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Introduction
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Azimuthal angle correlations in WBF

o The anomalous HWW T.Plehn, D.Rainwater, D.Zeppenfeld
coupling PRL88(2002)051801
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L gt PO Mmg=1206ev o
No.s g N /CPodd ™,
o The azimuthal correlations.gos B .
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4 1

b y M G/ M E Diagrams by MadGraph ug->ugh
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GF contribution

graph 2

o H+2jet events are produced
also via gluon fusion (GF). -

0 The subprocesses

graph 4

nnnnnnnnn

= qq->qg’H (V=W,Z,g)
only one t-channel VBF diagram

= qg->qgH (V=9)

90
.....
........

8 d|agrams B graph 5 ) ? &
= gg->ggH (V=g) 1
26 diagrams
(in the Higgs effective field theory)
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V. Del Duca et al.
NPB616(2001)367
WBEF vs. GF hep-ph/0312184

rr, > 20 GeV, |’I]j| < 5, Rjj > 0.6

INCLUSIVE cuts
——————————————————————
solid m,=175 GeV -
dots m,;—+= ]
dashes WBF .

o [pb]

The GF contribution dominates over
the whole Higgs mass spectrum.
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The distinctive kinematics of WBF

W 7 Forward Higgs
"~ H tagging Decay
""""" Jets

W.,Z

M D.Rainwater
hep-ph/0702124

FIG. 20: WBF Higgs production Feynman diagram and lego plot schematic of a typical event.

E

INCLUSIVE cuts

m Far forward and )
backward jets. = sl e
m The Higgs boson is E | R0 S
produced centrally. 3
& the t-channel weak- i f
boson propagator ol e
n,
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WBEF vs. GF with VBF

cuts

V. Del Duca et al

NPB616(2001)367

hep-ph/0312184

rr, > 20 GeV, |n;| <5, Rj; > 0.6

[ dots m;—»«
s dashes WBF

o [pb]

10f solid m,=175 GeV -

100 200 300 100 500
my [GeV]
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VBF cuts

> 4.2, ng, -, < 0, my; > 600 GeV

solid m,=175 GeV |

dots m,—ce

dashes WBF

300 100 500 600

my [GeV]

By the VBF cuts, the WBF contribution dominates over GF.
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V. Del Duca et al.
. ) NPB616(2001)367
WBF vs. GF in the az dis. hep_ph/(o3121)84

w/ VBF cuts
8 T T T
[ J— - do/dAD, (H—11) [fb]
=) Ll 0.006 —
k= e o | m=120 GeV P
I'Blm 6 :-1_-"..\_‘_‘_]LJ’I-n.,.Jrl-r-"JJL"--‘—‘ 7 - ,' CP Udd\\\
o [ my=120 GeV i .
~ [ - . i .
S | . 0.004 — N -
4 solid m;=175 GeV _nl - T H__"‘\a,i::
I dots my—o ' - SM ’ ‘““*——a,_
i dashes WBF i + Yy
[ 0.002 — \
T i CP even H H/;” w
i AU e 211
0 | 1 1 G | | | | | | | | | | | | | | | | |
50 100 150 0 50 100 150

o Why GF ~ D5 CP-even HWW ?
= VBF cuts select the VBF dlagram
= Effective Hgg coupling

T e U
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Dijet rapidity separation

ovBF/0tan | Anj; >3 Anj; >4 Anj; >42 Anj; > 45

qqd — q¢H | 1.000 1.000 1.000 1.000
g9 — qgH | 0.782 0.904 0.925 0.947
g9 — ggH | 0.730 0.877 0.902 0.933

Table 6: Ratio of the VBF cross section to the full cross section for the different dijet rapidity
separation.

0 By the dijet large rapidity separation cut, the VBF
diagram dominates over other diagrams.

» We consider only one VBF diagram.
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Production vs. Decay

o H + 2 jet production via VBF

e .
e »
4 <\
~15 T
o @ o
) O™ : O™
A, — A= ———
o UV P U P o
O™ V¥ O™ V¥
F’"'—-L: -t
o 3 O
()

Both have identical topology.

