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HIGGS PRODUCTION MODES AT LHC

In proton collisions at 14 TeV,and for My > 100 GeV
the Higgs is produced mostly via

Q@ gluon fusion g9 — H
« largest rate for all My - W
sai proportional to the top Yukawa coupling ¥:

@ weak-boson fusion (WBF) qq — qqH

second largest rate (mostly u d initial state)

.+ proportional to the WWH coupling

L ©

Q@ Higgs-strahlung qq — W (2)H

w  third largest rate

s same coupling as in VWBF

Q tt(bb)H associated production

same initial state as in gluon fusion, but higher x range -+—-H

© ©

proportional to the heavy-quark Yukawa coupling v¢



‘ HIGGS PRODUCTION AT LHCI
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@ in the intermediate Higgs mass range My ~ 100 — 200 GeV

gluon fusion cross section is ~ 20 — 60 pb

WBF cross sectionis ~ 3 — 5 pb
WH,ZH,ttH yield cross sections of ~ 0.2 —3 pb
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HIGGS DECAY MODES AT LHC

o proportional to the Yukawa coupling squared,
and thus to mf

proportional to mf/m

but dominated by top quark Yukawa coupling

-+--< H--+--<( dominated by EWV coupling

proportional to v,

Decay width into 117"11" plays a significant role
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‘ HIGGS DECAY AT LI'ICI
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‘ INCLUSIVE SEARCHES: H — "y"yl
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Small BR: ~ 10~°

Events for 100 b=/ 500 MeV/c*

Large backgrounds
from pp — 77

CMS and ATLAS have
very good photon-energy
resolution: O(1%)
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Search for a narrow 77 invariant mass peak, with 1 < 150 GeV

Background is smooth: extrapolate it into the

signal region from the sidebands



INCLUSIVE SEARCHES: H — ZZ — [Tl 171

g U1

@ Cold-plated mode: cleanest mode
for 2mz < myg < 600 GeV

@ Smooth, irreducible background
from pp — ZZ

& Small BR: BR(H — ZZ) isafew %
at threshold



INCLUSIVE SEARCHES: H — ZZ — [Tl 171~

[ H--ZZ* - de
- CMS, 100 fb"

Q Fully reconstructed invariant
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& Silver-plated mode H — Z7 — [Tl v
useful for mpy ~ 0.8 — 1 TeV



‘ INCLUSIVE SEARCHES: H — WW — [Tvl v I
ATLAS TDR
g oo
g n‘[

Q@ Exploit [~

&
=

Events / 5 GeV

3

angular correlations 100 H ]
L2 Signal and background have [ G
. . . I|rI - . I’h;_]-!_ll—_'u-._
similar shapes: must know 0 : L
. . 0 50 100 150 200 250
background normalisation well m; (GeV)
myg = 170 GeV

integrated luminosity: 20 fb ™'



ASSOCIATED PRODUCTION

+ Htt — ttbb

events / 10 GeV/e?

@ Search channel for my = 120 — 130

Q@ Measure h; BR(H — bb) with h; =

&) must know background normalisation

I
Ln

]
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L e |

CMS L. =30fb"

k=15

& (ot fnd
gen. my 113 GeVie

const.: 1363 =376
mean @ 1103 +4.14
sigma: 1432+ 370
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Htt Yukawa coupling

well



‘ WEAK BosoN FUSION: qqg — qqH |
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o X BR ~ O(10%)

=

b

mpy = 120 GeV

mpy < 140 GeV

mpy < 150 GeV

mpy < 140 GeV

@ WABF can be measured with good statistical accuracy:



‘ WEAK BOSON FUSIONI

A WBF event Lego plot

@ _____________________ il
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Q@ WABF features

( .

