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why VBF Higgs production?
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✦ second-largest Higgs production
cross section at the LHC

✦ largest cross section that involves
only tree-level production



why VBF Higgs production?
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distinctive signature → very useful for
signal extraction and

background suppression

suppressed color exchange between quark lines gives rise to

✦ little jet activity in central rapidity region

✦ scattered quarks → two forward tagging jets

✦ Higgs decay products typically between tagging jets

☞ allows a determination of couplings and CP-properties
of the Higgs boson



tensor structure of the HV V coupling
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most general HV V vertex:

T µν = a1 g
µν +

a2

(

q1 · q2 gµν − qν
1 q

µ
2

)

+

a3 ǫ
µνρσq1ρq2σ

physical interpretation:

SM Higgs scenario: L ∼ HVµV
µ → a1

CP even scenario: Leff ∼ HVµνV
µν → a2

CP odd scenario: Leff ∼ HVµνṼ
µν → a3



CP properties of the Higgs boson
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Figy et al. (2006)
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Higgs production in VBF @ NLO QCD
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NLO QCD:
inclusive cross section:
Han, Valencia, Willenbrock (1992)

distributions:
Figy, Oleari, Zeppenfeld (2003)

Berger, Campbell (2004)

NLO QCD corrections
moderate

and well under control
(order 10% or less)

publicly available
parton-level Monte Carlos:

VBFNLO
MCFM



the “t-channel approximation”
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disregard all but genuine VBF contributions (↔ t-channel):

❋ interference effects from diagrams obtained by
interchanging identical initial- or final-state (anti-)quarks

❋ identical flavor annihilation processes with
subsequent decay into quarks and similar contributions like

neglected terms strongly suppressed in PS region
where VBF can be observed experimentally

(require two widely separated
quark jets of large invariant mass)

typically at sub-percent level



impact of neglected contributions
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detailed analysis for EW Hjj production [Ciccolini et al. (2007)]

σ [fb] 120 GeV 150 GeV

LO 5943(1) 4331(1)

NLO 5872(2) 4202(2)

LO, s 1294.4(2) 639.4(1)

NLO, s 1582.1(4) 769.4(2)

LO, t/u-int −9.2 −5.6

NLO, t/u-int −27.6 −9.4

120 GeV 150 GeV

1876.3(5) 1589.8(4)

1665(1) 1407.5(8)

0.0025 0.0015

9.45(1) 5.21(1)

−0.12 −0.091

−0.75 0.17

no cuts VBF cuts



pp → Hjj via VBF @ NLO QCD with parton shower
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various implementations in different frameworks available:

SM

BSM

POWHEG-BOX: Nason, Oleari (2009)

HERWIG++: D’ Errico, Richardson (2009)

aMC@NLO: Frixione, Torielli, Zaro (2013)

MadGraph5 aMC@NLO: Maltoni, Mawatari, Zaro (2014)

generally parton shower does not significantly modify
distributions related to tagging jets



pp → Hjj via VBF and parton showers @ NLO
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Nason, Oleari (2009)

good agreement between parton-level NLO calculation and
POWHEG matched with HERWIG or PYTHIA for many observables

related to hard tagging jets



pp → Hjj via VBF @ NLO QCD with parton shower
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Nason, Oleari (2009)

distributions related to the third jet are more sensitive to
parton shower effects and details of the implementation



pp → Hjj via VBF: NLO+PS and BSM effects
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Maltoni, Mawatari, Zaro (2013)

impact of higher-dimensional
operators on azimuthal angle

correlation of tag jets not
depleted by parton shower



higher orders of QCD in VBF
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Harlander, Vollinga, Weber (2007):

gauge invariant, finite sub-class of virtual

two-loop QCD corrections to pp → Hjj via VBF

gg → qq̄H, qq̄ → ggH,
qg → qgH, q̄g → q̄gH

important due to large
gluon luminosity at LHC?

minimal set of cuts: σ2−loop
gluon ∼ 2 % of σLO

VBF

VBF cuts: relative suppression by additional order of magnitude



higher orders of QCD in VBF
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Bolzoni, Maltoni, Moch, Zaro (2010):

subset of the NNLO QCD contributions
to the total cross section for pp → Hjj via VBF

in the structure function approach 1

V ∗

2

V ∗

1

P1

P2

X1

X2

q1

q2

µ

ρ



higher orders of QCD in VBF
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Bolzoni et al. (2011)

σ (pb) at LHC
√s = 7 TeV

scale choice:
Q/4 ≤ µR,µF ≤ 4Q
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✦ NNLO predictions are
in full agreement
with NLO results

✦ residual scale uncertainties
are reduced

from ∼4% to 2%

✦ NNLO PDF uncertainties
are at the 2% level



higher orders of QCD in VBF

Vector Boson Fusion Barbara Jäger @ MITP 2015

Bolzoni et al. (2011)