» It may be useful to compare the production
correlations with the decay correlations.
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Formalism and Kinematics
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k1,01 é“ﬂ
° ¢ ° qi, A1 | %
Helicity formalism bt
g2, A2 | S>
kQ,OQ (am“xmmm
o For the VBF process —— k), o}
—q, — giﬁigiﬂl —q, + q2“§q2“2
’ HiH1 = g Ho 12 % R
"Mglxalcmoo = Jﬁl (q1; 01, 0’1) lq% — nz%:?% J.lf;- (g2: 09, 0,2) qg — 771%;7 ! F‘)?#‘ (q1,q2: Ax)

= the completeness relation for space-like vector-boson
qi Qz
_gﬂ’[.l —+ = E ( 1)/\!+1 (Qz Ai )VIJ(QZ )

A=%,0
= the conserved current ¢, J} (@:0i07) =0

*‘Mii{almaj - 2 Jfl (q1:01,01) Z ’:“Hu v (15 A1) €y (g1, M)

~ 2 _lmz 12 (q2; 02, 09) Z (—1)r €, (92, A2) €45 (42, A2) Jl%ial

x T (q1 2: Ax )

[Q‘1 - "’”1 )(Q’Q m1 AZ;? Jl AE HM}“’M’)‘Q \
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I') the g1 rest frame

Kinematics ¢ =K + k" = ( g3, 0, 0. U)

L‘it \/_{1 sin #q cos @1, sinfq sin 1, cosfq)

I) the g, Breit frame '1!-1 ‘F{l —sin# cos @1, —sinfysin ¢y, —cos by )

=k -k = (000\/(3) kl -7

NCHT o 01,61/
K = Teosdy (1, sinfy cos ¢y, sin by sin ¢y, cosy) ’\//
k;,u Qc\vosﬂ (1, sinfy cos ¢, sin #y sin ¢y, — cosfy)

K
k)
e —— Z
42
02: ¢2 kQ
k1
III) the VBF frame
N Pt =gt gt = (M. 0, 0. 0)

/ 2_ %
it =5 (1- wa%: 0,0, 37)

e _ M Q—Q] 3*
o = ?(1 - A2 U._ O._. —3 )
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Helicity amplitudes
for the VBE process

0 Quark current amplituds
O Qluon current amplitudes
o XVV production amplitudes
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Current amplitudes g _________ oo
g2, A2 |

0 For the production
J,,-ﬁ:a: - (—l)’\"+1-]£ (i3 0i,00) €, (qi, Ni) = gin/ 2Q? jz'g;oi
= quark: J¥(gi; o4, 07) = gi (k] o)) 4" u(ki, 0;)
= gluon: J;‘(qz-;ai,crg) :giea(l\tz-,ai)sg(lﬂg,ag)
X [ - ga'B(]fz' + k)t — Q'B"'(—’ﬁ; + )" — 9" (—qi — ki)'B]
/khﬁf-l

o For the decay Pxt, Ax - . L
A A k., 0
JiO"lO" - EIJ (q'l’ )‘l) ']_Ifl (Qb gi, 0-:) = G; 2(]22 JiO":a" q2, /\2 s

. z ' 2, 0%

[ | quark: !jg (in ;. (}':) = (; 'ﬁ(l':i‘ U?:) r-:r.-f-" -E..-‘(}!J_E, ﬂ_;)
= gluon: Jg"(q.i; T, 0%) = gi CZ(ki:U-i)fE(ké-Ué)
< [ = g™ (=ki + K)F = g™ (=K = q)® = 0" (@ + k)]
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[cos8y 5" 2y /(2 — 2y)]

1 y 1 -
Py (14 cosfy)e ' — e %1
cos tq Z1
1 v 2(1 —
cos <1
- ! (1 —cos# }e“ﬁl — 1 -2 ei®1
2 cos ! zZ
0 0

[CEIE 2 ﬁl—:} Dzy — 1]

1 . g
E{l + cos by ) e z1 €1
1
—sin# 2z1(1 — z
1 it V221 (1 — 21)
5(1 — cosfy) e 1 (1 — 2z) e
0 0

Table 1: The reduced helicity amplitudes .J 1:,,5 for the incoming quark current ¢ — ¢gV'* in the
VBF frame (top) and for the outgoing quark current V* — ¢g in the X rest frame (bottom). The
kinematical variables are defined in the Breit frame for ¢ — gV™* and in the vector-boson rest frame
for V¥ — ¢g. In the third column the splitting amplitudes are also shown in the 3, = 1 limit, where
21 is the energy fraction of the initial particle and 3, is the boost factor.
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k‘ljgl = k:.(}';
q1. A1 |
_________ Dy, A
XVV vertex | P Ax
g2, A2 |
ko, o9 - ks, o
| A N B 142 )
O Mx3\h, = Sur (g1 A1) (g2, A2) TN 2 (g1 q2: Ax)
0o The XVV vertex
X (Ax) Vv T2 (a1, g0 Ax) faxvy
H (0) W.Z gHin2
H (0) g.(7) (g1 - g2) g"F2 — gh' gl
A (0) g, (7) *{”1:2':“"'3@1&@23
G (£2,£1,0) W.Z,g,(v) T& "2 (q1.92) cap(px, Ax)
= The polarization tensor and the GXX vertex
e (p, £2) = e (p, £) " (p. =)
1
(p. k1) = — [ (p, £) " (p, 0) + & (p,0) " (p, +)]
1
' (p,0) = —= (e (p.+) € (p.—) + "(p. —) £”(p, +) + 2" (p.0) ¥ (p, 0)]
y
T (q1,q2) = (MY + q1 - g2) C**P7 + DM P7 (qq, go)
c,uv,pﬂ' — gupgvo‘_i_gpcrgvp_gpvgpa
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XVV amplitudes [for OF.Q3 < M?|

