Pseudo-Observables from LEP to LHC
jam sessions

%M Drssariinc

Dipartimento di Fisica Teorica, Universita di Torino, Italy
INFN, Sezione di Torino, ltaly

Pseudo-observables: from LEP to LHC, 9—10 April 2015
CERN



Supporting material for in depth sessions using the blackboard
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@i{%&imer

Not a real lecture. Scattered notes on Higgs Physics - from Lep
to LHC - originally left unfinished
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Although skipping foundations is not specifically recommended
O Foundations without tools is worth nothing
o Tools without foundations have no scientific basis

The study of SM deviations follows Hofstadter’s Caw: It always takes longer

than you expect, even when you take into account Hofstadter’s Caw

(also check Hanlons razor)
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ThsiE OF Conovrs

POs at Lep, the role of the Z-pole

Running of the parameters and gauge
invariance

TH “options” and their role, e.g. the blue band
The x-framework: origin and problems
The role of EFT in resetting the x-framework

How to write observables in the k-EFT
approach

The x-framework for BSM models

OO @00S ®C

On-shell and off-shell for LHC physics

3888 80

How to define “simple” quantities
How to treat the Background

How to “insert” POs into Fiducial
Observables

Who should provide POs?

POs as a way to “compress” results. LHC
legacy

Beyond the SM, from the predictive (SM)
phase to the “partially predictive (fitting)” one

TH uncertainties, not only QCD
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0 POs at Lep, the role of the Z-pole

( (o ( (o
Ve+e—y vffy ve*'e—Z foz

From Boxes
s—M2 +
IIs
To of*™* =122
0 o T 212

From on-shell mass M, »— To complex pole s,
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For a field ® let Lo (S) be the self energy

@ Define the Dyson resummed propagator

Ap = |:Zq) (S—ZMM2>—|—Z¢¢(S)}_1 [s M2, + i (s) )

where M is the bare mass and Z; are renormalization
constants

@ Define the on-shell mass or the comples pole as

Mg — Mrzen+Rer'” <M23> -0
Men+ fm(@) =0

only sg is gauge parameter independent to all orders
(Nielsen identities)
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Consequences for W,Z

O Write sy = p2— i py and obtain

2 2
uy = M os—IY os+ ho.

1713
w = Iy os (1— V’OS>+ h.o.

2 Mvz.,os

@ Numerically irrelevant for a light SM H
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Off-shell is different (more later)

@ Indeed, in the A: gauge, at lowest order, one has the
following expression for the bosonic part of the Higgs
self-energy:

1/2

Im g 52[<Mi71> (1745W@> 9(374§WM§,)+%(WHZ)]~

where &, (V = W,Z) are gauge parameters. Note that
“expansions” involve derivatives.

10/115



DIAGRAMMATICA
at Lep1

role of theory:
delivering boxes and crosses

with maniacal care for gauge invariance
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The complete amplitude for the four-fermion process should be
presented in all schemes and all gauges with a general
structure,

1
o~ {a ()" @y +1(5)
[ﬁef (S0P @ Yt FLLS Y @ Y ¥y

+%’ef L8, D7 ® m7++fef &)Yty ® n]}

x(S) =5s2x.(8)

Again the raison d’ére of any renormalization scheme is deeply
connected to the possibility of defining the form factors in a
gauge-invariant manner.
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Where are the PO’s?
d 2
d—;f - Z‘—SNfcﬁf[(ch)%(s)
+ 4P (1-c?) Fa(s) + 2B c Fa(s)|

where ¢ = cos 6 is the cosine of the scattering angle and
B2 =1—4u?2 with u?2 = m?/s.

The energy dependence is confined in the . -functions
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Fi(s) = QRAF+2Q.Q5d! Re x(s)
1967+ (6] [ (66)"+ (61— 4] 219
Fa(s) = QPR +2Q.Qi059y Re x(s)

b @)%+ @97 (¢) ats)

e f e f

F3(s) = 2Q.Qrg5g\Re () +4959,950: |x(5)

2
’

_l’_

2
)

‘2

x is the reduced y/Z propagator ratio. The form factors .
include weak loop corrections but, in their construction, we
have completely ignored a few ingredients:

& QED radiation,
{ weak boxes and

& all the imaginary parts

14/115



(2] Running of the parameters and gauge invariance, Lep
guidance: the case of ogep

@ Any SM-deviation environment must be reducible to the
“best” SM prediction

@ Any manipulation you do must respect gauge invariance

The simplest example: let ITen(S) be the renormalized vacuum
polarization: the running is given by

a(s)——a AT not by oz(s)=—1 —Z ‘lx-lren )
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® T “options” and their role, e.g. the blue band.
Limitations of the Model Independent (MI) approach, the role of
the SM remnant.

