
1

EXP TH Two-Loops EW thresholds Conclusions

Real(Complex) Calculations

in the Standard Model

Giampiero PASSARINO

Dipartimento di Fisica Teorica, Università di Torino, Italy
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Real or Complex?

The real discovery is the one which enables me to stop doing philosophy when I want to.

Ludwig Wittgenstein
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10 Planck 2011, Lisbon Andreas Hoecker   –   ATLAS Searches 

Theoretical and indirect exp. Higgs constr

The Higgs boson should be light but not too light… 

Allowed Not allowed 

The SM Higgs must steer a narrow course 

between two disastrous situations if it is to 

survive up to the Planck scale MP ~ 2"10 18 GeV 

J. Ellis et al., arXiv:0906.0954 
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20 Planck 2011, Lisbon Andreas Hoecker   –   ATLAS Searches 

Exclusion CL 

Significance 

Combination using 

maximum likelihood fit 

taking into account 
correlated nuisance 

parameters 

Uncertainty on cross 

section included in SM 

expectation#

Power-constrained* limits (PCL) computed from CLs+b of test statistics using toy MC  

*Fluctuations below –1#  wrt. median of expected limits are not allowed 
Corresponding CLs limits provide reduced exclusion (overcoverage) 

ATLAS combination of individual channels for 2010 data 
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Not yet reached at Tevatron 

who exclude 158–173 GeV 

at 95% CL [arXiv:1103.3233]#
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21 Planck 2011, Lisbon Andreas Hoecker   –   ATLAS Searches 

Exclusion CL 

Significance 

95% CL exclusion of 140 < MH < 185 GeV in SM4 

u4, d4 ? 

4th generation ?  
K-factor of ~32 = 9 
using sequential model 

Gluon fusion to Higgs via triangular heavy-quark loop sensitive to 4th generation 
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Last few years

Feynmanians versus Unitarians
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Contentious Matters

Melrose, Veltman et al.

IN (4 dim) =
∑

B∈IN

CB D0(B) +
∑

V∈IN

CT C0(V )

+
∑

S∈IN

CS B0(S) +
∑

T∈IN

CT A0(T )

Find the most efficient algorithm to compute coefficients
(⊕ find the analogous two-loop basis).
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Highlingths in Loops

NNLO QCD: Catani, Grazzini, DeFlorian, Anastasiou, Petriello, . . .

Mostly QCD (Unitarians): Bern, Dixon, Kosower, Kunszt, Zanderighi, K. Ellis, . . .

Mostly QCD (Numerical): Ossola, Papadopolous, Pittau, . . .

Mostly EW (Feynmanians): Denner, Dittmaier, Binoth . . .

Two-Loop EW : Actis, Passarino, Uccirati, Sturm, . . .
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Feynmanians
(a) (b)

(c) (d)

Figure 3: Categories of cut diagrams contributing to the QCD corrections.
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Figure 4: Basic diagrams contributing to the virtual QCD corrections for H → 4f where
V = W, Z and q = d, u, s, c, b, t. The categories of QCD corrections, (a)–(d), to which the
diagrams contribute are indicated.

5



1

EXP TH Two-Loops EW thresholds Conclusions

Unitarians
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FIG. 7: The 26 different integrals which are allowed, by the hypothesis of dual conformal symmetry,

to contribute to the amplitude M
(2),D=4
6 . Beneath each diagram is the coefficient with which the

corresponding integral, defined according to the rules reviewed in fig. 1, enters into our result for

M
(2),D=4
6 . An overall factor of 1/16 is suppressed and it is understood that one should sum over

the 12 cyclic and reflection permutations of the external legs. In each coefficient, the second factor

is a symmetry factor that accounts for overcounting in this sum.
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Anatomy of a Two −Loop EW
Calculation

with unstable particles
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GraphShot package I

Introduction & Motivation Calculation & Techniques Results & Discussion Summary & Conclusion

Calculation & Techniques
...some diagrams contributing to the EW 2-loop corrections

gg → H:

LO t

NLO t
Z tW

t
W

, . . .

H → γγ:

LO t W

, . . .

fermionic bosonic

NLO t W

W

Z
W

t

, . . .

C. Sturm Brookhaven Forum, Terra Incognita: from LHC to Cosmology, November 7th, 2008

Two-loop electroweak corrections to Higgs production and decay at LHC 5
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MI

List-of-diagrams: all what is needed

T A T B

SA SC SE SD

V E V I V G V M V K V H



1

EXP TH Two-Loops EW thresholds Conclusions

Coll II

Extracting Collinear divergencies

Theorem
Coefficients of collinear logarithms are integrals of one-loop
functions

m

m

m
m

M3
M4

M5

−P

p1

p2

= ln
m2

s

∫ 1

0
dy

M3

M4

M5

−P

(1−y)p1
yp1

p2

+ finite part
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Theorem I

General results I

p

m

m

q

q + p

qµ1
a . . . qµm

a = ln
m2

s

∫ 1

0
dz

zp

(1−z)p

qµ1
a . . . qµm

a + coll. fin.