σ (pb) at LHC
√s = 7 TeV

scale choice:
Q/4 ≤ µR,µF ≤ 4Q
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✦ NNLO predictions are
in full agreement
with NLO results

✦ residual scale uncertainties
are reduced

from ∼4% to 2%

✦ NNLO PDF uncertainties
are at the 2% levelUPDATE: GIULIA’S TALK



pp → Hjj via gluon fusion

Vector Boson Fusion Barbara Jäger @ MITP 2015

VBF can be faked by double real corrections

to gg → H (“gluon fusion”)

complete LO calculation (including pentagons):
Del Duca, Kilgore, Oleari, Schmidt, Zeppenfeld (2001)

NLO QCD calculation in mt → ∞ limit:
Campbell, Ellis, Zanderighi (2006); Greiner et al. (2013)

need to understand phenomenology of both processes to
distinguish between them



pp → Hjj via gluon fusion
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apply cuts to separate VBF from gluon fusion (GF)
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pp → Hjjj via GF @ NLO QCD
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Greiner et al. (2015)

pheno study for H + 2 jets and H + 3 jets

via gluon fusion at NLO-QCD in VBF setup

☞ improved description of background



pp → Hjj via VBF×GF
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can VBF×GF interference pollute the clean VBF signature?

Z

Z

Georg (2005) & Andersen, Smillie (2006):

✦ neutral current graphs
(no charged current interference)

✦ identical quark contributions
with t ↔ u crossing

Andersen et al. (2007)

Bredenstein, Hagiwara, B. J. (2008):

✦ strong cancelation effects
between contributions of

different flavor

☞ interference effects are completely negligible



PDF uncertainties in VBF
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HXSWG YR3 (2013)
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Higgs production in VBF @ NLO EW
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publicly available
parton-level Monte Carlo:

HAWK
[Denner, Dittmaier, Kallweit, Mück]

Ciccolini, Denner, Dittmaier (2007):

NLO EW corrections to inclusive cross sections and distributions

☞ NLO EW corrections non-negligible, modify K factors and
distort distributions by up to 10%



review perturbative corrections
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✦ NLO QCD and EW corrections:
modify K factors and distort distributions by up to 10%

✦ interference with Hjj production via gluon fusion: negligible

✦ SUSY corrections: . 1% for representative parameter points

✦ gluon-induced virtual NNLO-QCD corrections (one-loop squared):
numerically irrelevant in all considered regions

✦ DIS-type NNLO-QCD corrections (structure function approach):

· further reduce scale uncertainties of total cross sections;
· effects on differential distributions non-negligible



Higgs production in VBF: more corrections

Vector Boson Fusion Barbara Jäger @ MITP 2015

✦ NLO QCD and EW corrections:
modify K factors and distort distributions by up to 10%

✦ interference with Hjj production via gluon fusion: negligible

✦ SUSY corrections: . 1% for representative parameter points

✦ gluon-induced virtual NNLO-QCD corrections (one-loop squared):
numerically irrelevant in all considered regions

✦ DIS-type NNLO-QCD corrections (structure function approach):

· further reduce scale uncertainties of total cross sections;
· effects on differential distributions non-negligiblePERTURBATIVE CORRECTIONS

ARE SMALL



but:

establishing a signal requires also
sufficient knowledge of ...

...background contributions



but:

establishing a signal requires also
sufficient knowledge of ...

...background contributions



VBF: signal & backgrounds
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distinct event topology of the Higgs signal in

pp → Hjj via VBF with

H → W+W− → e±µ∓/pT

☞ important for suppression of backgrounds

✦ tt̄ + 0, 1, 2 jets production
(note: tt̄ → W+W−bb̄)

✦ pp → Hjj via gluon fusion
(followed by H → W+W−)

✦ QCD W+W−jj production

✦ EW W+W−jj production



VBF signal / background analysis
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☞ selection of signal and background rates

for MH = 160 GeV (in [fb])

in the H → e+µ−/pT decay mode at the LHC :

cuts Hjj tt̄+jets QCD WWjj EW WWjj . . . S / B

forward tagging 17.1 1080 4.4 3.0 . . . 1/65

+b veto 64 . . . 1/5.1

+angular cuts 11.4 5.1 0.50 0.45 . . . 1.7/1

+central jet veto 10.1 1.48 0.15 0.34 . . . 4.6/1

all cuts 7.5 1.09 0.11 0.25 . . . 4.6/1

Rainwater, Zeppenfeld (1999)



central jet veto
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central jet veto (CJV):