The renormalization of any theory based on a local
(renormalizable) Lagrangian is a procedure that starts from a
set of bare—unrenormalized—amplitudes and after making use
of the knowledge of very precisely measured quantities gives a
finite answer for all remaining predictions.

Remark A rather intuitive notion of naturalness in radiative
corrections:

independently of any specific detail, all realizations of radiative
corrections single out two main components in each observable

0=0s+A0
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" The term Op is supposed to give the bulk of the answer, or
the leading contribution to O

@ The term AO is supposed to represent small perturbation

The real difference in different renormalization procedures has
little to do with the mechanism for absorbing infinities and a lot
to do with the splitting between Og and AO.

While everybody agrees at &(a), there are differences which
start at &(a?). Usually, the splitting between Og and AO is not
uniquely defined, even within one renormalization procedure.

@ The splitting is usually motivated by the re-summation of
irreducible one-loop terms in a situation where nothing is
known about irreducible higher-order terms.
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The Lep unwritten rule: never trust a lonely calculation

We always compared the predictions for physical observables.
For that two answers are equivalent if they lie—in the default
setup—uwithin the respective bands obtained by varying in all
possible ways the theoretical options associated with the
procedure.

Remark The theoretical options are obtained from the chosen
setup by allowing all the alternatives consistent with the original
scheme. Again, two options at &(«) differ by terms of £(a?)
and the discrepancy of this order can be eliminated once the
complete &(a?) calculation—or at least a part of the
sub-leading terms—is performed.
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B

The main ingredients that enter the pure weak corrections are

O the re-summation of the one-particle irreducible vector
boson self-energies

@ the scale in vertex corrections and

© the linearization of the corresponding S-matrix elements
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@ Suppose that a given quantity O(a) is given in perturbation
theory by the following expansion:

O = a+g [a2+f1(a)} +9° [a3+f2(a)} +0(g°)
= a+gf(a)+0(g°),
where a=a/(1 —ga).

@ Suppose that only the f; term is actually known. It could be
decided that a is the effective expansion parameter (or that in
the full expression we change variable a — a)

@ This is equivalent, in the truncated expansion, to introduce
the option

O=a+gfi(a=a+gfi(a), giving AO=g?f/(a)

as our estimate of the associated theoretical uncertainty.

20/115



Ay?
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Here we go, the blue band

Dima, Wolfgang and | should have patented the idea
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O The «-framework: origin and problems.

The original framework is defined in e-Print: arXiv:1209.0040
and has the following limitations:

@ no «x touches kinematics. Therefore it works at the level of
total cross-sections, not for differential distributions

@ it is LO, partially accomodating factorizable QCD but not
EW corrections

@ @ it is not QFT-compatible (ad-hoc variation of the SM
parameters, violates gauge symmetry and unitarity)
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® The role of EFT in resetting the x-framework.

The role of EFT in paving the (as) Model Independent (as
possible) road cannot be undermined.

Crumple the Warsaw basis basis) to capture your favorite
scenario (LO x-vectors) is not the solution, bringing EFT to
NLO is the correct way for focusing in consistency of the

x-framework. The latter is crucial in describing SM deviations.

No NLO EFT i

see “HEFT beyond LO approximation” https://indico.cern.ch/event/345455/
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Proposition

NLO EFT provides the general framework* for consistent
calculation of higher orders and allows for global fits,
superseding any ad-hoc variation of the SM parameters.
Furthermore, it allows for consistently branching out loops in

loop-induced processes, in the spirit of the original framework.

%) within a (well defined) set of assumptions

In the following we discuss these assumptions and the (often
misunderstood) properties of couplings in models with more
than one scalar field
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@ one Higgs doublet and linear representation (flexible)

The scalar field ® (with hypercharge 1/2) is defined by

o 1 H+2%+i¢°
V2 V2io~

H is the custodial singlet in (2. ® 2r) =1 & 3.

O Building blocks for the Lagrangian are matter fields (including
®), field strength tensors and covariant derivatives of those
objexts. Extensions are doable but “difficult”, e.g. THDM

> — P CI),:R,(ﬁ)\Pj

with additional diagonalization of the mass matrix for the
CP-even scalars, return to O
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@ no light dof (where are they anyway?) + decoupling of
heavy dof are rigid assumptions

Decoupling and SU(2)c

o Heavy degrees of freedom < H — yy: to be fully general
one has to consider effects due to heavy fermions € Ry and
heavy scalars € Rs of SU(3). Colored scalars disappear
from the low energy physics as their mass increases.

