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SM Higgs boson

SU(2), doublet of scalar Higgs fields
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Introduction

SM Higgs boson

SU(2), doublet of scalar Higgs fields

Is the neutral scalar the SM Higgs?

@ Mass determination
@ CP quantum numbers

@ Couplings to gauge bosons and fermions B

T. Figy QCD Corrections to VBF H® Production



Introduction

SM Higgs boson

Higgs couplings to fermions

Fermion masses arise from Yukawa couplings via
v+H
of — (O, )

NG
- H
Euawa:_ ffll —
Yuk zf:mf <+v>

@ Test SM prediction: ffH Higgs coupling strength = my/v

@ Observation of Hff Yukawa coupling is no proof that a
v.e.v exists (maybe a scalar singlet)
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Introduction

SM Higgs boson

Higgs couplings to gauge bosons

Kinetic energy term of the Higgs doublet field:

1 5 1 (g2 + g2
(D"o)T (Do) = 50" HOLH + (%) WHTW 7%2“4

2 zZ= 4
o WWH and ZZH couplings are generated:coupling
strength = 2m?, /v ~ g?v within SM

> _ (gv>2’m2 _ (e2+e?)v?

® W,Z mass generation: my, =
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Introduction

Total SM Higgs cross sections at the LHC
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Introduction

Total SM Higgs cross sections at the LHC
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Introduction

Decay of the SM Higgs

T(H) [GeV]
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Introduction

Discovery potential

Signal significance
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Introduction

Vector Boson Fusion

Higgs search

channels:
o H— WTW-,
my > 120 GeV
——————— H o H—1tr
my < 140 GeV
o H— ~y,
Statistical accuracies at the LHC: my < 150 GeV
o X BR ~ 10% Eboli,Hagiwara,Kauer,Plehn,
Rainwater, Zeppenfeld, . . .
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Introduction

Vector Boson Fusion

O\\%\\ @
)

Event Characteristics

@ Energetic jets in the forward and backward directions
(pr > 20 GeV)
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Introduction

Vector Boson Fusion

O\\%\\ @
)

Event Characteristics

@ Energetic jets in the forward and backward directions
(pr > 20 GeV)

@ Higgs decay products between tagging jets
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Introduction

Vector Boson Fusion

O\\%\\ @
)

Event Characteristics

@ Energetic jets in the forward and backward directions
(pr > 20 GeV)

@ Higgs decay products between tagging jets

o Little gluon radiation in the central-rapidity region
(colorless W /Z exchange) 5
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Introduction

Vector Boson Fusion

NLO Corrections
@ Total cross section at NLO: Han,Willenbrock (1991)

@ Distributions at NLO: T.F., Oleari, Zeppenfeld (2003);
Campbell,Ellis,Berger (2004)

@ 1-loop EW corrections: Ciccolini,Denner,Dittmaier (2007)

@ approx. NLO QCD to Hjjj: T.F.,Hankele,Zeppenfeld
(2007)
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VBF H + 2 jets at NLO

[ Jele]

Higgs Production via Vector Boson Fusion at NLO
The NLO Calculation

Catani and Seymour, hep-ph/9605323

Dipole subtraction method

NLO(p ,D) _ ’\£L0{4}(p p)+0NLO{3}(p P)
) a ? Y
N 0] (0] —
/ dx[62, °® (x, xp, B) + 61, (x, p, xP)]
o] _
SO / (40, (p. B)eco — do7y(p. B)eol
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VBF H + 2 jets at NLO

[ Jele]

Higgs Production via Vector Boson Fusion at NLO
The NLO Calculation

Catani and Seymour, hep-ph/9605323

Dipole subtraction method

ol(p,B) = a5 " (p.B) + 02 " (p. )
) a ? Y
~NLO (0] —
/ dx[62, °® (x, xp, B) + 61, (x, p, xP)]
o
0P p.5) = [k (p.7) + do(p.5) @ No
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VBF H + 2 jets at NLO

[ Jele]

Higgs Production via Vector Boson Fusion at NLO
The NLO Calculation

Catani and Seymour, hep-ph/9605323

Dipole subtraction method

— NLO NLO{3

oO(p.B) = au "W (p.B)+ a0 " (p. B)

1
~NLO{3 ~NLO{3 —
4 dx[6 { }(x xXp,P) + G, { }(x, p, xp)]
0
NLO{3} !
/ dxé,, ' (x,xp,B) = Z/O dX/3{dUz“;3’b(XpnB)
a/

