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WHAT DO WE NOT UNDERSTAND WITH THE SM?

Neutrinos have mass Dark matter in the 
universe 

Gravity?

F = G
m1m2

r2

The Standard Model explanation for
M W , M Z , M to p, . . . �= M !

...an untested hypothesis! 



WHAT IS THE HIGGS BOSON?
A neutral elementary 
scalar Þeld which can 
interact with itself:

higgshiggs
higgs

higgs

higgshiggs higgs

higgs
higgs

The discovery of the Higgs boson is the main reason
for constructing the LHC.  Anything more is a present 
of nature that we have not paid the bill for.

It interacts stronger 
with short-lived very 

massive particles

W

W

higgs

~ MW

higgs

~ M

Z

Z Z

top
higgs

~ Mtoptop

Hard to Þnd since it does not interact at tree-level with 
the almost massless particles that we know how to 

collide, i.e.electrons, gluons, up and down quarks  



COLLIDERS AND THE 
HIGGS SEARCH
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Elusive particle! Bulk of its interaction creates mass, 
leaving pale experimental traces. 

Gigantic experimental efforts,  
which primarily aim to discover the Higgs boson.  



FEYNMAN RULES
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HIGGS HADROPRODUCTION
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THE GLUON-FUSION PROCESS

¥A loop process  

¥Sensitive to particles 
which we  may not 
know about.

¥SigniÞcant due to the 
large gluon density in 
the proton and the large  
top Yukawa coupling 



NON-DECOUPLING OF 
HEAVY STATES
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The Yukawa coupling compensates for the loop
suppression! It costs no more  to ÒtickleÓ very 
heavy states since they couple stronger to the 

Higgs boson  
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CHARACTERISTIC TIMES

=h x h

toptop

top higgs

InÞnitely heavy internal particles approximation is 
the limit of zero external to external momenta or 

slow varying external Þelds.

Factorization of phenomena at different 
time-scales



EFFECTIVE THEORY

Lhgg = C(mt )
h
v

�
−Z

4
Ga

µ! Gµ! ;a
�

Wilson coefÞcient C(M) 
encapsulates the (heavy)

particle content of the vacuum

Higgs-gluon 
operator describes QCD 

effects 

A neat separation of QCD from 
the details of the electroweak symmetry 

breaking model 



THE DECAYS OF THE HIGGS BOSON
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TWO PHOTON DECAY

t

t

t

W

W

W(Light Higgs)

NcQ2
t (4/ 3) (−7)

Small decay width

Probes the electroweak content of the 
vacuum. Sensitive to new heavy gauge bosons.



SOURCES OF UNCERTAINTY

¥ Higher order perturbative corrections (Th)

¥ Parton densities (Exp + Th)

¥ Coupling and mass parameters (Exp + Th)

¥ Model ( Th)

¥ Infrared behavior of cross-sections with colliding energy (Th)

¥ Infrared behavior of cross-sections with cuts (Exp+Th)

! =
!

ij

f i (x1)⊗ f j (x2)⊗ ! ij (L, E, M H , " s, " , M t , M b, M w , M z, . . . , “cuts��)



PRECISION OF HIGGS CROSS-
SECTIONS

• In general, we have achieved precision of the order of 
~10-20% for Higgs cross-sections.

• I would not like  to review today the very important 
computations that were needed for such a level of precision. 

• Instead I would like to focus on the most challenging cross-
sections, in the gluon fusion channel, which has required many 
efforts to control its perturbative expansion.



INCLUSIVE HIGGS X-SECTION

¥Painstaking checking or recalculation of of virtually all higher order contributions 
to the cross-section
¥Extending it to include consistently non-SM Yukawa couplings (3-loop Wilson 
coefÞcient by E. Furlan).  
¥A beautiful tool for studies of Higgs couplings.  Currently relies on manual input 
or  HDECAY for the width and branching ratios.  Soon,  it will perform an 
automated calculation of width+BRs in a ÒSMÓ with anomalous Higgs couplings. 