@ However, the same is not true for fermions.

q Renormalization: whenever pLo # 1, quadratic power-like
contribution to Ap are absorbed by renormalization of the
new parameters of the model ~ p is not a measure of the
custodial symmetry breaking.

@ Alternatively one could examine models containing
SU(2)L. ® SU(2)r multiplets.
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Fine points. To be precise we define the following terminology:

for a given amplitude, in the limit m — o we will distinguish
O decoupling & ~1/m? (or more). The corresponding
higher order operators are called “irrelevant”

O screening o/ — const (or Inm?). The operators are called
“marginal”

O enhancement o/ ~ m? (or more). The operators are called
“relevant”
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® Mixing. Absence of mass mixing of the new heavy scalars
with the SM Higgs doublet is required. Mixings change the
scenario

@ consider a model with two doublets and Y = 1/2 (THDM).
These doublets are first rotated (with an angle p) to the
Georgi-Higgs basis and successively a mixing-angle a
diagonalizes the mass matrix for the CP-even states, h and
H. The couplings of h to SM particles are almost the same
of a SM Higgs boson with the same mass (at LO) only if
we assume sin(f—a) =1

@ Therefore, interpreting large deviations in the couplings
within a THDM should be done only after relaxing this
assumption
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® Mixing

@ The case of triplet-like scalars is evem more complex; in
the simplest case of a triplet with Y = 1 there are four
mixing angles. Only in a very special case, requiring also
zero VEV for the triplet, the couplings assume the simple
form

2 2
¢ =2 M. G =2 M.
hHTH™ = €~ hHH— = v

@ where v is the SM Higgs VEV. Furthermore, decoupling of
the charged Higgs partners depends on the mixing angles
and it is the exception not the rule.
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Custodial symmetry and Higgs fields

Remark It is the set of scalar fields that break EW symmetry
by developing a VEV. The problem with more VEVs, or one
VEV different from (T, Y) = (%, 1) (T isisospin and Y is
hypercharge), is partially related to the rho-parameter which at
tree-level is given by

1 Xi|ci|viP+riu?

2
pLOZE Z/’Y,'2|Vi’2 Ci:Ti(Ti+1)_Yi ri:Ti(7-i+1)

where the sum is over all Higgs fields,

O vi(u;) gives the VEV of a complex(real) Higgs field with
hypercharge Y; and weak-isospin T;.

@ The experimental limit on p — 1 are rather stringent
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@

More on custodial symmetry

The SM Higgs potential is invariant under SO(4);
furthermore, SO(4) ~ SU(2)., ® SU(2)g and the Higgs
VEV breaks it down to the diagonal subgroup SU(2)y. It is
an approximate symmetry since the U(1)y is a subgroup of
SU(2)r and only that subgroup is gauged.

Furthermore, the Yukawa interactions are only invariant
under SU(2)., ® U(1)y and not under SU(2),. ® SU(2)r
and therefore not under the custodial subgroup.

Therefore, if we require a new CP-even scalar, which is
also in a custodial representation of the group, the
W /Z-bosons can only couple to a singlet or a 5-plet
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If (NL, Nr) denotes a representation of SU(2), ® SU(2)r

O the usual Higgs doublet scalar is a (2, 2), while

O the (3,3) =1 @ 3 & 5 contains the Higgs-Kibble ghosts
(the 3), a real triplet (with Y =2) and a complex triplet (with
Y =0)

©) The Georgi - Machaceck model has EWSB from both a
(2,2)and a (3, 3)

@ Custodial symmetry is a statement on the p parameter,
translation to SVV couplings requires care:

@ a single source of EWSB. custodial symmetry —
I50ww M\%v

Y
95077 M3

gsww
@ In general o M MZ,

e.g. A =—1/2for a 5-plet (already
excluded)
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Fine points

@ The Higgs doublet ¢ and its conjugate & = i 7> ¢* compose
the columns of the matrix

P =(0,9)
@ In absence of the hypercharge coupling (¢')
D ®—2 1., R
W P=0, P+gW, - E/g B, P13 W, = —EIWura
The Lagrangian possess a global SU(2) ® SU(2)
invariance
® — GPH' Wli — GW#GT Bli — B#

where G,H € SU(2)
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@ Because of SSB @ develops a vev that breaks
SU(2) ® SU(2)

@ There remains a “diagonal” unbroken SU(2), the “isospin”

®— GOGT W, —GW, G'

Another source of isospin breaking comes when fermions
are included with Yukawa interactions

(O One-loop contributions to the p parameter: isospin
transformation properties of the mass matrix of heavy
degrees of freedom are those determining the sign of the
deviation of p from one.
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EFT perturbative expansion

oo co n ©co
o = Y &4+ L Y Y " Gaky
n=N n=Ng /=0 k=1

15" g is the SU(2) coupling constant, gs,2k = 1/(V2 G A2)X.
For each process N defines the dim=4 LO (e.g. N=1 for
H — VV etc. But N=3 for H — yy). Ng = N for tree initiated
processes and N — 2 for loop initiated ones.