© [P(x) + KX Yo
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VBF H + 2 jets at NLO
[e] To)

Higgs Production via Vector Boson Fusion at NLO
The NLO Calculation

Virtual Corrections

q b q
asv
9,2V

Q e Q

@
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VBF H + 2 jets at NLO
ooe

Higgs Production via Vector Boson Fusion at NLO
The NLO Calculation

Real Corrections

- .P3

University of Durham

T. Figy, C. Oleari and D. Zeppenfeld, Phys. Rev. D 68, 073005 (2003)
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VBF H + 2 jets at NLO

NLO vs LO

Applied Cuts

@ Require two hard jets with pr; > 20 GeV, |y;| < 4.5

o Higgs decay: pry > 20 GeV, |n| <25, ARy, > 0.6
Additionally, the Higgs decay products are required to fall
between the tagging jets.

yj,min < 7731,2 < _yj,max

@ Backgrounds to VBF are significantly suppressed by
requiring a large rapidity separation of the two tagging
jets.

Ayj = lyn — vl > 4 e

o /Durham
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VBF H + 2 jets at NLO

NLO vs LO

(o] lelele}

Tagging Jet Selection

@ pr -method: Define the tagging jets at the two highest
p1 jets in the event.

@ E -method: Define the tagging jets as the two highest
energy jets in the event.

University of Durham

T. Figy QCD Corrections to VBF H® Production



VBF H + 2 jets at NLO
[oJe] Tolo)

NLO vs LO

l.ekTTT{TTTT{TTTT{TTTT{TTT TTTT{TTTT{TTTT{TTTT{TTTT
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@ pr method: 3-5 % higher than LO e
@ E method: 6-9 % higher than LO
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VBF H + 2 jets at NLO
0000

NLO vs LO

Tagging jet rapidity separation

500 TTT{TTTT{TTTT{TTTY{ 1.2X¥{X¥TT{TTTT{TTTT
C ] solid: Q scale 4
400 — — dashes: my scale b
[ ] dot—dash: K—factor o
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Tagging jets are slightly more forward at NLO than at LO D
u »3

Avy;; > 4 cut works well at NLO.

T. Figy QCD Corrections to VBF H® Production



VBF H + 2 jets at NLO
0000®

QCD and Electroweak Corrections

o [fb] pp — Hjj+ X 5 (%) pp — Hjj +X
10000 g T T T T T = 10 T T T T T
E LO, no cuts ----- ] 3 uts -----
[ NLO, no cuts ] QCS@BU (LH& /
°D, cuts /
r LO, C‘”’é 1 - L EW, no cuts 2
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1000 = E or - A 7]
F . E g
- B | il i N
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M. Ciccolini, A. Denner and S. Dittmaier, Phys. Rev. D 77 (2008) 013002 [arXiv:0710.4749 [hep-ph]]
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VBF H + 2 jets at NLO
©000000

Anomalous Higgs Couplings

General Tensor Structure for the HVV vertex

TW(Ch, Clz) = 31(Q1> Q2)g’w

- 82((717 qz)[‘ll - qog" — ng:lf]
+  a3(q1, 92)e"7 G120
g
q “ 79 éﬁ% q
q]_ \ qlg
-——-H ——-H
a2V £
Q < Q Q S Q

€) (b)

T. Figy QCD Corrections to VBF H® Production



VBF H + 2 jets at NLO
©000000

Anomalous Higgs Couplings

General Tensor Structure for the HVV vertex

TW(Ch, Q2) = 31(Q1> Q2)g’w

+ (g1, 2)[q1 - 28" — ng:lf]
+  a3(q1, 92)€""”° G1,G20

©Q SM-like: a;

Q@ CP even: a,

© CP odd: a3

University of Durham
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VBF H + 2 jets at NLO
©000000

Anomalous Higgs Couplings

General Tensor Structure for the HVV vertex

T™(q1,q) = ai1(q1,q2)g""
32(Q17 qz)[Ch - 8" — ng:lf]

83(6717 Clz)ﬁwpachpqza

The QCD corrections to Higgs production via VBF are
computed in the presence of anomalous HVV couplings
USIng VBFNLO T. Figy and D. Zeppenfeld, Phys. Lett. B 591, 297 (2004)
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VBF H + 2 jets at NLO
©000000