PREDICTIONS AT 8 TEV

Perturbative 
uncertainties estimated 
with scale variations

Uncertainty of parton 
densities 



PDF UNCERTAINTIES
¥ Five NNLO pdf sets

¥ 68% conÞdence level uncertainties show 
discrepancies 

¥ Situation can be ameliorated by adopting the 
90%CL uncertainty of MSTW

¥ Still, ABM11 set is quite different

¥ ABM11 Þnds a lower value of alpha strong, relies 
on less data, but not yet  shown to disagree with 
LHC data

¥ Difference with other pdfs is systematic. We do 
not try to reconcile it by enlarging further the pdf 
uncertainty. Instead, we provide a nominal 
prediction based on MSTW@90%CL and a 
typically lower prediction of ABM11



SCALE VARIATIONS

¥ We Þnd that the perturbative series 
converges well for scales around half 
the Higgs mass

¥ We vary the scale in the interval [Mh/4, 
Mh] 

CA, Melnikov; 2002



THEORY ERROR PROPAGATION IN 
THE LIKELIHOOD DETERMINATION

¥ PDF uncertainties can be treated 
with Gaussian priors in the 
calculation of the likelihood.  

¥ Perturbative uncertainties have no 
such statistical interpretation.  

¥ Notice, for example, that the 
NNLO band lies at the upper 
extremity of the NLO band. 

¥ A flat prior must be assigned to 
the pdf uncertainty. 



NLO QCD CORRECTIONS
!
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GLUON-GLUON LUMINOSITY

¥ Very stable from NLO to 
NNLO 

¥ Within 5% from LO for a light 
Higgs boson at the LHC for 
reasonable factorization scales.

¥ ~ 20% higher than LO for 
large factorization scales   Lgg(Mh=120GeV, LHC7, MSTW08)



GLUON-GLUON LUMINOSITY

• Very stable from NLO to 
NNLO 

• Within 15-20% from LO for 
a heavy Higgs boson at the 
LHC. 

Lgg(Mh=500GeV, LHC7, MSTW08)



LARGE K-FACTORS
!
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Two-loop bottom
amplitude. 

NLO

LO
∼ (80%− 105%)

Bound to have a large K-factor of at least 1.5-1.6
due to piÕs and the Wilson coefÞcient

Milder K-factor if gluon fusion is mediated through 
a light quark (bottom) as, for example, in large 

tan(beta) MSSM.   
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Wilson
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LARGE K-FACTORS (II)

NLO/LO gluons 
and alpha_s

¥Logarithmic enhancement at small transverse momentum
¥Integrable: reliable perturbative expansion for inclusive cross-sections.
¥The mu scale is arbitrary, but no need to be senseless. 
¥Choices very different than  pt  spoil the perturbative expansion.
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LARGE K-FACTORS (II)

NLO/LO gluons 
and alpha_s

¥Logarithmic enhancement at small transverse momentum
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PERTURBATIVE CONVERGENCE?

• Three main worries from the NLO calculation:  
     - Large  NLO Wilson coefÞcient  ~15-20%
     - Pi^2 = 2 x Nc x (Pi^2/6)  term   ~ 30-40% 
     - Large  logs (2 x Nc x Log(pt^2/mu^2)) of 
      transverse momentum (sensitive to mu) ~1% - 80%

• Comforting that the NNLO corrections are mild.  
The Wilson coefÞcient has a regular perturbative expansion.  

At NNLO:
Wilson

coefficient C ! 1 + (4%) á5.5 + (4%) 2 á10.
Chetyrkin, Kniehl, Steinhauser



PERTURBATIVE CONVERGENCE?
• Half of Pi^2 belongs to a different Wilson coefÞcient when 

matching to SCET.  It ``exponentiatesÕÕ. We are left to explain 
with the other half, which is not as much of a concern. 
At NNLO and  beyond:
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Ahrens, Becher, Neubert

•  Logs due to soft radiation exponentiate  and can  
  be   resummed  with NNLL accuracy at all orders.

•  Yield small corrections beyond NNLO which are  negligible
  for  natural scale choices  close  to  

Catani, de Florian, Grazzini

Ahrens, Becher, Neubert

µ ∼< pt > −mH



CHECKS AGAINST KNOWN 
BEYOND NNLO EFFECTS

¥ We have compared NNLO vs NNLL resummation of Grazzini, de Florian.  

¥ For low renormalization scales < Mh, the NNLL and NNLO results agree extremely well. 