remove events with extra jet(s) in central-rapidity region
pveto
T

> 20 GeV, ηmin
jet

< ηveto
jet

< ηmax
jet

cuts Hjj tt̄+jets QCD WWjj EW WWjj . . . S / B

forward tagging 17.1 1080 4.4 3.0 . . . 1/65

+b veto 64 . . . 1/5.1

+angular cuts 11.4 5.1 0.50 0.45 . . . 1.7/1

+central jet veto 10.1 1.48 0.15 0.34 . . . 4.6/1

all cuts 7.5 1.09 0.11 0.25 . . . 4.6/1

Rainwater, Zeppenfeld (1999)



central jet veto

Vector Boson Fusion Barbara Jäger @ MITP 2015

central jet veto (CJV):

remove events with extra jet(s) in central-rapidity region

pveto
T

> 20 GeV, ηmin
jet

< ηveto
jet

< ηmax
jet

☞ precise knowledge of extra jet activity essential,
requiring

✦ pp → Hjj interfaced to parton shower programs

✦ pp → Hjjj at NLO-QCD accuracy



pp → Hjjj via VBF
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MB(Hjjj) ↔ MR(Hjj)
Figy, Hankele, Zeppenfeld (2007):

NLO-QCD in VBF approximation

(no color exchange between
upper/lower quark lines,

no V H-type contributions)

Campanario, Figy, Plätzer, Sjödahl (2013):

full NLO-QCD calculation

(good agreement with
approximative calculation)



pp → Hjjj via VBF @ NLO QCD
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dominant virtual corrections require computation of
triangle, box, and pentagon diagrams



pp → Hjjj via VBF @ NLO QCD
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real emission contributions comprise processes with
4 quarks+2 gluons and processes with 6 quarks
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pp → Hjjj via VBF @ NLO QCD
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Figy, Hankele, Zeppenfeld (2007)

scale dependence moderate
(comparable to other VBF processes)



pp → Hjjj via VBF @ NLO QCD
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transverse momentum of 3rd jet relative rapidity of 3rd jet

✦ (dominant) NLO-QCD corrections modest

✦ scale uncertainties of CJV observables significantly reduced



more realistic simulation
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for realistic description of
scattering processes at hadron

colliders:

✦ combine matrix elements for
hard scattering

with programs for simulation of

underlying event, parton
shower, and hadronization

(PYTHIA, HERWIG, SHERPA,...)



pp → Hjj(j) via VBF and parton showers @ NLO
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Nason, Oleari (2009)

VBF Hjj matrix elements at NLO combined with parton shower

→ improvement w.r.t. LO simulation



pp → Hjj(j) via VBF and parton shower @ LO
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Schissler (2014)

VBF Hjj matrix elements at LO combined with parton shower

→ large uncertainty on 3rd jet (problematic for CJV observables)



pp → Hjjj via VBF and parton shower @ NLO QCD
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Schissler, Zeppenfeld, B.J. (2014)

VBF Hjjj matrix elements at NLO combined with parton shower

→ description of 3rd jet well under control



experimental status
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arXiv: 1412.8662

ATLAS-CONF-2015-007



news from CMS: H → bb̄ in VBF
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arXiv: 1506.01010
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VBF analyses in ATLAS
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✦ VBF signal modelling at NLO-QCD
with PS via POWHEG+PYTHIA8

✦ NLO-EW corrections from HAWK:

dσ = dσbest
QCD × (1 + δEW)

central jet veto requires control over the 3rd jet:

✦ simulations for VBF Hjjj available
in POWHEG and aMC@NLO

✦ no jet merging available as of yet



! ! "#

!"#$%&'()*$+*+%',-%./+$-01$/())'/%.(0+

!"#$%&''($)*+,-./&+0$12($(3244$/15+*6$-0.5*/2&0/6$&0$&/(547$$8(55$9-0:$!"##$$5;23)45<

%&'($)*+),-)'.)$/,01$23)$!"##$4'4567-78$

! 9:$;$<=$;$34>,0'-?42-0'$;$@<A$)//).27=$50.+,5,$&0$
>+?15'@>6/1&2A$B($>+?15'@%5*?&'$.+3)2*&(+0C$
452,&0'$/+$DE:FG$+0$(&'024$6&54,

! @:B<=$142.3-'C=$>+?15'@%5*?&'$B($2HIJKLM
@%5*?&'$452,&0'$/+$DG$5775./$+0$(&'024$6&54,

! @-77-'C$3-C3),$0,>),7$8(.245$B2*&2/&+0(<=$*20'5$+7$
:NOEPG

! :D$.0,,).2-0'7=$,&775*50/&24$3+,544&0'$+7$/15$/*-/1$
)Q%$()5./*-3$7*+3$%RST$@$2((+.&2/5,$-0.5*/2&0/6

! <EF7=$7+44+?&0'$>U#OL%I$)*5(.*&)/&+0$'&B5$2$PEVG$
6&54,$B2*&2/&+0$@$(12)5$5775./$-)$/+$DG$&0$/15$/2&4$+7$
/15$,&W5/$,&(/*&X-/&+0