Anomalous Higgs Couplings

General Tensor Structure for the HVV vertex

T"(q1,q2) = ai(q1,q2)8"
= a2(¢717 qz)[Ch - 8" — ng:lf]
+  a3(q1, 92)€""”° G1,G20

Form factor dependence

M? M?

ai(qb q2) = ai(0>0)|q%’ + M2 ’qu 4+ M2

University of Durham
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VBF H + 2 jets at NLO
0®00000

Anomalous Higgs Couplings
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VBF H + 2 jets at NLO
00®0000

Anomalous Higgs Couplings

0.0150

0.0125

nu 111

0.0100

0.0075

1/0 do/dqﬁj_i

0.0050

0.0025

.

7 I N

0.0000
0

Form factor dependence is small.
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VBF H + 2 jets at NLO
000000

Anomalous Higgs Couplings

The case: a, = a3

0.007

CP-even + CP-odd ——
0.0065

0.006

0.0055

1/odo/d |Acﬁj|

0.005

0.0045 ——l—— 1L — 1L
0O 40 80 120 160

IAgl Benn
But, it doesn't work! i
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VBF H + 2 jets at NLO
000000

Anomalous Higgs Couplings

Redefinition of ¢;;

J
\ /pH @ Invariant under
by — b_ (b+>P+) A (b—’p—)
\\ @ Parity odd variable

J+
V. Hankele, G. Klamke, D. Zeppenfeld and T. Figy, Phys. Rev D74 (2006) 095001 [hep-ph/0609075]

Define the azimuthal angle between j; and j_ as:

Euvpa b P B p7 = 2pT 1pT2Sin(dy — @) = 2pT1pT 25N Adjj

+ of Durham
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VBF H + 2 jets at NLO
0000080

Anomalous Higgs Couplings

0.009

0.008 | CP-even, CP-odd ——

0.007 @ Mixed CP case: a» = a3,
ée]f 0.006 31 — O
B 0.005
§ 0.004 @ Pure CP—even case: ap
= 0.003 p" 0n|y

0.002

0.001 | : [ @ Pure CP—odd case: a3

o T only
-160 -120 -80 -40 O 40 80 120 160
Ag;

Position of minimum of the A¢;; distribution measures the relative size
of the CP—even and CP—-odd couplings.
ai=0, a=dcosa, az3=dsina

— Maxima at @« and o + 7
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VBF H + 2 jets at NLO
000000e

Anomalous nggs Couplings

Pollution from the SM

T ERRAN] ]

0.010 0.4 :“- : ®)
— L
= = oo
& o008 > i 1
. ¢ 03 el Iy =
3 N 1 1
A e : i
np 0006 S, i 5
g w02~ = T
£ i2 |
T o004 5 el -0
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L o .
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- W
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A. Bredenstein, K. Hagiwara and B. Jager, Phys. Rev. D 77 (2008) 073004 [arXiv:0801.4231 [hep-ph]].
P
J. R. Andersen, T. Binoth, G. Heinrich and J. M. Smillie, JHEP 0802 (2008) 057 [arXiv:0709.3513 [hep-ph]]
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VBF H + 3 jets at NLO
©0000000000000

Higgs plus three jets via VBF at LO

The Central Jet Veto Proposal

@ Distinguishing feature of VBF: at LO no color is
exchanged in the t-channel.

@ The central-jet veto is based on the different radiation
pattern expected for VBF versus its major backgrounds

hep-ph /9412276, hep-ph/0012351

Events are discarded if any additional jet satisfies the criteria:

fcag 1 fcag 2)

veto veto
p7j > pT,vetm y_, € (yJ 1

University of Durham
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VBF H + 3 jets at NLO
0®000000000000

Higgs plus three jets via VBF at LO

Example: Gluon fusion vs vector boson fusion

T
F my=120 GeV, p;>20 GeV my=120 GeV
0.3
[ R= 23
i | &
2 |
NS 0.2
N L
< ,\;\
b5 "‘\,,\ ]
} —
0.1
0ol P I .
T 35 40 45 50
Prnia (GeV)

JHEP 05 (2004) 064

Vi 1
Yrel = Y eto _ (y_;ag + yj )/2

)
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VBF H + 3 jets at NLO
00®00000000000