Coll. behavior of arbitrary two-loop q -scalar, UV-finite diagrams
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Theorem II

General results II

p

m

m

q

q + p

qν1. . . qνr qµ1
a . . . qµm

a = ln
m2

s

[

1 −
ǫ

2
∆UV (s) −

ǫ

4
ln

m2

s

]

×

∫ 1

0
dz (−z)r

zp

(1−z)p

qµ1
a . . . qµm

a pν1. . . pνr + c. f.

Generalization to tensor integrals
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UV

Extracting Ultraviolet divergencies

V I = −P

p1

p2

m1

m2

m3

m4

m5

=
1
π4

∫
dnq1 dnq2

[1] [2]
︸ ︷︷ ︸

x

[3] [4] [5]

︸ ︷︷ ︸

y1,y2,y3

,

[1] = q2
1+m2

1
[2] = (q1−q2)

2+m2
2

[3] = q2
2+m2

3
[4] = (q2+p1)

2+m2
4

[5] = (q2+P)2+m2
5

= Cǫ

∫ 1

0
dx

∫

dS3(y1, y2, y3) [x (1 − x)]−ǫ/2 (1 − y1)
ǫ/2−1 V−1−ǫ

The single pole can always be expressed in terms of 1L.

V I = m2
3 m2

3

m1

m2

× −P

p1

p2

m3

m4

m5
+ finite part.
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Around threshold
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Bubbles

1/β -behavior

H

m

m

m

m = −
- m2

×
H

m

m
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+

(
reg. part
at β = 0
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Bubbles II

Origin of 1/β

(1-loop diagrams) ⊗ (H wave-function FR)

H

W,Φ

×
H

γ

γ

(1-loop diagrams) ⊗ (W mass FR)

W
×

H

γ

γ
W

W

W
Pure 2-loop diagrams
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Coulomb

Logarithmic singularities

H

γ

γ

γ

W,Φ

W,Φ

W,Φ

W,Φ

W,Φ

∼ ln βW

Remnant of
Coulomb
singularity

H
γ

W,Φ

W,Φ

W,Φ

W,Φ

∼ 1/βW
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Complex for Coulomb

Cure for logarithmic singularities

H

γ
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γ
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Comparison I

Comparing

 [GeV]HM
150 200 250 300 350 400

 [%
]

E
W

δ

-4

-2

0

2

4

6

8

10 WW ZZ tt

EW, light ferm.δ

EW, light ferm., Fig.2 of first paper of Ref.[27]δ

EW, total, CMδ



0

2

4

6

8

10 WW ZZ

EW, light ferm.δ

EW, light ferm., Fig.2 of first paper of Ref.[27]δ

EW, total, CMδ



1

EXP TH Two-Loops EW thresholds Conclusions

Comparison II

Comparing
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Dealing with experimenters today
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Dialogue Concerning the Two Chief World
Systems: Salviati, Sagredo, Simplicio

TH How do you want to proceed? Full scenario?

EX No, we separate Higgs production and decay, and MCs
implement an ad-hoc Breit-Wigner

TH Hope you are not going for high-mass!

EX Up to 600 GeV via ggF(+VBF) (H → WW → lνqq)
TH Then you got problems, the three bricks need a proper

definition:
1 The full S -matrix element is S ⊕ B
2 S is

[
production ⊗ propagation ⊗ decay

]

3 each of them must be defined consistently

EX We are working with a mass spectrum peak, but what
about the on-shell mass peak? Are there other definitions?

TH This I told you before
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Conclusion?
What is the best way of dealing with experimeters? Well,

that all true believers break their eggs at the convenient end.

Jonathan Swift’s Travels into Several Remote Nations of the World

Exclusions are approaching

Good tests kill flawed theories; we remain alive to guess
again.

Karl Popper

El suẽno de la raz̃on produce monstruos

Francisco Goya
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Moving towards modernity

Which
best language to simulate intuition?

production of on-shell
Higgs

intermediate
Breit–Wigner

Higgs on-shell decay

production of a Higgs at
its complex pole

Dyson resummed
propagator

Higgs decay at its
complex pole

Right column

cannot yet produce fast answers, that’s why the PO oblivion
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v s =⇒ z s =⇒

Vprop(vs , zs , t̂) Vdec(z s)

H

∆(z s)

t̂ ց

=⇒ σgg→H+X(vs , t̂ , zs)
(zs)2

∣
∣
∣zs − sH

∣
∣
∣

2

ΓH→f(zs)

(zs)1/2
+ NR

= σgg→H+X(vs , t̂ , sH)

∣
∣
∣sH

∣
∣
∣

2

∣
∣
∣zs − sH

∣
∣
∣

2

ΓH→f(sH)
∣
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∣sH

∣
∣
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Age is an issue
of mind
over matter.
If you don’t
mind, it
doesn’t
matter.

Mark Twain
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