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Based on work done in collaboration with
Christian Sturm and Sandr o Uccirati

Thanks: A. Denner , S. Dittmaier , M. Dühr ssen,
M. Grünewald, S. Heineme yer, C. Mariotti, R. Tanaka

But I talk, so it’s my responsibility
All that theories can tell us is how the world could be (van

Fraassen 1991)
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Outlines

(1, 2,)

1 Fromsignalandbackgroundat LHC to thedefinition
of Pseudo- Obervables

2 andFeynmandiagramson thesecondRiemannsheet,

what else, but the inevitable!
The suggestion that particles might be seen as aspects of
pseudo-observability fits nicely with structural realism, even
in the absence of further metaphysical explication (Higgs)
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Before the entr y of the chorus

All the questions in this talk are not reall y urgent , as
nothing will be really measurable by LHC before 2013,
2014 or beyond

but they will be if you consider as relevant to have results
published in such a way that theorists can later enter their
general model parameters, calculate resulting POs and
see how well data constrains this model.

even if it will take 10 years to reach enough fb � 1;
even if it is not LEP anymore� study tools that Exps can use in future analysis to extract

Higgs POs
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Oldies but Goldies

Experimenter� s

(should) extract (unf old ?) so-called realistic observables from
raw data, e.g. M ������� in ��� pp  ����� X � and need

to present results in a form that can be useful for
comparing them with theoretical predictions, i.e. the results
should be transformed into POs

Theorists
(should) compute POs

using the best available technology and satisfying a list of
demands from the self-consistency of the underl ying
theor y



Prolegomena

The search for a mechanism explaining EWSB

has been� a major goal for many years, in particular the search
for a SM Higgs boson . As a result of this an intense effort in
the theoretical community has been made to produce the most
accurate NLO and NNLO predictions

However, there is a point

that has been ignored: the Higgs boson is an unstable particle
and should be removed from the � in � out � bases in the H -
space, without destroying unitarity of the theory. Therefore,
concepts as the

production or partial decay widths of an unstable particle

should be replaced by a conventionalized definition which
respects first principles of QFT
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Prolegomena II

Example�
Combine gg  H with H  ��� . The full process is

pp  ����� X Signal pp gg�  H  ������� X !
and by a non-resonant background. The question is:

how to extract from the data, without ambiguities, a PO H
partial decay width into ��� which does not violate first
principles?

Once again,

Higgs boson "# � in � ;$ ��� out �H in � not definable in QFT.
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Backgr ound: comment

Perhapswehavebeentoobusywith polynomial20 gluons,

but
The qq  ��� background was computed with NLO XX. However,

XX is not an event Monte Carlos suitable for the detector
simulation.

Hence LO YY is used to produce events and then � , the pT and
the M&'& distributions are reweighted to XX.

Theory issues exist independently of those experimental
detector-related aspects and must be tackled anyway('('()('('(
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The mother of all POs

resummed� propagator s

Skeleton expansion of the self-energy S  16 + 4 i , with
propagators that are resummed up to -.� n �
/10 0 2

i � s �  1
s 3 m2

i

!
/ 0 n 2

i � s �  3 / 0 0 2i � s � 1 � / 0 0 2i � s �4, 0 n 2ii s ! / 0 n 5 1 2
i � s � 5 1 !

a dressed propagator is the formal limit

/
i � s �  lim

n 687 /10 n 2i � s �9!
/

i � s �  3 / 0 0 2i � s � 1 � / 0 0 2i � s �4, ii s ! / i � s � 5 1 !
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Comple x pole

The Higgs boson comple x pole

sH is the solution of the equation

sH 3 M2
H �<, HH � sH ! M2

H !>=?�  0 !
where M2

H is the renormalized mass; all local CTs have been
introduced to make the off-shell , UV finite.