Higgs plus three jets via VBF at LO

Central Jet Veto at LO

\ \
red: LO up=upy=20 GeV
magenta: LO up=up=40 GeV
blue: LO ur=up=80 GeV

0.15
2 AN
: N o
Q .
g Veto Probability:
A o010 N N
.
SN
NN Lo
\\\\\ S Probyeto = 1 e dvetodai'!
s veto = —nrg 7
oo NN 730 bt veto dpise

LA S
.
,
.
,
.
[ P B
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VBF H + 3 jets at NLO
000®0000000000

Higgs plus three jets via VBF at LO

Central Jet Veto at LO

@ Scale variation at LO for 03: +33% to —17% for
PT ,veto = 15 GeV

@ Theoretical uncertainy in Prob,;, feeds into the
uncertainy in determining couplings.

@ In order to constrain couplings more precisely, compute
the NLO QCD corrections to Hjjj

TF,V. Hankele and D. Zeppenfeld JHEP 0802 (2008) 076 [arXiv:0710.5621]
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VBF H + 3 jets at NLO
0000@000000000

Higgs plus three jets via VBF at NLO

Born amplitude

Color structure

[T0
oo

a .
Mg = 0y t7; [ Mpia:

+ o

iia Izlb

4
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VBF H + 3 jets at NLO
00000e00000000

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

@ Virtual: Two gauge invariant subsets

o Vertex + Propagator + Box
o Pentagon + Hexagon

@ Real: 4 final state partons + Higgs via VBF

T. M. Figy, Ph.D. Thesis, UMI-32-34582

University of Durham
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VBF H + 3 jets at NLO

O00000@0000000

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

Box+Vertex+Propagator corrections

_ a3
Box = 0, ti

£33
+ 511 iatiyiy

[Box(la)

QCD Corrections to VBF H° Production

T. Figy



VBF H + 3 jets at NLO
0000000e000000

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

Neglected hexagons and pentagons

These graphs contribute to the virtual corrections for
qgQ — gQgH and are color suppressed (dr = 3, dg = 8).

o
S o
S h
h 1

R
T T

Hex(1a) + Pent(1a) =

4

University of Durham
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VBF H + 3 jets at NLO

00000000 @00000

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

Neglected hexagons and pentagons

2 Re My M5]

d2C? 2 Re [(Box(1a)) M ,,]
df C# 2 Re [(Box(2b)) M 5]
d2C?
de
d2C?
de

- -

2 Re [(Hex(1a) + Pent(1a)) M 5, ]

_|_

2 Re [(Hex(2b) + Pent(2b)) M5, ]

University of Durham

T. Figy QCD Corrections to VBF H® Production



VBF H + 3 jets at NLO
000000000e0000

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

Real Corrections

( [ [ [ [ )
e_e e b e c_e
200/ TTT 000/ TTT

£i2
T
T
£i2

My=3{ e e e o

T
T

T

PN

University of Durham
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VBF H + 3 jets at NLO

000000000 0e000

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

P = 5G| 1 [+] 1,
+ %Gcnge{(};)(z)jL}

The term o 1/dg when integrated over PS gives rise to a soft
divergence. This soft divergence is cancelled against the soft
divergence arising from the hexagons and pentagons. For
consistency, this term is also neglected.

University of Durham
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VBF H + 3 jets at NLO
00000000000e00

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

Error Estimate on the Approximation

ANLO 2 Re [(Mp12) (Mpa2s)]

ER(YYel)5

. dU{dyrel[fb] i

Yrel 7 7 anel
Left: AcLO (solid) and o4© (dashes).
Right: R(v:e1) = ANLO/LO D

o st Durham
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VBF H + 3 jets at NLO

0000000000008

Higgs plus three jets via VBF at NLO

Virtual and Real Corrections

Other approximations

@ s—channel weak boson exchange (VHj — Hjjj) is
explicitly excluded at NLO and LO.
o The interference between VBF and Higgsstrulung is very
small in the VBF PS region. c ceors; smilie, Anderson, Binoth, Heinrich:

Ciccolini, Denner, Dittmaier

o Hence, Higgsstrulung is viewed as separate process.

@ Gluon fusion contributions are viewed a separate process.
The interference between GF and VBF is at the level
103 fb.

