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Motivation

The Standard Model is ~35 years old and its essential goal

To describe electroweak interactions with a
spontaneously broken SU(2)®U(1) gauge symmetry

has been spectacularly confirmed

*Renormalizability

*Discovery of Neutral Currents
*Discovery of W and Z bosons
Precision test of W/Z properties

But ...
The agent of electroweak symmetry breaking remains elusive



The Standard Model Higgs boson 1s the benchmark
for studies of the symmetry breaking sector

Where should the Higgs be?

LEP Search: MH > 114.1 GeV (MH =115 GeV?)
Precision EW Fits: M = 85%; GeV
95% CL upper limit: M < 196 GeV
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Higgs Production at Hadron Colliders

Gluon Fusion dominates Higgs production at

At the Tevatron:

Hadron Colliders
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And at the LHC
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At the Tevatron, H—bb decay 1s overwhelmed by
QCD background and the rate 1s too low to observe

rare decays like H—vy.
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Except near the HoWW threshold ' £
(140 GeV <M < 170 GeV) o [

associated production -
(qq—HW) 1s better.
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Signal significance
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At LHC gg—H 1s the primary discovery mode
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Why NNLO?

The NLO Corrections are very large

K(pp = H+ X) (Ns = 14 TeV)
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The NNLO corrections are also
expected to be very large (KLS):
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Using (consistent) MRST2001 PDFs:

K(pp —>H+ X) (Ns = 14 TeV)
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Methods

The Higgs boson couples to mass:

* The gluons have no direct coupling

* The quarks 1n the proton (u,d,s) have tiny
couplings

Hadronic Higgs production 1s dominated by gluons
interacting through virtual top quark loops.



Effective Lagrangian

In the limit that the top quark 1s very heavy and all other
quarks are massless, we can integrate out the top and
formulate an effective Lagrangian coupling the Higgs to
Gluons.
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W

C, has been computed to order at!

Using the effective Lagrangian greatly simplifies the
calculation of radiative corrections.




NLO Corrections

NLO Corrections have been computed in both the
effective Lagrangian (Dawson; D jouadi et al.)

and 1n the full theory (Djouadi et al.)
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They agree extremely well
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NNLO Corrections

For NNLO corrections, we assume that the Effective
Lagrangian provides a good description of Higgs
Production (especially in the most interesting mass

range (< 200 GeV).

NNLO Corrections combine three components
* Virtual corrections to two loops

* Single Real Emission corrections to one loop
* Double Real Emission corrections



Virtual Corrections: Sample Diagrams
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One-Loop Single Real Emission: gg — Hg
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Double Real Emission:
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Mass Factorization

After combining all of the matrix element
calculations and renormalizing, the sum still
contains poles. These are removed by mass
factorization.
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Phase Space Integration

Virtual Process: 2—1
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Double Real Emission: 2—3

k==Y, 0, 0, D

kz = _§(17 07 07 _1)

ky =2 ;\;%H (1, 0, —sin8, cos 0)
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8
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Integrate over angles ¢, 6 and invariants s, and s.
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The invariants are written as:
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Power Series Expansion in (1-x)

The cross section can be written as a power series in
(1-x), In(1-x):
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In the Soft limit, one keeps only the a" and bIE”)

terms.

Real emission generates terms like:

(1—x)~L-me :_5(1—x)+i (—me)" llnn(l_x)]

! _
mEe = n I —x

so the bIE”) terms come for free.

In the Soft + Collinear limit (SVC), one also keeps c(%)



The Soft Limit 1s not enough!
At NLO, 1t was found that the soft approximation

1s inadequate. The leading cl(l’z) term dominates!
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Recall:
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and
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Summing the Series
With enough terms in the expansion, one can invert

the series and obtain the result in closed form if one
knows the basis functions:

Prefactors Functions
1 ix ] In(x)
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1 —
. X

: . 1—x2
Ll3(1 —X2) Ll3 (—x—z)

Li 1—x L 1—x
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So, with 6 X13 =78 terms,
the series can be inverted.



Even at low orders 1n the expansion, we were able
to find an error in the NNLO Drell-Yan correction
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NNLO Correction terms: gg initiated processes
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NNLO Correction terms: gq initiated processes
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NNLO Correction Terms: qq and qq initiated processes
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Results: Higgs at LHC

Vs = 14 TeV
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Results: Higgs at the Tevatron
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How good 1s the expansion?
Excellent

s KM (pp—H+X)
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Compare to the predictions of
collinear resummation:
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Compare to the predictions of
soft + collinear resummation:
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Scale Dependence at the LHC
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Scale Dependence at the Tevatron
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Summary: Standard Model Higgs

1.We have computed the complete NNLO correction
to Inclusive Higgs Boson Production at Hadron
Collider 1n the large M, limit.

2. The corrections are substantial, but perturbatively
well-behaved.
3.Scale Dependence 1s improved.

By being consistent with lower-order calculations,
this 1s the first manifestly reliable calculation of
hadronic Higgs boson production!