L) energetic jets in the forward and backward directions

o

(

2 Higgs decay products between the tagging jets

':?.‘:- |
©

sparse gluon radiation in the central-rapidity region,
due to colourless 1W/Z exchange

&2 NLO corrections increase the VWBF production rate
by about 10 %, and thus are small and under control
Campbell, Ellis; Figy, Oleari, Zeppenfeld 2003



‘ SIGNAL SIGNIFICANCE AND (STAT + SYST) ERROR I

INCLUSIVE HIGGS PRODUCTION

50
E [L dt=30m* , ':-':H_I}HTL - I solid : gluon fusion
= {no K-factors) s H — 77" — 11 dashed : WBF
_Eu ATLAS H — WWw" = Iyl dotted : ttH .
- 10° » qgH — ggWw'" Aoy/oy = V(Ng+Ng)/Ng
g * agH = g 200 fb~' of data
igu Total slgnifleance 4

Aoy/oy (%)

10

my (GeV)
hep-ph/0203 187
QCD/p.d.f. uncertainties:

O(5%)  for WBF
Ng O(20%) for gluon fusion

hep-ph/0402254

Statistical significance

: JNs 1 No luminosity uncertainties: O(5%)



‘ HIGGS COUPLINGS AND QUANTUM NUMBERSI

The properties of the Higgs-like resonance are its
& couplings: gauge,Yukawa, self-couplings
& quantum numbers: charge, colour, spin, CP

assuming W/ /Z-universality, WBF and gluon-fusion rates
yield measurements of combinations of partial widths

Fwls,

X, = Hr_ - from gq — qqH, H — 9
]_-‘. . ]_—-.-l.-

..X-,r _= H;[" f_t'DlTl qq — qu-_. H — TT
I N

}{‘W — T from gq — quﬁ H — WW
I'.I
['.I'z

Yz = —%— fom 99— H—ZZ
I'.I'w

Viw = 2% from gg— H— WW*




‘ HIGGS COUPLINGS AND QUANTUM NUIVIBERSI

coupling 02f

________
L L

Ratios of Y/X cancel =Bls —g'H2) /g (HW
. . o . e e C I —g"(H.7) /g (HW)

uncertainties on initial 1212 -

state luminosities and QqE o ;,«

p.d.f’s, and allow for the 08| / —

determination of the o ATLAS

ratio of the Yukawa/gauge y: \ - _['- =300 fb-"

b LT =

Zeppenfeld etal heP-Ph/0002036 ﬂ_l 11l}ll 1E[II 130 | 11IH] --“.‘I"El.:l“-:.‘li.iﬂ 170 'IB‘C;---.;H'D

m,, [GeV]

The gauge coupling has also CP properties and a tensor
structure. Info on that can be obtained by analysing the
final-state topology of Higgs + 2 jet events

(more on this later)



‘LEADING ORDERI O(a?) gg — H

@ cnergy scales: 5 = ﬂffr and ﬂt-ff

\NLO cnRRECTmNsl O(a?)

o 2 loop gg— H

o | loop gg—gH gqg—qgH + crossings

\99999' ““-., ~——_

H H

Djouadi, Graudenz

HIGGS PRODUCTION VIA GLUON FUSION

- ——— - I-I

===

—y ' —r Ta BT
, Spira, Zerwas, '93-'05

@ large [\ factor: oNEO = KNEO 1O O(40 — 100%)



\EW CORRECTIONSI

a QCD loop + an EW loop O(azaiy)

01

2-loop EVY

0.0d

0.06

0.04

0.02

-0.02

-0.04 :
100 1540 200 250 J0 380 My (Gev) 400

Aglietti Bonciani Degrassi Vicini 04
(light fermion loop)

Degrassi Maltoni 04
(heavy fermion loop)

Relative corrections to production and decay through gluon fusion

(with light fermion loop)

9 For 115 GeV < My < 2Myy the total electroweak corrections are

5 to 8 % of leading order



THE LARGE ToOP-MASS LIMIT

My < 2M;

- - il bl s |

—

\NLO cnRRECTmNsl

I factor in the large M, limit

%
.r!‘

E—m — limﬂft—tm K

NLO rate in the large M, limit

NLO _ 1-NLO _LO
O —Bm o

NLO

oNLO s within 10% of o

for M, <1 TeV

=== — -



gg — H IN THE LARGE /\/; LIMIT

INNLO cnRRECTmNSI O(as)