8"9$-0.5*/2&0/6$0+/$05'4&'&X45$
7+*$!"##<

@4-'$1)774C)8$E01-'4'2$7672)142-.$&'.),24-'2-)7$4,)$G9:$;$<=$;$
34>,0'-?42-0'$4'>$@<A$)//).27H$4'>$G@:B<=$142.3-'CH

"+/1$5(/&32/5,$/1*+-'1$YPE)+&0/Z$.+3)2*&(+0$+7$,&775*50/$'505*2/+*(N$

C. Pandini, HXSWG (06/2015)



! ! "#

!!"#$%&'()*&('*%&#*&#+,"-./!*%&0

!"#$%&'#()$%*)%+#,-+*./0-1(*23$+#,1)$%!"#!$%!"&'()*$%*!+$,-.)(/%0!1()!234!#".%$5!)6#."(%#

7(&6!68$&'56#!1)(&!9:;97!$%$5<#6#=!*445*,$%167)%61)$%*89:

! >;??!=!234@*".A*B5((#6C!D!<=EB>=EC
! >;FF!=!?=E
! >;GGB56'@A$0C!=!?@@>?E!!HIJ@IKE!1)(&!*A6!5$#*!3L:!+"%M

AB*1$$"(*'$3*./<0-1(*7$+-"")%4*63-*#%+-3*(1#+C*8)%*2636""-"*D)1E*445*F!G*(#H43$#2:I

! >NO!>NN!1)(&!P(QA6.RS"T;U

! SVP7WT;U

! $SXWT;U!&6).60!Q"*A!4848!')(,60/)6

! T6Q!Y(79S!..>!>NNN!"%,5/060!"%!7A6)'$!1()!SVRP7!B"%!06Z65('6&6%*C

L/)"%.![/%I!Q6!)65"60!(%!J$DE-4*8.*)%,"#()K-:*LMN/JO*23-+),1)$%O!)6Q6".A*"%.!*A6!P(QA6.!
':>!#'6,*)/&!(1!*A6!\@]6*!+"%!*(!&$*,A!*A6!>NN!P(QA6.RS"T;U!')60",*"(%^
:A"#!&6$%#!*A$*!*A6!_D!\@]6*!)6."(%!)65"6#!(%!*A6*2631$%*(E$D-3*7$+-"")%4!(1!68*)$!)$0"$*"(%^

T6Q!*((5#!$)6!/%06)!#*/0<!*(!.6*!$!&()6!$,,/)$*6!&(0655"%.!(1!*A"#!B"&'()*$%*C!+$,-.)(/%0!1()!
234@5"-6!1"%$5!#*$*6#^

C. Pandini, HXSWG (06/2015)



! ! "#

!"#$%&'&()*+(,)$+--./

!"#$%&'()*+,'-$.'(/$*')0($1/$2-$,-+/&/3+,-4$+''0$+'$%&'1/$"56$%783,*3$3,4-2+)&/9$/:4:$
;<=>,'02+,'-$?'&$+7/$@,443$3/*+'&:

A/-/&2+,-4$?)00$(/+/*+'&$3,.)02+,'-$32.%0/3$?'&$(,??/&/-+$3*/-2&,'3$,3$>/&8$/B%/-3,>/C

! <'D7/4$%&'>,(/3$+7/$E-'.,-20F$56$!"#$%&/(,*+,'-

! 26;GHIJ$%&'>,(/3$1/-*7.2&K$3*/-2&,'3$?'&$;<=/>/-L;<='(($.,B,-4

! !"#$%$$+''0$)3/($+'$&/D/,47+$<'D7/4$%&/(,*+,'-$L$>20,(2+/($>3$26;GHIJ
$$$$$MN<JIJ$,3$2$%$&'"&()*)+,-.+/,&.001$$=$$3+,00$)-(/&$>20,(2+,'-

! #,&3+$3+)(,/3$&/D/,47+,-4$<'D7/4$%&/(,*+,'-$+'$2345&67.(+89)1)6)/.
@OPQ$*2-$%&'>,(/$6N$2+$IJ$?'&$RS=TSU@V$2-($RS=TWU@V$%&'*/33/39$4,>,-4$2$4''($
2%%&'B,.2+,'-$'?$+7/$?)00$HIJ$&/D/,47+,-4

C. Pandini, HXSWG (06/2015)



summary

Vector Boson Fusion Barbara Jäger @ MITP 2015

VBF crucial for understanding mechanism of
electroweak symmetry breaking:

❋ Hjj: very clean Higgs production channel

important pre-requisites:

✔ explicit calculations revealed that
VBF reactions are perturbatively well-behaved

NLO-QCD corrections and
parton-shower effects moderate;

nota bene: NLO-EW effects non-negligible

✔ backgrounds are well under control