A (M)  HWW/HZZ Hgq Agg
0 () 1 Lo+ 0t +Qp) |50+ QT+ Q97— 4073
0 (00) O+ Q1 + Q) V Q103 0

9 /Qﬁng 12

Table 4: The helicity amplitudes M x)‘x for the Higgs production Vy VY — (H, A)y, in the
VBF frame, where M is the Higgs boson mass and Q2% and Q32 are off-shell values of the vector-
bosons. The coupling constants gxyy are set to unity.

Ax  (MAg) GVV
42 (+F) [ M2+ 03 +Q§ |
2
s 0)/05) |2 ar- @i/ g ab
0 (/00 ——=lQF - QY + M@+ Q) - VAR

Table 5: The same as Table 4, but for the massive-graviton produciton Vi Vi — G
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Azimuthal angle correlations

O Higgs bosons
O Massive-gravitons
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For Higgs bosons

99 =99 X qg—qgX gg—goX
0.5 T | T 0.5 T | T 0.5 | | |
| \s'=1TeV |
M = 600 GeV
1 0.4 | |
2
“Q - ) o
© e s
< 03 B S .-
©
~
[ full diagrams i
-——- only VBF diagram
0.2 | |
: | ' ' I L 1 | 1
0 /2 T 0 /2 T 0 /2 T
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Quantum interference
between the different helicity states

o The full helicity amplitude for the Higgs boson

1010205 {ql rnl )(q2 3n1 ) J\ )lz G']_G' U’QG’ l 2
0
o .1710_10. O‘ .-'MJL 44 + Jlo.lo. JQG‘QG’ M}L 00 —+ chl'lo' J ng-:?"lwx——

o For,e.g., op=0]=09y=0b=+
MY~ +J1+(91. .31)J2+(92. Itfg)_,-'\/'[xg__‘_e_i(qﬁl_qﬁz}
— 161, B1) 2" (2. B2) Mx (o
+ Jy (01, B2) Jo~ (0, o) MO _etd1—¢2)

= +J1—E+_£V[Xg_+e_iﬂ¢m —. &?MXSD + Jl_g_:'\/fx{l_(?t‘&ém

- H(WBF): -"'MUD = ,-'HVI _|__|_,_.r"1v"1__ = ﬂElt
» H: Moo < Mo, M__ = | ~ +cos2Ad12
m A Mg =0, Mo, =-M__ = | ~—cos2Ado
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Spin-2 massive-graviton

o The full helicity amplitude for the massive-
graviton

m The Ay = +2 caes is dominant.

-D'l-D']_C"EC"'} (‘?1 _ Tn"L }{QQ . “m‘ ;\Zl < u:rlr:rl r:rgr:r2 ,h,l'm

LT E LT M

P&
T2,

= There is no interference term.
»No azimuthal dependence.
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For massive-gravitons

I/ do/dAY, ,

0.5

<
4=

<
o

99 —q9 X

0.2
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0.5

0.4

0.3

0.2

& g _}4:_ g"Y

| | |
i Vs =1TeV |
M = 600 GeV

—— full diagrams
- only VBF diagram

0 /2 n
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Summary

o We studied Higgs boson and massive-graviton productions
in association with two jets via VBF (=WBF+GF) and their
decays at hadron colliders.

o We showed
= the helicity amp explicitly for the VBF subprocesses.

= the VBF amp reproduces the exact matrix elements by
taking into account the dijet large rapidity separation.

m quantum interference between different helicity states of
the intermediate vector-bosons leads to a non-trivial
azimuthal angle correlation of the jets in the production
and in the decay.

O These correlations reflect the spin and CP nature of the
Higgs bosons and the massive-gravitons.
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