NI 1

@@ = sH
 0

NI 2

@@ = , HH � sH ! M2
H !>=?�  0 !
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Corollar y

From NIs it follo ws:

@@ = , 0 1 2HH � sH ! sH !>=?�  0 !

at one-loop, the Higgs complex pole is gaug e parameter
independent if the self-energy is computed at M2

H
 sH,

the basis of the so-called complex-mass scheme

higher than one-loop C'C'C no time C'C'C
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S - matrix

At the par ton level

the S -matrix for the process i  f can be written as

Sfi
 Vi � s � / H � s � Vf � s �E� Bif � s �9!

Vi is the production
ver tex i  H

Vf is the decay ver tex
H  f

/
H the H re-summed

propagator

Bif is the non-resonant
backgr ound
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Modification of the LSZ reduction

Step 1

$ f out � H � $ H � i in �G�
n HI H

$ f out � n � $ n � i in �
J
n KML H is a complete set of states

Step 2

N
HH � s �  , HH � s �O3P, HH � sH �

s 3 sH

!
/

HH � s �  � s 3 sH � 5 1 1 � N HH � s � 5 1 !
ZH

 1 � N HH C
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Modification of the LSZ reduction

Step 3

Sfi
 Z 5 1R 2

H � s � Vi � s � 1
s 3 sH

Z 5 1R 2
H � s � Vf � s � � Bif � s �

Step 4

S � Hc
 f �  Z 5 1R 2

H � sH � Vf � sH �9!
Sfi

 S � i  Hc � S � Hc
 f �

s 3 sH

� non resonant terms C
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Main result

Example: gg  ���
1
s

d T f � PH ! J pf KU� Si � sH � Sf � sH �
s 3 sH

2  V 5
H

s � s 3 sH � 2W ��� V H � gg 6 H XZY � V H � H 6 &'& C

V H Y � Hc
 f �  � 2 +[� 4

2
d T f � PH ! J pf KU�

W
spins

S � Hc
 f � 2 !
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real lif e: 
]
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real lif e: 4 leptons
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Strategy

We have four parameter s, all PO

sH
 V 2

H 3 i V H � H Ch��� V H � ij 6 H ! Y � V H � H 6 XX !
to use in a fit to the (box-detector) experimental distribution
(of course, after folding with PDFs);

these quantities are univer sal , uniquel y defined , and in
one-to-one correspondence with corrected experimental
data;

after that one could start comparing the results of the fit
with a XM calculation .i Proposed initial step: unfold RO into something with
idealised cuts and then use the PO approach to fit that.
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PO, once again

Why PO langua ge?

POs are the the ‘moneta franca’ of LHC, creating an
awful lot of wealth C'C'C)C'C'C . There are reasons why the
chain

MCT  detector simulation-selection cuts realistic distributions  unfolded distributions

should be replaced by

MCT  box acceptance (unfolded particle-level) distributions

Since detector-experimental issues are a moving target
only PO are the Frankish language to understand LHC.
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Why?

PO
POs transform the univer sal intuition of a
QFT-non-e xisting quantity into an archetype ,

PO l the archetypal model after which theoretical
calculations are patterned without worries on generating
and detector-simulating events for signal and background
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Glossar y

Example

RD = real data

RO = from real data  distributions with cuts l RO
diphoton pairs n E o p prq M nts?s�p ;

PO = transform the universal intuition of a QFT-non-existing
quantity into an archetype, e.g. ��� gg  H �9! Y � H  ����� ,

ROth n mH ovuwn H qxs?s�pyo{z{z9z|p fitted to ROexp (e.g. RO } M n~s�s�p )
defines and extracts mH etc.
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Steps

go via idealised (model-independent?) RO distributions
and from there then going to the POs.