Supersymmetric Higgs Boson Production

In the Minimal Supersymmetric Standard Model
(MSSM) there are two Higgs doublets, with vacuum
expectation values v, v,. After symmetry breaking,

there are 5 physical Higgs Scalars:
h’, H’, A, H*

In the "decoupling" limit, the light neutral scalar, h’,
has properties almost 1dentical to the Standard
Model Higgs. The heavy scalar, H’, and the
pseudoscalar, A, have very different interactions.



Limits on M, from LEP
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Limits on M, from LEP
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Pseudoscalar Production

Gluon fusion 1s also very important to pseudoscalar

production and can also be described by an effective
Lagrangian in which the top quark 1s integrated out.

This effective Lagrangian coupling the pseudoscalar
to gluons 1s:

L=CAte_ GPG™+ ..
1 apuv

—t



Pseudoscalar Production

Although the vertex functions are very different, the
result for the scalar and pseudoscalar cross sections

are very similar. The difference between the results
1S quite compact:

1939 19
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Results: Pseudoscalar Higgs at LHC

S(pp—A + X) (Vs = 14 TeV)
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Results: Pseudoscalar Higgs at Tevatron
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H/A Couplings

For the pseudoscalar (and for H’ in the decoupling
limit) the couplings to "up-type" fermions are
suppressed by tan f= v /v, while those to "down-
type" fermions are enhanced by tan . This presents
a problem for gluon fusion calculations:

For tan B significantly larger than 1, b-quark
interactions are important. But ... one cannot
formulate an effective Lagrangian by integrating out
the b-quark to produce ~100 GeV Higgs bosons!
An NNLO calculation would require massive 3-loop
diagrams.



b-quark Loops

Still ..., the effective Lagrangian for t-quark loops
works far beyond the top threshold. Why?

Radiative corrections are dominated by
soft/collinear emission, which does not resolve the

t-quark loops.

While use of the effective Lagrangian cannot be
justified a priori, 1t can be shown, a posteriori, to be
a reasonable approximation.



At small tan B, b-quark loops are

negligible
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But must be 1included for large tan S.
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At small tan B, b-quark loops are

negligible
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But must be 1included for large tan S.
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b-quark Loops are Important!

and the effective Lagrangian works pretty well
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A new production mode at large tan f3

The importance of b-quark couplings at large tan 8
suggests a new inclusive production mechanism:

bb—H
Since b-quark distributions are generated by gluon
splitting the true parent process 1s

gg—bbH

The b-quark distribution resums large logs
associated with the gluon splitting, but 1s only truly
consistent 1f calculated to high enough order to
include the parent process.

In this case, one must compute to NNLO.



bb—H/A at NNLO

We can 1gnore the b-quark mass in our calculation,
except where 1t enters 1nto the Yukawa couplings.
Other b-quark mass effects are suppressed by factors

of my/M;.
In the m,—0 limit, the partonic cross sections for
bb—H are identically equal to those for bb—A.

bb—H/A can dominate at large tan B because
o, ~m/M; tan’8  while
0,,~A cot’B + B my/Mj; + C my/Mj; tan®B



Factorization Scale Dependence of
bb—H/A at LHC
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Renormalization Scale Dependence of

bb—H/A at LHC
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Factorization Scale Dependence of
bb—H/A at the Tevatron

o(pp > H+X)[pb] Vs =196 TeV
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Renormalization Scale Dependence of
bb—H/A at the Tevatron

o(pp > H+X)[pb] Vs =196 TeV

0.05
0.045 |
0.04 F
0.035
0.03 E
0.025 | ]
0.02 |
0.015 |
0.01 | :
0.005 [ wy=100Gev

0 - MRST2001PDFs

10" 1 10

Mg = Mpy/4 Hg/My



bb—H versus ge—H (tan B = 1)
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bb—H versus ge—H (tan B = 3)
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bb—H versus gge—H (tan = 5)
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bb—H versus ge—H (tan B = 7)
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bb—H versus ge—H (tan B = 10)
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bb—H versus gge—H
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bb—A versus gge—A (tan = 1)

o(pp = A + X) [pb] Vs = 14 TeV

—— bb— A (NNLO) 3
— gg— A (NLO,EfY) 3
— gg— A (NNLO,EfY)

gg— A (NLO,Full)

10 100 200 300 400 500 600 700 800 900 1000

tanB =1.0 MA [G@V]



bb—A versus gge—A (tan B = 3)
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bb—A versus gge—A (tan = 5)
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bb—A versus gge—A (tan B =7)
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bb—A versus ge—A (tan B = 10)
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bb—A versus gg—A
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SUSY Higgs Searches at LHC
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Conclusions
We have computed NNLO corrections to scalar and

pseudoscalar Higgs boson production via gluon

fusion 1n the heavy top limit.

The corrections are substantial (though perturbatively well
behaved) and the scale dependence is rather large.

We have also computed NNLO corrections to Higgs

production via bb annihilation.

The corrections are modest and the scale dependence 1s quite
small.

We now have reliable calculations of Higgs boson
production rates at hadron colliders for both the

Standard Model and Minimal Supersymmetric
Standard Model.