2
What to do with |,sz(| in the truncated version? Is dimg ® dimyg

interference enough? Do we need dim3 and dimg ® dim4?
Examine the dimg ® dim4 scenario
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@ A cannot be too small, otherwise one cannot neglect
dim = 8 (breaking of the E/A expansion)

@ A cannot be too large, otherwise
- 1/(\/§GFA2) ~ gz/(4ﬂ') <= one more loop

i.e. dimyg higher loops are more important than dimg
interference.

Remark It does not mean that EFT becomes inconsistent! It
only means that higher dimensional operators must be included
as well ...
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Remark Push A, neglect higher EW orders and you will end up
discovering NP ...

Remark The scale at which EFT can be tested is a completely
different issue

Remark Introducing form factors, with another (completely
different) cutoff, ... do we want to go back to the sixties
(unitarization, N/D,...)?

u]
]

I
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it
S
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Q
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What is the meaning of dim = N?

The role of gauge invariance
The role of H — VEV

Consequences when “expanding” form factors
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o < PPV (vg+agy) u M
Why dim = 4? "

% 2%7“ (vag+a?Y?) € “Lir ¥iPwu @ -7)

C]

S J

N ZH Z vev

It's gauge invariance of dim = 4 operators
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/2 gﬂVauv
of « PVE (B +1) ustiy

expand

Identify My = A. Where is this &/ coming from?

From gauge invariant (dim = 6) operators, 0’&’3) e.g.

— —
o) =o' (Du—Dy) @ @r'a) = vevz, H (@ra)

Before you see the slope (s), you need dim = 8 operators
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A Layman’s guide to renormalization

e = ¥o({@}) Zo({Po}) + a0 ({8}) Fo ({Po})
+ n({a, po})

O where {po} is the set of bare parameters (masses and
couplings), {a} a set of Wilson coefficients; furthermore
Ao (o) is the LO(NLO) SM amplitude. Since Ao
contains UV divergences we introduce counterterms

Po = Pren + 62,

where pren is the renormalized parameter and 6 Z, contains
counterterms
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O If &’ denotes the derivative of the amplitude w.r.t.
parameters we obtain

P = ¥o({a}) Fo({Pren}) +xi0({a}) , ({Pren}) ® {Zp}
+ 1o ({8}) Phio ({Pren}) + Ft ({8, Pren})

The combination

Ao ({Pren}) @ {Zp} + HHuwo ({Pren})

is now UV finite; o7 is still UV divergent (in general)
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@ |f we know the UV completion ren. must be discussed at
the level of its parameters

@ EFT ren. continues with a (renormalized) mixing of the
Wilson coefficients

O There is a final step in the procedure, finite ren., where we
relate pren to physical quantities (e.g. €% = g?s3 = /(4 7))

Pren = Pexp + F ({Pexp})

This substitution induces another shift in the amplitude

Ao ({Pren}) — Ao ({pexp}) +'Q{L/0 ({pexp}) F({pexp})
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with Pren = Pexp in both 24, , and .

@ This set of replacements completely defines our
renormalization procedure.

However, there is no such a thing as aexp
=" A dependence on the renormalization scale will remain.

This could be removed only by introducing matching
conditions ......
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4 N, n
_ 5 a; d—
L = Zob,-A4 "Ont Y Y e o=
n—=

n>4 j=1

@ first sum is SM (not embedded): means bi2=0,it’s
renormalization)

@ SM (embedded, Wilsonian scenario), ba not suppressed by
any symmetry

(O My should be & (A) and it is light, thus M2 ~ A2

O My =~ 125 GeV which means A= 1 TeV (which doesn’t
seem to be the case) or FINE TUNING (not a theorem!)
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includes non-SM families

w0 O(g" g6)” O(g™)

O(g"2 gs)
g6 =1/(V2GrA?)