¥ For higher scales, outside our variation choices, NNLO keep decreasing monotonically but NNLL develops a 
minimum at around mu_R = Mh

¥  For our scale choice, NNLL and NNLO agree extremely well for a vast range of collider energies, from the 
Tevatron to beyond LHC energies. 

¥ We notice that NNLO is virtually insensitive to variations of the factorization scale (~1%).  NNLL is more 
sensitive (~5%). An interesting feature that we would like to investigate further. 



SOFT LOGS AT NNNLO
Moch,Vogt

Implemented in ihixs

Not part of our recommended 
predictions, since log-dominance

is not anticipated over other 
NNNLO contributions 

Consistent with NNLO



DIFFERENCES OF THE IHIXS GROUP AND 
THE RECOMMENDATIONS OF THE HIGGS 

CROSS-SECTION WORKING GROUP

¥ PDFs: We are considering all NNLO pdf sets which are available and present 
predictions for all sets. The pdf uncertainty is derived using NNLO sets, not 
NLO. 

¥ We have justified our renormalization and factorization scale choices, and 
consider low scales which appear natural to us. These low scales are 
disregarded by the HXSWG.  Differences of about 6%. 

¥ Small differences in the estimation of mixed QCD and electroweak 
corrections < 3%.  

¥ The case of a large Higgs mass.  We stop our  predictions at 400 GeV, while 
the HXSWG presents total cross-section results up to 1 TeV.  



TOTAL CROSS-SECTION
¥ Can we condense, at least in practice, 

the SM predictions into:
 

¥ Experiments can prepare |in> states 
and measure the probability that they 
overlap with a certain Þnal |out> state. 

¥ The S-matrix <in|out> is constructed 
out of stable particles. Unstable 
particles, such as a Higgs boson, 
propagate but cannot be in a Þnal state.

¥ The Òtotal Higgs cross-sectionÓ is ill-
deÞned: both experimentally and 
theoretically.  

σtotal ! BR ! e! ciency?

AT
LA

S
/C

M
S

Interference is strong in ZZ and WW 
production at high invariant masses.
The ÒHiggs SlitÓ is not always safely bigger 

than the ÒBackground SlitÓ!



POLES OF AMPLITUDES
¥ Amplitudes for WW,ZZ,É production 

have a pole due to the Higgs boson.

¥ The position of the pole is outside the 
physical region, for complex invariant 
masses of Þnal state particles.  

¥ Experiments measure squared probability 
amplitudes for real momenta. 

¥ Still, the pole may inßuence strongly the 
value of the amplitude if it lies very close to 
the real axis (small width).

¥ The physical amplitude becomes 
increasingly insensitive to the complex pole 
by increasing the Higgs mass-width. 

+

!"#$%&%'

($%�ï)"#$%&%'

Q2
pole

= µ2
H
− i ! HµH

! ImQ2

ReQ2

ATLAS/CMS



UNSTABLE PARTICLES AND 
PERTURBATION THEORY

¥ For zero couplings (no 
interactions) all particles 
are stable. 

¥ For Þnite couplings, no matter 
how minute their value, particles 
may become unstable. 

¥ Naive perturbation theory 
around the zero coupling limit 
cannot capture such a non-
smooth transition

¥ Find a kinematic region where  
perturbation theory converges, for virtuality 
far away from the real part of the pole.

¥ Sum up at all orders in perturbation theory 
all ÒrelevantÓ contributions which blow up 
as one approaches the pole region. 

¥ Analytically continue the result to the pole 
region

¥ Complications: Isolate Òrelevant 
onlyÓ contributions.  Impossible to 
sum everything at all orders in perturbation 
theory.

¥ Clumsy remnants can lead to loss of gauge 
invariance and unitarity.   

Problem Solution
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VECTOR BOSON PAIR PRODUCTION VIA GLUON FUSION 

E.W.N. GLOVER and J.J. VAN DER BIJ 
CERN, CH-1211 Geneva 23, Switzerland 
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We study the production o fZ  boson pairs at hadron colliders, produced by gluon fusion via an internal quark loop of arbitrary 
mass, both with and without the presence of  a Higgs boson. As a background to Higgs boson production we find that the gluon 
fusion process, gg~ZZ,  is important,  60-70%, but  never dominant  over the Ctq-,ZZ process at the SSC. The Higgs boson signal 
and the cont inuum background interfere destructively for an invariant mass of  the Z boson pair larger than the Higgs boson mass. 
We use the results to give and estimate of  the cross section gg - ,W W  in the limit where up- and down-type quarks are degenerate 
and massless. 