Step 0) Use a (new) MCT – the PO code – to fit ROs

Step 1) Understand differences with a standard event
generator plus detector simulation plus calibrating the
method/event generator used (which differ from the
PO-code in its theoretical content)

Step � 2) Let’s see z{z9z{z{z9z
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Lep example of RO

s-channel�
t-channel
�

interference
�

1990-92

1993

1994

1995

√
�
s [GeV]

�

σ [
nb

]
L3

e� +e� − → e+e� −(γ� )
44o < θ

�
 < 136o

rat
io

0

0.5

1

88 90 92 94
0.95
� 1

1.05
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Plan

Example

ROexp

5U6
fit ROth � PO1 C'C'C POn ��

POXM
1 C'C'C POXM

n

� 5
comparison PO1 C'C'C POn� PO1 X PO2 C'C'C POn �

XM = any Model



�

Outlines Intr oduction Comple x poles Extracting POs Comple xity Numerica

Once again

on-shell  �H �  �FS � � does not exist

�

well defined � ROth
FS� mH Y � Hc

 FS ��!�C'C'Cw�
ROexp

FS
 mH ! Y � Hc

 FS ��� extracted

�

conventional but unique
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Generalization

sH

sW

Figure: Gauge-invariant breakdown of the triply-resonant gg q 4 f
signal into gg q H production, H q W � W � decay and subsequent
W q��f f decays.
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General setup

� � 2 theor� y with M��� 2 m� ; the
�

propagator is

� �
s � M2�¡ £¢ �v�?¤ s ¥ ¦ 1 §

The inverse function,
� ¦ 1 ¤ s ¥

is analytic in the entire s -plane except for a cut¨
4 m2©«ª ¬® ;

is defined above the cut,
� ¦ 1 ¤ s   i 0 ¥ and the analytical

continuation downwar ds is to the 2nd Riemann sheet

� ¦ 1
2
¤ s � i 0 ¥ � � ¦ 1 ¤ s   i 0 ¥ �¯� ¦ 1 ¤ s � i 0 ¥   2 i °�± ¤ s ¥ §

2 i °�± ¤ s ¥ is the discontinuity across the cut.
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The logarithm

We need³ a few definitions whic h will help

the understanding of the procedure for the analytical
continuation of functions defined through a parametric integral
representation

Logarithm

Step 1 ln ´ k µ z � ln ´ 0 µ z   2 i ° k
§

k
�

0
§�¶

1
§¸·'·'·

where
ln ´ 0 µ z denotes the principal branch ( �¹°»º arg ¤ z ¥¹¼   ° ).

Step 2 Let z ½ � z0
¶

i 0 and z
�

zR
  i zI , define

ln
½ ¤ z ¾ z ½ ¥ � ln z

¶
2 i °1¿ ¤ � z0 ¥À¿ ¤ÂÁ zI ¥

ln z
¶

2 i °1¿ ¤ � zR ¥À¿ ¤9Á zI ¥ §
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The logarithm II

fir st definition of the ln ½ -functions
is most natural in defining analytical continuation of Feynman
integrals with a smooth limit into the theory of stable particles;
the reason is simple,

in case some of the particles are taken to be unstab le we
have to perform analytical continuation only when the
corresponding Feynman diagram, in the limit of all
(internal) stable particles, develops an imaginar y par t
(e.g. above some normal threshold);

However, in all cases where the analytical expression for
the diagram is known, one can easily see that the result
does not change when replacing z0 with zR, the second
variant.
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The di-logarithm

ExampleÅ
Li ´ 0 Æ 0 µ2

¤ z ¥ 0 º arg ¤ z � 1 ¥�º 2 ° §
Li ´ n Æm µ2

¤ z ¥ �
Li ´ 0 Æ 0 µ2

¤ z ¥   2 n ° i ln ´ 0 µ z   4 m ° 2

Question: given

Li2 ¤ M2   i 0 ¥ � � 1

0

dx
x

ln 1 � M2 x � i 0
§

Im Li2 M2   i 0
� ° ln M2 ¿ M2 � 1

§
how do we understandbf analytical continuation in terms of an
integral representation?
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di-logarithm II

Let us consider the analytical contin uation

from z È � M2   i 0 to z
�

M2 � i M É and define

I
� � 1

0

dx
x

ln ¦ 1 � z x ¾ 1 � z È x
§

Ê ¤ x ¥ �
1 � z x

�
1 � ¤ M2 � i M ÉU¥ x

If M2 Ë 1 Ê crosses the positive imaginary axis

I
�

Li ´ 0 Æ 0 µ2
¤ z ¥   2 i ° ln M2

§
which is not the expected result



Ì

Outlines Intr oduction Comple x poles Extracting POs Comple xity Numerica

di-logarithm III

The mismatc h can be under stood by obser ving that

ln ¦ Ê has a cut
¨
0
§   i ¬Í and, in the process of

continuation, with x Î ¨ 0 § 1  , we have been crossing the cut.