2-loop 99— H R. Harlander hep-ph/0007289
l-loop 99 —gH qg —qH + crossings

tree g9 — ggH gg— gqgH g —qQH + crossings

L i i ! | L 1 1 I | 1 1 1 I | 1 1 I

total cross section for

inclusive Higgs production
at LHC

MEST2001 pdis
5‘]’ *ﬁ- - MHEE{#RFHT{ELIH

oy lpb]

Harlander Kilgore 02
Anastasiou Melnikov 02
Ravindran Smith van Neerven 03

Anastasiou & Melnilow

3
104 150 204 250 3040
My[GeV]

lower Lr = E;FLIH Hp = fLIHXrE
The band contours are
upper jir = foHjE pp = 2My



‘NNLO CORRECTIONS - NNLL REEUMMATIENI

@ Threshold resummation of soft cluon radiation

MRSTZ2002

LO LL
0 A L oy el vevelewielvieelenlienlbyldi A | ML NI Y Y Y e
100 200 300 500 700 1000 200 300 500 0O 1000
My (GeV) My (GeV)

& [ factor is computed wrt to oL at e = pur = Mg

Catani, de Florian
Grazzini, Nason
hep-ph /0306211

band contours have pugrry = yr(r) Mg and le < Xr(F) = 2 but le < 1Rf11~" < 2

@ NMNLL increases NNLO by about 6%

W scale uncertainty at NILL of about 8% (at NNLO of about 10%)



‘NNLG + NNLL VERSUS MC@NLGI

Higgs pr distribution

1.00 | Hist: MC@NLO -
hl Solid: NNLO+NNLL resc
0.50 Dotted: NLO
)
B
o
‘o 0.10 | .
T i ’
b [
005 T Higgs@LHC
My=115 GeV
MRST(G]} best fit
El.ﬂl i i i i | i i i i | i i i i i 1 5
0 50 100 150 200
pr (GeV)

difference at large pr is due to different default 1 = pr = pr scale
1? = M2 for NNLO + NNLL, p? = M3 + p> for MC@NLO

S. Frixione hadron collider wksp MSU 2004



\NNLO CGRRECTIGNSI

a fully differential cross section:
bin-integrated rapidity distribution, with a jet veto
C.Anastasiou K. Melnikov F. Petriello 2004

, jet veto: require
) NLO R=04
m, = 1530 GeV - ‘p?r’ < p%eto — 40 GGV

NLO MRST2001 pdfs

— M=oy for 2 partons
= : o | Riy = (1 —m2)° + (¢1 — ¢2)°
’ | if Rio >R

prl, [P7| < PF°
if R <R

pr + p7| < PI

pp-+H+X

0 1 2 3

) My =150 GeV (jet veto relevant in the H — VW 11/~ decay channel)

-

> K factor is much smaller for the vetoed x-sect than for the inclusive one:
average |p7-| increases from NLO to NNLO: less x-sect passes the veto



‘ HIGGS + 2 JETS VIA GLUON FUSION I

LEADING ORDER O a

T E %

W tree gg —ggH qg—qgH qQ — qQH +  crossings
SjEH.,Sjljz._,:'.fE._,JIE., with s =s; ; + 8,0 + 5,4 — ﬁ.ff‘r

W cnergy scales: 3,3 e

_i_

‘I‘ARGE M, LIMITI is accurate if My < 2M; and p;, 1, P50, Puy << My

2 - - . - L i i i E
is valid even when s, ;. ,5; 4,5, > M;

RS




‘ H-+ 2 JETS RATE I as a function of M,

IuF — ‘frple_ijJ_ !lu‘R — JFL:{E

10

inclusive cuts:

T T T 1
solid m=175 GeV -
dots my—ee ]
dashes WBF

3WI 'Ill;l'ﬂ' 500 i
Mg (GeV)

piL = 20 GeV
ms| <5

H;i; =06

Kilgore, Oleari,

1.25

L.00

0.75

Schmidt, Zeppenteld, VDD hep-ph /0105129

T T L

solid m; =175 GeV
dots m, e
dashes WBF

WEF cuts: incl. + ¢

300 -'!'DDI ﬂ}[ll Iml
My (GeV)

I"'
71 — M2 | > 4.2
Mj1 "My <0

u /85152 = 600 GeV

@ WBF cuts enhance WBF wrt glion fusion by a factor 10



‘H + 2 JETS VIA GLUON FUSION I by sub-process

Hp — \;/leJ_Png_ HRr — jurf

T T T T T ] T T T T T T
_ ) [ . m,=175 GeV
ol my=175 GeV ] o0 [ solid ge N
solid gg _ l dots qg
=) dots qg 0186 |
A, 4k -
o - 0.10
2 i
- J 0.05
Il et Sl el L Gl i S e T b, .|..- P T SR SR SV B
100 200 00 100 500 800 100 200 a00 400 800 800
My (GeV) My (GeV)
-
r pjL > 20 GeV |T,|'j'1 — ?}j2| = 4.2
inclusive cuts: |n;] < 5 WBF cuts: incl. + 4 75, -1y, <0
Rjj = 0.6 n /84142 = B00 GeV

@ WBF cuts enhance ¢g wrt gg, and make gg non-negligible



‘SCALE DEPEN]JENCEI renormalisation pug & factorisation pup scales

Kilgore, Oleari, Schmidt, Zeppenfeld, VDD hep-ph /0108030

Y N | f
pr = (0, HF = \/Pj11PjsL pr =&po, pr = Mg
T |
60 _ 142
—— g=(pw1 Pr) '
[ #n=H i 11+ solid  py = (pyy P'nz}m
-+ . o dashes u, = m,
‘i ‘s a #n=mu =178
> 1/2 dots jig = 8
S == pp=(myy myg)
— ) - _=1
i ™ ——=- pg=8
B T~
= T, C '-H T,
b ln""..,_ -_|‘I "._'l-\.l_\-‘- —
L “-"1_‘_\. Ty - "k -
-h""--..,.“_ B --\T T -
5| el T T~ GRS my=120 GeV -
my=120 GeV e e ah m,=175 GeV
my=175 GeV Tl T,
I i D 8 ) . . , M|
0.2 03 04 05 1 2 43 4 B 0.2 03 04 06 1 2 a 4 B
g g
o S

¥ strong pu. dependence: the calculation is LO and C.)I.iﬂi.:l

E™ 5 natural scale for a. 7

i’ — Qs I::-p.jl J—)LTS {ple—)ﬂES {*‘.'IHJI

*® o varies by a factor 2.5 for po/2 < pe < 2ug

high energy limit suggests o

@ mild pp dependence: O(10%) over the pp/5 < pn < 5Sup range



‘DIJET MASS DISTRIBUTIONS I

——

/3;; = m;;: dijet invariant mass

10° r — 1
=
1 L - -
UF‘ 10 my=120 GeV :
o ]
EE,- |
109 T ;
= . '
= ! S
= | e
1071 solid m=175 GeV T T
3 dots m, -~ ' ]
dashes WBHF
l0~% L | , , 3
1000 2000 3000
m; (GeV)

inclusive cuts:

@ high dijet mass region (

pijL = Eﬁi_ GeV
my] < B
F;; =06

JJ ™

m.. = 1 TeV

109

10— 1

102

lIlH=lEU' GE‘J -:

solid my=175 GeV

dot= T —+ e

dashes WBF

1000 2000
m;; (GeV)

3000

[ m <0
WEBF cuts: incl. + - i " iz

1 i1 — Mia| > 4.2

) is dominated by WBEF

@ Jarge dijet masses do not invalidate the larce 1/, limit (as long as
Piji1:Pgo1 < *‘.'Ifj



_I_

do /dAn;i; (pb)

