gHWW )
L = D HZ 7 + 0 HZy0 71 + S0 HW, WEY + S5 — HW,, WEY 4
5 5 5 5
gHZY gHZV gHw gﬂw
Se wv 50 7 v 5e wv So A wv
As HZ, A" + As HZ A" + 2N HA A" + —2/\5 HA A

or , alternatively, (set PARAMETR3=.true. in anom _HVV.dat)
Lot = DY bt W WY+ LB TR B8RV + CP-odd part
eff — ﬁ‘b [Ty ¢+F¢ uwB™ P+ -odd part + - -
6 6
see VBFNLO manual for details on how to set the anomalous coupling choices
Remember to choose form factors in anom_HVV.dat

M? M?

F, =
qi — M2 g3 — M?

or Fr,=-2 M? Co (q%, q%, (ql + qz)z, Mz)
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EFT operators for HVV and VVV couplings ﬂ(".

m VBFNLO provides only for a restricted set of dimension 6 operators

Ow = (D, "W (D,o)

Op = (Dﬂqﬂ)éw’(quﬁ) n W, = igT*We,
— —~ WI A
OWW — CbTW,LwW“VCb B,u,y — ?;g,YBuva
OBB — QSTB;WB}WQI)J

OWWW = Tr (Wﬂy WVP W’L)

m Parameters are set in anom_HVV.dat and anomV.dat which also
provides switch to lambda, kappa, g_1 notation

A
Lwwz = — iecot 0y, [glz (WJ,,W#ZV _ WJZVW#V) + Kz WIW, ZH + m%WJ#WJ:‘ng
%%

m See manual for details: https://www.itp.kit.edu/vbfnlo/wiki/doku.php
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For aQGC: 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

Wilson coefficients for these operators and analogous transverse
dimension-8 operators can be set in anomV.dat

A2 EFT, 12/14/2020
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Field strength €= transverse polarizations

Transverse operators

Op =Tr
Op, =Tr
Op, =Tr
Op, =Tr
Op, =Tr
Op, =Tr

e
P
W, W]
W, W

_Ww W;LB-

W, W]

X T [ W,

x Tr :ng WOW:I

x Tr [Ws, W"]

af
X BaﬁB ,
X BMBBQV ,

X BﬁyBya ,

Oy, = B,,B" B,z B*’
Oy, = B,,B"’ By, B".

Or, = Tr (W””W“ﬁ) Tr (WyaWﬁM>

OTX =Tr (W,uvﬁ/aﬁ) BJ/(){BJB,UJ

A2 EFT, 12/14/2020
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Mixed: transverse-longitudinal

OMO = Tr [W#VWHV:

Tr [WWWVﬁ -

< |(Ds0)' D70 ,

x |(Ds0)' D a] |

B,,8"] »

-
B,,B"| x

I

D
D

(0
(0

n

(D50)' D70 .

(Ds@)' D) |

(D,0)" Wy, D] x B,
)TWBVD”<I>] x B

) Wa, W D'o| .

<To be added in VBFNLO 3.0 release

Dieter Zeppenfeld
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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

A2 EFT, 12/14/2020
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Unitarization of tree level amplitude: T, 2> T, SKIT
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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= Mo, aongn, (93564501, 42)

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

uni 1 - 1
Use t{—; — (]l + ZA‘t{—SAS{—f) (At-:—s T EAH—LAu—s)
Alignment problems avoided by using largest eigenvalue of denominator
i L, )\ i
?:—E = (]l + ialzna.x) (A‘f<—s T EAtet,Ates)

Defines T, model

A2 EFT, 12/14/2020 Dieter Zeppenfeld



T, model unitarization now implemented for all VBS
processes in VBFNLO ﬂ(IT

qq = W*TZj55 — 171" 1" yj75,

10_3 L] L] T

SM ——
EFT
UNI - - -

do/dmyyy [tb/GeV] (LO)

500 1000 1500 2000 2500
mrvy [GeV]

Will be made available in new release 3.0 of VBFNLO in 2021
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NLO corrections and their implementation in VBFNLO have
been a collaborative effort! Thanks to my colleagues

V. Hankele, B. Jager, M. Worek, J. Frank, S. Palmer,

G. Perez, H. Rzehak, F. Schissler, F. Campanario, M. Rauch,
C. Oleari, K. Arnold, J. Baglio, J. Bellm, G. Bozzi,

A. Engemann, C. Englert, B. Feigl, T. Figy, A. Jesser,

M. Kerner, G.Klamke, M. Kubocz, M. Ldschner, S. Platzer,

S. Prestel, M. Sekulla, M. Spannowsky, Ninh Duc Le,

R. Roth, N. Kaiser, H. Schafer-Siebert, O. Schlimpert

...who are working hard to finalize release of VBFNLO 3.0
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