One of the main purposes of the proposed high en- 
ergy hadron colliders like the SSC (x / s=40  TeV) or 
LHC ( ~  = 16 TeV) is the discovery of the Higgs bo- 
son responsible for electroweak symmetry breaking. 
If  the Higgs boson is heavy enough it will mainly de- 
cay into W or Z boson pairs [ 1 ]. The existence of the 
Higgs particle would then be signalled by a peak in 
the invariant mass distribution of the weak bosons. 
It is clearly necessary to have a complete understand- 
ing of the continuum production of vector boson pairs 
in order to get a realistic estimate of the signal to 
background ratio. 

The most direct source of continuum production 
of vector boson pairs is the tree level process 
CIq--,WW, ZZ [2 ]. Two other sources of continuum 
electroweak boson pair production are vector boson 
fusion [3] and gluon fusion [4-7] .  In vector boson 
fusion the incoming quarks radiate two weak bosons 
which subsequently scatter off each other. In gluon 
fusion the vector bosons are produced via a quark 
loop. The contributing diagrams are shown in fig. 1. 
Because of the loop this process is of higher order in 
o~s, but it is still important because the gluon-gluon 
luminosity is much higher than the quark-antiquark 
luminosity for small values of x at hadron colliders. 
The Higgs boson contributes to both vector boson fu- 
sion and gluon fusion and these processes are the main 
mechanisms for producing a Higgs particle. 

Vector boson fusion has been studied extensively 

Ia) 

g V g  . . . . . . . . . . .  V 

g . . . . . . . .  - - - - V  g V g . . . . . . .  - - - -  V 

g . . . . . . .  V 

(h i  

g . . . . . . . .  If V g ~ . . . . .  Z V 

Fig. 1. Diagrams contributing to the process gg-,VV, where V is 
either a Z or a W boson. The diagrams in fig. la  contribute to ZZ 
and to WW production. Those in fig. lb contribute only to W W  
production. 

in the literature [ 3 ]. The gluon fusion process has 
been studied much less. A very rough estimate has 
been given in ref. [4]. In ref. [5 ] numerical results 
have been given for the background g g ~ Z Z  process 
without taking the Higgs contribution into account. 
It was found that near threshold g g ~ Z Z  becomes 
more important than ~Iq~ZZ. Subsequently in ref. 
[ 6 ] the interference effects between the Higgs trian- 
gle graph and the box graphs was studied. A positive 
interference at large invariant masses was claimed in 
this paper. In refs. [ 5,6 ] the cross sections were cal- 

488 0370-2693/89/$ 03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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to q~l with increasing invariant  mass. Even though the 
gluon fusion process is quite impor tan t  at the SSC we 
find that  it never dominates  the ¢lq process. We 
therefore disagree with the results o f  ref. [ 5 ], where 
the gluon fusion process becomes the dominan t  one 
at low invariant  masses. 

Of  course these results are affected by the choice o f  
structure functions that  are used, as well as by higher 
order  effects. The quark and gluon structure func- 
tions are not well known at small x; however,  the un- 
certaint ies in Q2 and A cancel to some extent in the 
rat io of  quark and gluon luminosity.  Some higher or- 
der  calculations exist for qdl-~ZZ [ 11 ], which indi-  
cate that  effects of  O (30%) may be present.  Since the 
gluon fusion process is O ( a  2 ) it is much more sensi- 
t ive to the value of  Q2, but,  due to the complexi ty  of  
the lowest order  no higher order  correct ions to the 
gg-~ ZZ process have been a t tempted.  