O(g" g6)
PTG/LG

option 1: absent
option 2: PTG

option 3: PTG/LG
mixing under renormalization

DIAGRAMMATICA of EFT
UvcC

- Forget ks if you are using 1

47/115



building manual for dim = 6

@ Split the SM amplitude (e.g. t,b loops and bosonic loops in
H—7y)

%M — Z 'Q{i(4)
i=1,n
@ Recover these sub-amplitudes in the full answer

® Classify the (non-factorizable) remainder and obtain

%rc _ Z K?rcf!yi@)_'_ Z K?rCNF'Q{i(SNF)

i=1,n i=1,m
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2 H
14+ =5
................ R + e
g, M, my fin. ren:

wp to O(g5 gs) o(g%) O(g 96) O(g° 96)

Assembling the amplitude

Finite renormalization

s M+ Sww(s)| =0 et Fine points in renormalization

s=M2,

H WF renormalization & la LSZ (InCIUdlng IPS dependence)

y WF renormalization €2 — 4 a(0)

Don’t say I only want to shift H couplings
InpulParameterSet GF, Al’w, A/’Z, M-[ pren 7é p(lPS)
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® How to write observables in the k-EFT approach.
Remark H — yy and H — Zy are “simple” (loop induced)

H — ZZ, WW, bb

@® Many more terms, start at 0(g) requiring massive
renormalization
@ Need to account for real radiation in H — WW, bb

@ « structure different in H— WW, bb, e.g. xtfw,xb“:w etc.
H — bb includes 4f operators
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Appendix C. Dimension-Six Basis Operators for the SM?*

ke
E\““o(ﬂ s

0 is PTG
O isLG

]
©9
<]
a
X
T
2
S
5
<
N
g
=
£
=
[z
s
§
N
O]

22These tables are taken from [5], by permission of the authors

#n \Warsaw basis

X? (LG) ¢® and ¢'D? (PTG)
Qe | Prrearemesr | Q. (o) Qe | (P'O)bere)
o | SEOGRGEEGS | Qe | (WrR)Dele) | Que | (@O)Gud)
Quw | EWEWIWER | Qup | (9'D%0) (¢'Du) | Quo | (1) (@il
Q| VKWW e s
X24% (LG) Xy (LG) 120°D (PTG)
Qe | #eGh e | Qur | Gore)rlow), Q:},‘ (¢ D, 0)071,)
Qo | elelhew | Q| Goe)eBu | QY | (@liDLe)0,r0)
Qow olo W;ful/l"““/ Que (qp{T“'/T4I/7)k,/ (’w Qe ('”WB“ ) (Eer)
Qi | deWiwi | Qv | @omu)r' 3w, | QW | (D)@ )
Qs | @eBuB” | Qu | @o"u)FBu | QN | (D] 9@ e)
Qi | P0BuB* | Qi | @o"T)eCL | Qo | (¢iD,0)@nmu,)
Quvs | GTOWLEY | Quv | God)r oW, || Qe | (B, o) dnnd,)
Qv | e WLBY | Qus | (@0™d)¢Bu || Quu | (P D) (a,0"d))
Table C.1: Dimension-six operators other than the four-fermion ones.
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In the next few slides I will show you beauty in a handful of s

O Start with EFT at a given order (here NLO)

O write any amplitude as a sum of k-deformed SM
sub-amplitudes

O add another sum of k-deformed non-SM amplitudes
O show that «s are linear combinations of Wilson coefficients

O discover correlations among the «s
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Rationale for this course of action
O Physics is symmetry plus dynamics
O Symmetry is quintessential (gauge invariance etc.)
O Symmetry without dynamics don’t bring you this far
@ At Lep dynamics was SM, unknowns were My (0s(My),...)

@ At LHC (post SM) unknowns are SM-deviations,
dynamics?

@ BSM is a choice. Something more model independent?
0 An unknown form factor?

O A decomposition where dynamics is controlled by dim = 4
amplitudes (with known analytical properties) and deviations
(with a direct link to UV completions) are Wilson coefficients?

O It is for pOSterity to jUdge (for me deviations need a SM basis)
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O

On-shell studies will tell us a lot, off-shell ones will tell us
(hopefully) everything

If we run away from the H peak with a SM-deformed
theory, up to some reasonable value s < A2, we need to
reproduce (deformed) SM low-energy effects, e.g. VV and
tt thresholds. The BSM loops will remain unresolved (as
SM loops are unresolved in the Fermi theory).