\RAPIDHY DISTRIBUTIDNSI

Ay, ;0 rapidity difference between the two jets

—— T 7T T—T T

solid: gluon fusion
dashes: WEBF -

my=120 GeV
m;=175 GeV

Anjj

r pijL = 20 GeV

inclusive cuts: { |??j| < O

l Hj:j = 0.6

— " T
< ]
0.4 | solid: gluon fusion |J " }
dashes: WBF IJ 1,
0 ' |
3 ¢ ]
| mu=120 GeV d :
I l'ﬂt=1"?'5 GE"I:" IJ q :
0.2 ]
0.1 | ]
0.0 ! '
0 10
Anj;
] [ Miq = Man < O
WEBF cuts: incl. + - T " g2
/55152 = 600 GeV

‘@ \WBF events spontaneously have a large Ay,

@ Jip in gluon fusion at low A7;; 18 unphysical: R;; = \/,-’l?;,rjj + A¢;; > 0.6



‘AZIN.[UTI'IAL ANGLE CORRELATIONS I

Ag;; = the azimuthal angle between the two jets

1 1
Awpr~ 5m>.
201 - P4 — f'.f%: 2py - p3 — ﬂfﬁ; 7

- o dat icr:-ﬂ distribution

glion fusion in the large M, limit
Lojp=L A HG Gow A==

and 3

Agluon~ J1 (6105 — ¢* a1 - q2)J5
J¥ = quark-gluon current

for |pl’E 7 1= 3,4: forward jets
Agluon~ (JJ3 = J7J5) ps,- pa,

m

- o0 at Agp; ;= 5




‘ AZIMUTHAL ANGLE DISTRIBUTION I

-
'If] -
o L
B s dl=

solid my=175 GeV _

dots my e

dashes WBF

n | | |
50 - 1p0 160
Adjs
pjL = 20 GeV Mj1 " Mg < 0
WEBF cuts: ;| < 5 + |5, — 5o | > 4.2
Fi; =06 mj; = 600 GeV

W the azimuthal angle distribution discriminates between WBF and glion
fusion

@ 1ote that the larse M. limit curve approximates very well the exact curve



Caveat

Including parton showers and
hadronisation through
HERWIG, Odagiri finds much
less correlation between the
jets, but the plot has been
obtained by generating also
the jets through the showers

,-IJ . ﬂ:l

18

161

1k ¢

e i

100 F

wlk T

il

40 |

M F

0 -
{1

Odagiri hep-ph/0212215

-
Even CF
L0 24 13 Dheasi 24400
Oedd CP
B2 0-14 Moos{ 20
Mo correlation
LN B e TR T el

4 i dn'4 b |

FAY

A better analysis would require the generation of the basic final-state
topology (i.e. Higgs + 2 jets) through the exact matrix elements, and
the additional radiation through showers and hadronisation

ALPGEN Collab & VDD, in progress



‘ WWH COUPLING I

@ the azimuthal angle A¢;; between the jets can be used as a tool to
investizgate the tensor structure of the WWH coupling

Plehn, Rainwater, Zeppenfeld hep-ph /0105325

W take a sauge-invariant effective Lagrangian with dim. 6 operators

(CP even and CP odd) describing an anomalous WWH coupling

2 2
. g 'i' r FLLLS g 'i' r LIS
Ls = 510 (DTD) V,,, VH + e (®T®) V,, V*H
= te,b =00
@ expand P ELbDut the vev (get L‘lim 5 (D5) operators)
B N 1 gE‘U
L. = VIw—"" 4+ — HWTwW"" with —
N .J.‘:'LE_.!J HE 41,:,!;, e .il‘:'l.E, il‘:'l.%
@ CP odd D5 operator: e***? tensor in the coupling
- oo at Ap;i=0,7
@ CP even D5 operator is like the effective ggH coupling
l 7L s s m
AGP even i—jfll..QL g — g q1 - QE)'}Q = ZETro at *i':'ﬁjj_ E
A E-',El ]