In fig. 3 we compare  the invariant  mass distr ibu-  
t ions for g g - , Z Z  for m~= 100 GeV with and without  
a Higgs of  mass MH = 500 GeV. The contr ibut ions  for 
gg--*ZLZ L are  shown separately. With  this value of  the 
top quark mass, the Higgs resonance is clearly visible 
above the q~l-~ZZ background.  In part icular ,  we note 
that  beyond the Higgs pole the gg--.ZZ cross section 
is reduced, while there is an increase for Mzz < MH. 
The Higgs decays almost  completely into longitudi-  
nal Z bosons and at the resonance interference be- 
tween the signal and gluon fusion background is un- 
important .  At energies much larger than the Higgs 
mass the interference becomes impor tan t  and is de- 
structive as is clear from the J /+ + oo ampl i tude  at large 
g, 

2 ~ 2 
~ +  +0o(box) = 16aqsmqC(S) 

M ~  , 

gem~C(g) (5)  
J¢+ + oo ( t r iangle)  = M2 z ( g _  M2 H + iFH MH ) ' 

where a , =  _+ ! and FH is the total  width o f  the Higgs 
boson. C(g)  is the basic triangle integral,  

f d 4 q - -  2 2 \ r  c(g)= j ~21tq --mq)l (q+P,)Z--mqZ] 

X [(q+p, +p2)2-m2q]}-', (6)  

with p~ and P2 the gluon momenta ,  p~ = p ]  =0 ,  and 
s =  (Pt +P2) 2. At large g (g>> m2), C(g) is given by 

y_= 
N 

"m 

10 0 

10- I  

I0-2 

gg -- ZZ fs  = ~0 TeV 

lyzl < 1.5 

M H : 500 GeV 

j 

I0 -3 ~- \ \ .  

\ 
\ 

\ 

i0-~, - " - . .  

gg--ZLZ L "<~ 

l o -sL  I 200 doo 6;0 ' 860 \ '  E 1000 
Mzz ((3eV} 

Fig. 3. The invariant mass distribution for gg~ZZ in pp colli- 
sions at x~=40 TeV. We took rnt= 100 GeV and show curves 
both with a Higgs boson of mass MH = 500 GeV (solid lines) and 
without the Higgs boson (dashed lines). We show curves for lon- 
gitudinally polarised Z boson pair production in addition to the 
sum over all Z boson polarisations. A rapidity cut on the Z bo- 
sons of lYz< 1.5 has been applied. 

c(g) =~-~ L \mq/, 

The nature of  the interference can be unders tood 
as follows. At large g, the crossed box in fig. 1 a does 
not  contr ibute  as is obvious from eq. (5) .  I f  we now 
make an g-channel cut on the other three graphs we 
have the process t t - ,  Z L Z  L. For  this process, uni tar i ty  
requires a cancellat ion between the Higgs graph and 
the other  two graphs at large g. The integrat ion over  
loop momen ta  does not  change this cancellation.  We 
therefore disagree with the results of  ref. [6] ,  which 
finds a constructive interference at large g. 

Final ly  let us turn to the pair  product ion of  W bo- 
sons via gluon fusion, g g - , W + W  - .  In add i t ion  to the 
graphs of  fig. 1 a, there is also the g-channel exchange 
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For a large width,  interference effects are large.  We 
must compute the full process, assessing consistently 
the uncertainty due to higher order corrections. Not 
the Þrst time that we are interested in this physics. 

Before LEP and when SSC was considered, the case of 
a large Higgs mass was very serious



IHIXS ALERT OF IMPORTANT 
NON-FACTORIZED EFFECTS



WHY DO WE NOT PROVIDE ÒSIGNAL 
ONLYÓ INCLUSIVE CROSS-SECTIONS 

ABOVE 400 GEV? 

• The distinction of resonant vs non-resonant is not 
diagrammatic. It is kinematic (Beneke,Chapovsky,Signer,Zanderighi)

• We shall do the separation carefully, expanding all diagrams in 
the amplitude of the full process in width/mass.  

• The outcome depends on the Þnal state...

• and the cuts designed to uncover such a wide resonance.  



CONCLUSIONS

¥ I am conÞdent that we have very solid predictions for Higgs cross-
sections at the Large Hadron Collider (as long as the width of the 
Higgs boson is small).  

¥ Predictions in gluon fusion are extended to more generic cases of 
Higgs boson couplings and Higgs effective operators (ihixs).  

¥ Precision is promising for a better determination of Higgs couplings. 

¥ So far, experimentalists have been asking theorists about the value 
of the Higgs cross-section. I hope that time has arrived that the 
roles are inverted!