That is why you need to expand SM-deformed into a SM
basis with the correct (low energy) behavior. If you stay in
the neighbouhood of the peak any function will work, if you
run you have to know more of the analytical properties
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QED with e,p (old SM)
A similarity

+dim = 6 Fermi operators = EFT

e e & e efc.

extended at NLO
k X QED + non-fact dim =6
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FirstH — yy

dH—=yy) = wy 427\)(&]4) e 424(4) i %(4)
R

+ 2/996m8AA+QGZ'%W, 59

where ax is a Wilson coefficient, x; are linear combinations of of
the ay, 421,.(4) are SM j-loops and sz{,ff') are non factorizable
terms. Thus, the &s, of £6(g®), form a basis. Furthermore

k' =1+geAx)’ i=W,t,b

and (in the following) red means PTG
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factorizable x-coeff. for H — yy

Yy

YY

Y
Kw

2-53 3 M?
Co apz — 502 Co aipw

1+gs{(6—sg) aaa+

2_320 a +3M2
0 AAZ 2M2

1+gg{<6—sg) ana + Co awB

21? {a¢D+283 (Cg azz—280 *ab"’)”
0

2 2
L 9 Mii M
+3 {(14+539 2,\/,235) aAA+<5_2Mz> c5azz
Mz Co 3 1
<4+585_2/\ﬂ2$§> gaAZ_égs (a¢D_4sga¢D>}
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CLA

H-— YY Ad usum Delpbz’ni (does not mean former member of Delphi)
is PTG

AV

1

= —E <3¢D — 433 a¢|:|>
A=A AT = ANTray A= AT+
g (H—yy) = «" o/ @) +x %(4) _i_ng %

) o M
b +21906

_H a
AA
My
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Next H— Zy

KtZY = 1+96(GaAA+23zz—a¢D+4a¢m+2a[¢,)
1
K%Y = 1—|—§g6(63AA+2322—a¢D+4a¢g+23b¢)
K\Z,‘;( = 1+g6[(3—|—sg> aAA+(4—s§) azz+SeCeaAz+28¢m}
L Ad usum Delpbini
vZ _,4)  vZ _,4) , vZ _,(4)  ; MI%
g H—=9YZ) = wy Ay +x A +x, +1996W3AZ

3 1
T ATt f—th (aqu> o aqu) o a‘pf) 7
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H—yyNH—9Z, i.e. K7 =14 gg 53 Al + gg ATesti!”

32
¢ (Se azz — Ceg aAZ)

] 2-
A~ (8 -3) an+

1¢5 31—232 M? 3 M2
2 g 2 ayp — 4TM2 tWB+2M2 Co aiBwW

+

2

AT — (85—3) ana + ——2 (Sgazz — Co az)

1 ce 3 M2

1 M 31
rest. 2 _ 1 __H) 2 _v
AR = 3{[5+2 (1 M&,)Se}aAA 2 g2 %P
M3 Mg
_ Jo— )2 L P
[9 2 (1 Mv2v>ce] azz+[2+<1 " sg} aAz}

60/115



H—-ZZ ’ starts at £(g) ‘

H(P) — ZF(p1)+Z"(p2)

v ZZ LO ~UV uv
at = 5o g“ + e
NLO uv NLO M oV
+ Z KNLO1 {'Q{D i g 'Q{P,i p2 ,01
i=t,b,W

K = 1 +ggAK,-ZZ
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77
Ax )

77
AKNLO, t

77
AKNLO7 b

77
Ax

NLO, W

M

Ss ana + <4+C§— IVIz) azz+SSC§aAz +2ayn
7

2az7+2ay0+ ay
2azz+2ayn — ay
3aaa +2azz+2ayn

17 non-fact amplitudes with both PTG and LG coefficients

) “\ 4,

" PTG only (in loops)
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My = Zn, mp™

ne! H — bb(tt) Summary
Ry “_ Ry— UV pole < g2 gop?

Ry=Z{v +Zv, 7 =1(1%)
4 =1-}in 0z

LIFER

oD

Infrared

abw, @bB
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Lep heritage

Hott 41 +f+f

@ Is it the four-body decay of the Higgs or

@ ff pair production corrections to the two-body decays
H — t*1~ (with a primary < pair and a secondary f pair)?

@ Differentiate according to “invariant mass” of the pairs?
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Virtual pairs Real pairs

Needed when M2 (£f) — 4 m?
At Lep1 it was included through a radiator

process dependent kernel

F(f1f1f2f2> _ (g>2 /(1—2M2)2 d /1—\/?)2 dyK(x.y)
T (fyf) ’SJau? 4uf ,
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@ The x-framework for BSM models (Singlet, THDMs, etc).