‘AZIMLTTHAL ANGLE DISTRIBUTION FOR WWH chPLmGsl

¢ assume a Higgs-like scalar signal is found at LHC at the SM rate (for D5
operators: As ~ 500 GeV)

d6/dAD, (H—17) [fb]
0006 =1 —120GeV ..
- CPodd ™, . WEF cuts:
\ piL > 20 GeV
ﬂ.ﬂm .."-ll I..'r “",l"‘ _.-"
N 2 mil <5
,’ﬁ‘x M ;S R;; > 06
0.002 K ~, . ~“-H Mi, *TMja < 0
N .. CPeven’ - '
o et |7?j1 - ??j2| > 4.2
# ..... TR e =11
0 | |
0 20 100 150 AD.

e the Aop;; distribution
@ discriminates between different WWH couplings

@ is independent of the particular decay channel and the Hicos mass
range



‘INTERFERENCE EFFECTS IN THE A, DISTRIBUTIIDNI

e assume a Higos candidate is found at LHC with a predominantly SM g"

4+ coupling. How sensitive are experiments to any D5 terms 7
e 1o interference between SM and CP odd D5 operator
| d6/dAD, (H—T1) [fb]
0.006 m =120 GeV .-~ - A, distribution for the Sh and interfer-
VA > D ! ence with a CP even Db coupling. The two
ooos | | ﬁ"“‘f:k‘_h ? o curves for each sizn of the operator corre-
1 F*ﬁtﬁ:::"‘\\_; spond to values o /o5y = 0.04,1.0. Error
0.000 1;";1': 0 }I el :::;:__—j bars correspond to an intesrated luminosity
R e of 100 fb~ ! per experiment, distributed over
0 e lzﬁTT | 6 bins, and are statistical only
0 S0 100 150 AD.

l

e interference between SM and CP even D5 operator: |A|E = |Asn + A. s .

@ 5]l terms, but | Asn, 1|E, have an approximate zero at Agy= 7/2
W systematic uncertainty induced by H + 2 jet rate from glion fusion

- HG,,G"" is a. CP even Db operator



‘ THE CENTRAL JET VETO I

@ In WBF no colour is exchanged in the t channel

Q The central-jet veto is based on the different radiation pattern
expected for VWBF versus its major backgrounds, i.e. ¢ production

and WW + 2 jet production
Barger, Phillips & Zeppenfeld hep-ph/9412276

@ The central-jet veto can also be used to distinguish between
Higgs production via gluon fusion and via VWBF



1 Ifﬂr do a‘jd}'—rel

0.3

0.1

0.0

0.2

my=120 GeV, p;>20 GeV

Frizzo, Maltoni,VDD hep-ph/0404013

/""BF Distribution in rapidity
acD B of the third jet wrt to
N the rapidity average of
- ‘ | B the tagging jets
-] LT ]
JJ. | LL
4 2 0 2 4
Yral
1.D_| I T
my=120 GeV
08— |
5 QcDp oy
R= oo
Ratio of Higgs + 3 jet to 0.6 -
Higgs + 2 jet production = |
as a function of pf@m e .
i WBF
02 .
N I B I
20 29 40 39 40 45 a0

PTmin {GCV}



‘ CONCLUSIONS I

@ In Higgs + 2 jets, the azimuthal angle correlation between the two jets
can be used as a tool to distinguish between VWBF and gluon fusion,
and to investigate the tensor structure of the VWWWH coupling

Q Higgs + 2 jets via gluon fusion is known at leading order, including the
top mass dependence

it has a strong renormalisation scale dependence

the large M; limit is accurate if My < 2M;and pr < My, and is valid
even when the dijet, or jet-Higgs, invariant masses are much larger than )/,

@ Higgs + 2 jets via WBF is known at NLO, which increases the
WBF production rate by about 10 %

@ Large-rapidity (VWBF) cuts can be used to deplete gluon fusion wrt WBF

@ A central-jet veto can be used to further deplete gluon fusion wrt VWBF;
a study of the veto can be performed through Higgs + 3 jets, which has
been computed at leading order in the large M, limit