@ Pauli interference has been systematically neglected in the
real corrections as it is negligible. D

st Durham
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VBF H + 3 jets at NLO
0000000000000e

Higgs plus three jets via VBF at NLO

NLO parton level Monte Carlo Program

@ The dipole subtraction method of Catani and Seymour

hep-ph/9605323
« cut on the PS of the dipoles iy pn/0s07265.
Real amplitudes with MADGRAPH.
b-quarks for neutral current processes.
The Monte Carlo integration —~VEGAS.

CTEQ6M PDFs at NLO with as(Mz) = 0.118 and
CTEQ6L1 PDFs at LO with as(My) = 0.130.

@ SM parameters: LO electroweak relations with Mz, My,
and Gf as inputs e

'
rsny

6 © 6 6 ¢
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VBF H + 3 jets at NLO
©000000000

NLO vs LO

VBF Selection Cuts

@ kt algorithm: Require at least 3 hard jets with
pri > 20 GeV and |y;| < 4.5.

@ Tagging jets: 2 jets of ptf-}g > 30 GeV and |y}ag| < 45.
@ Higgs decay products:

PT1e¢ Z 20 GeV, |77£| S 25, AR_,[ Z 0.6

tag
yj,min

+0.6 <1y, <y, — 0.6

University of Durham
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VBF H + 3 jets at NLO
0®00000000

NLO vs LO

VBF Selection Cuts

o Rapidity gap and opposite detector hemispheres:

tag 1 tag 2
Yj Yj

Dyj=ly;™ ' =y 7 >4

<0

@ Invariant mass of tagging jets:

my = (p™ ' + p* %) > 600 GeV

University of Durham
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NLO vs LO

Total Cross section

VBF H + 3 jets at NLO
0080000000

T T
300 — ‘ ‘
r solid: NLO pup=pp=£&pq
r dashes: NLO up = &uyp
250 — dotdash: NLO pup = &ug
r dots: LO pp=pp=£&xo
200 —
150 ==~ - - R S - -
r— - "/;/’/' o —=
100/
L L | ‘
2

Mo = 40 GeV

& = 27! scale variations:
LO: +26% to —19%
NLO: less than 5%

[ R I

©

5

T. Figy
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VBF H + 3 jets at NLO
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NLO vs LO

K-factor and relative change

_ dod*O(ur = pr = Epo)/ dx

K(x) =
) = G oT0 ar = pr = o)

dos(pr = pr = o) /dx
dos(pr = ptF = fio)/dx

relative change =

University of Durham

T. Figy QCD Corrections to VBF H® Production



VBF H + 3 jets at NLO
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NLO vs LO

Tagging Jet Distributions

80
TTT{TT;J’LTTTT{TTTT{TTT TTTT TTTT TTTT{TTTT{TTTT

r r L B 1.4 |— solid: K—factor —
r B [ dots: LO ]
r E 9 [ dashes: NLO ]
80— — o F oo £=05 J
= 1 d Ei Lo, —

—_ ‘ 4 &

2 o 1 %

faad r i b °

= 40— — 2 10—

> 2 F

S - 1 & C

o Lo ] £ E

S _Fr £ 1 B

T 20+ — r—
B ] r
0 111‘1111‘1111‘1111‘111 ’1111‘1111‘1111‘1111‘1111
3 4 5 8 7 8 3 4 5 8 7 8

Ayj Ayj;

University of Durham

T. Figy QCD Corrections to VBF H® Production



VBF H + 3 jets at NLO
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Tagging Jet Distributions
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VBF H + 3 jets at NLO
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NLO vs LO

Veto Jet Distributions
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VBF H + 3 jets at NLO
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NLO vs LO

Veto Jet Distributions
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VBF H + 3 jets at NLO
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NLO vs LO

Veto Jet Distributions

@ Veto is slightly softer at NLO.

@ & = 271! scale variations at y,e=0:

o LO: —27% to +42%
o NLO: —20% to +7%

@ Suppressed radiation in the vicinity of y, = 0.
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VBF H + 3 jets at NLO
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VBF H + 3 jets at NLO
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Conclusions

Conclusions

@ QCD corrections for VBF Hjj (in VBFNLO) and the
dominant QCD corrections for VBF Hjjj have been
computed in the form of NLO parton—level Monte Carlos
using the dipole subtraction method.

@ Scale dependence is reduced for the total cross section
and distributions at NLO.

@ QCD corrections are small while K factors are phase
space dependent.
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VBFNLO

@ VBFNLO is a parton level Monte Carlo program for Vector

Boson Fusion processes.
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