The solution consists in deforming the integration
contour , therefore defining a new integral,

IC

�
C

dx
x

ln ¦ 1 � z x ¾ 1 � z È x
§

where C
�

C0   C Ï
C0

�xÐ
0 ¼ x ¼ 1 Ñ M2 �<Ò¡Ó 1 Ñ M2   ÒÔ¼ x ¼ 1,

C Ï ¤ u ¥GÕ Ð x � u   i 1 ¦ M2 u
M ÖØ× , 1

M2 È Ö 2 ¼ u ¼ 1
M2
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di-logarithm IV

Result:

The integral over C Ï is downwards on the first quadrant an
upwards on the second (along the cut of ln ¦ );

Integration of ln ¦ over C Ï gives � 2 i ° ¤ ln M2 � ln z ¥ ,
showing that

Li ´ 1 Æ 0 µ2
¤ z ¥ �

IC

§
the correct analytical continuation. Therefore we can
extend our integral, by modifying the contour of
integration , to reproduce the right analytical continuation

Lin
AnalytÚ ContÚÛ� ª Li ¦n § Li ¦n È 1

¤ z ¥8Ü� z

0

dx
x

Li ¦n ¤ x ¥ §
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Deformation: example

0

10

u

v

cut

Im[V]=0

contour

x ª u   iv in 1
0 dx ln ¦ V .
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Comple xification: example

s

t t

ß
m2

H sH

natural choice: real kin ª comple x inv

PO
� à

gg ª Hj ¤ sH

§
s
§
t ¥

t
� � s

2
1 � sH

s
� 1 � 4

sH

s
1á 2 cos ¿

u
� � s

2
1 � sH

s
  1 � 4

sH

s
1á 2 cos ¿
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Schemes

Schemes
RMRP the usual on-shell scheme where all masses and all

Mandelstam invariants are real;

CMRP the comple x mass scheme with complex internal W and
Z poles (extendable to top complex pole) but with real,
external, on-shell Higgs, W

§
Z , etc. legs and with the

standard LSZ wave-function renormalization;

CMCP the (complete) comple x mass scheme with complex,
external, Higgs (W

§
Z , etc.) where the LSZ procedure is

carried out at the Higgs comple x pole (on the second
Riemann sheet).

No theoretical uncertainty; only the CMCP scheme is fully
consistent.
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Figure: H îxï?ï (blue), H î gg (red)
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Figure: òwó H î gg ô CMRP (dashed), CMCP (dotted)
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Figure: ù CMCP ú ù CMRP ó pp î H ôrû s ü 3 TeV (red), û s ü 10 TeV (blue)
and û s ü 14 TeV (black)
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Figure: ù�ó pp î H ô at û s ü 3 TeV for CMRP (red) and CMCP (blue).
Dashed lines give the scale uncertainty
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Figure: Weak one-loop radiative corrections to H î bb; RMRP (red),
CMRP (black dotted) and CMCP scheme (black)
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���
	�� o  os

(1, 2,)

1 Weget a consistentPO definitionof mass,width,
couplings,meaningwecanwriteà ¤ pp ª H ¥�� BR¤ H ª X ¥ asproductof POs

2 Thisis neededif wewantpublishedresultsin such a
waythat theoristscanlater entertheir general
modelparameters, calculateresultingPOs and
seehowwell dataconstrainsthismodel

Happening at Higgs Cross Section Working Group
https://twiki.cern.ch/twiki/bin/view/LHCPhysics
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