THDM (here type 1)

] 282
Hoyy — i==2 (p1-p29"" —phpY)

osa B o
sinp LA —sin(a—B) o

<
+ [( b+l\/lh>cos(oz B)cos2p
- (2

M2+ M2 +2 M ) sin(a — B) sinzﬁ} dlji‘}

where My, is the Z» soft-breaking scale, h(H) are the

light(heavy) scalar Higg bosons.

aren’t coeff xs?
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Perturbative unitarity

Before LHC (no informations on the Higgs boson mass) there
were two interesting scenarios in V; V| — V, V; scattering:

@ M2 M2 < M2 <s
@ M2 M2 < s< M3
Assuming a light Higgs boson we analyze a new option

@ M2, M2 M2 < s. The SM result is well-known
‘2

d T(s.1) ;0

oy v iy =70 :7/ T,

at VoL T g g2 = Jgrs | o AT
. . Gr M

TS, (WiwE — Wiwp) ~ e ST
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Anomalous couplings violates perturbative unitarity. However,
one has to be careful in formulating the problem:

O the region of interest is M2, M2, M3 < s < A2

@ When s approaches A? the EFT must be replaced by its
UV completion and it makes no sense to study the limit
S — o in the EFT.

=" However, it is well known that heavy degrees of freedom
may induce effects of delayed unitatity cancellation in the
intermediate region and these effects could be detectable

2
7-SOM+EFT ~ Z Th (GFS)n

n=0

As expected the SM part contributes to the constant part while
dim = 6 operators have positive powers of s (up to power two).
The leading behavior is controlled by the &,y operator.
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Part

The role of gauge invariance, MHOU J
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® On-shell and off-shell for LHC physics.
The role of gauge invariance, definition of Signal. What is the
problem with unstable particles?
@ Why off-shell is problematic and why one should not take
derivatives.

Certainly, LHC is not Lep, mostly due to the peculiar character
of the Higgs boson: even for a light SM Higgs boson the 4f
decays are 40% of the 2f decays.

@ As a conseguence we always face the problem of off-shell,
unstable, particles, even at the H peak.

Remark Therefore, how to interpret I'(H - WW — vIv'l’) vs.
I'(H— WW)? Stated differently, how to define
I'(H— W(W*)W)?
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The short answer

@ Never introduce quantities that are not well-defined

@ the Higgs couplings can be extracted from Green’s
functions in well-defined kinematical limits

@ c.g. residue of the poles after extracting the parts which
are 1P reducible

These are well-defined QFT objects, that we can probe
both in production and in decays. From this perspective,
VH or VBF are on equal footing with ggF and Higgs decays

Now, the long answer ...
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o0 ©

Once again we describe an arbitrary process with two components:

@ a resonant one, with the exchange of a particle
of mass M and virtuality s

@ a the continuum (N)
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The corresponding amplitude is

 Vi(§,s,M,..) Vs(§,5,M,...)
o = Py +N(,s,...)

where V;(V;) are the inital(final) sub-amplitudes in the resonant
part, & is a gauge parameter and the dependence on additional
invariants is denoted by .... It can be shown, in full generality,
that

Vie(E,5,M...) = Vi (M2=s,...) +(s—MR)AV;s(E,5,M,..))

@ @ only the on-shell production x decay is gauge-parameter
independent.
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Therefore, we need to expand the resonant part,

Vv (MP=s,..) V™ (MP=s,..)
o = Py +B(s,...)

with an impact for the number of off-shell events. Note that

B # N is the remainder of the Laurent expansion around the
pole. Technically speaking, the mass M should be replaced by
the corresponding complex pole.

The g?-derivative of a Form Factor is gauge dependent.
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Facts of life (frequently forgotten)

prod decay(§) n/atwo-loop bckg(€)
@ Put all gluons you want in production (still gauge invariant)
@ NLO decay: shift off-shell (£ -dependent) part to non-resonant

@ this would require the two-loop non-resonant
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©® How to define “simple” quantities without destroying
internal consistency:

O production cross sections (ggH, VH VBF)

O partial decay widths (with/without QED/QCD?)
O asymmetries

O off-shell events

O ete.

From x to POs, a tentative list of POs.
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The LHC problem

Generally speaking, at LHC the EW core is always embedded
into a QCD environment, subject to large perturbative
corrections and we expect considerable progress in the
“evolution” of these corrections. Even worse is the situation
when the t-quark is involved (multi-scale, two classes of
logarithms to be resummed). The same considerations apply to
PDFs when studying high-mass (large x) final states.

@ Does it make sense to fit” the EW core? Note that this is
not confined to introducing POs.

1= |f your answer is “stay fiducial”, please use next exit.
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From Lep to LHC

@ What POs do is just collapsing (and/or transforming) some
“primordial quantities” (say number of observed events in
some pre-defined set-up) into some “secondary quantities”
which we fill closer to the theoretical description of the
phenomena.

@ if the number of quantities is reduced, this implies that

@ some assumptions have been made on the behaviour
of the primordial quantities.

The validity of these assumptions is judged on statistical
grounds. Within these assumptions (for Lep: QED
deconvolution, resonance approach, etc.) the secondary
quantities are as “observable” as the first ones.

Therefore, the LHC problem is a) list the assumptions, b) judge
them on statistical grounds
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To repeat the argument: we oscillate between

@ you will fit only my “optimized” (reduced) Wilson coeff.

@ the huge QCD background and the associated uncertainty
are such that, yes, fit whatever you want but for each new
QCD calculation your result will change substantially and
not multiplicatively

It is obvious that @ is not limited to PO’s but refers to fitting the
EW core, no matter how it is parametrized. The suggested
procedure is:

@ write the answer in terms of SM deviations, i.e. the
dynamical parts are SM/dim4 and

@ certain combinations of the deviation parameters will
define the POs and will be fitted. Optimally, part of the
factorizing QCD corrections could enter the PO definition
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The suggested procedure is based on

% The parametrization must be as general as possible, no a
priori dropping of terms

= this will allow us to “reweight” when new (differential)
K-factors become available. New input will touch only the
dimgq components

@ From this point of view we will differ from Lep where the
number of quantities was reduced

@ PDFs changing is the most serious problem. At Lep the
ete™ structure functions were know to very high accuracy (we
tested the effect by using different QED radiators, differing by
higher orders treatment). A change of PDFs at LHC will change
the convolution ....... Sic transit gloria mundi
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More on PDFs

@ use codes (e.g.POWHEG) that provide weights such that
one can use any PDF set and encode PDF variations in the
likelihood function (changes < reevaluate the likelihood).

@ Before or after showering? After parton showering, the
PDFs enter also in the parton shower and a simple
reweighting is no longer possible.
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When people say “QCD factorization”, they usually mean

g(p1) +g(p2) — A(pa) +B(pp) +X  (P1 = 2x1 Py p2 = X2P>)

where (pa+pb)2 = QP and 15 = @? and z — 1 is the soft limit

do(r, @, ..) = /dx1dx2dzfg(x1,uF)fg(XQ,uF)
@ @ >

—,

X 5(r—x1x22)d6<z,as, 5
HR Mg

dé = dé°zG
8(1-2)+ 5= [h Di(2)+(co+¢1) 8(1-2)]

GVo (Z, as)

soft
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Comments

@ non universal NLO corrections (process dependent) only
enter through the coefficient ¢4

I5° Dp(2) = [In"(1 -2)/(1 —z)]+ plus subleading terms,
implies convolution

./01dan /d (-2 [f( )~ 10)]

and dominates the cross-section in the soft limit. For
reevaluation it is important to have f(z) = xfu(2).
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Example
@ define LO o =Y;x;9," & 6°=Y;xx; 69
@ Introduce  ASy; = [y dzzDy(2)6)(2)
@ define NLO
6! = ZK/K/{[ (Co+C1) 0(1)+%d1A6U}
- ZK,K, 9(1
7

@ put®; =« +a/(27) ¥, Xyx and derive

22 Xk = Z[(Co—i—ﬁ) ()+d156,j

]
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PO building manual

@ Jutts o

®Z

=y
A

0 = polarization

[ 5 FO) P=35 | FOV) [ + rest

S = Do [e;}(p)]‘e;)(p)
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Primordial POs: the k-framework

2> Of course, any amplitude admits a decomposition

Form factors(invariants) x Lorentz Structures

@ Avoid using Form Factors, whose parametrization is
arbitrary and does not reproduce the correct analytic
structure (normal thresholds)

I The x-framework, as seen from the point of view of EFT,
allows you to deform both S and B in a consistent way. All
“dynamical” parts are SM induced and they are deformed
by constant k-parameters, e.g.

M2
pif = H—v2) = Geg +d” oA e A" vigge g - an

3 1
+ apay + be (aéq) - aéq) - a¢f) 7"
=t,
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Next step: Introduce effective NLO H couplings, e.g.

gv
HVV =  py (Mg““rﬁLpM)
etc. After that start computing I's and As

X e.g. F-asymmetry (x/4) WRT |cos ¢|, ¢ being the angle
between the decay planes of the reconstructed Z bosons,
e.g. in the decay H — eeqq

X e.g. FB-asymmetry in the angle between e and W

reconstructed from qq pair in H — evqq %
Xne
N
The same coupling can be expressed in terms of Wilson coefficients within EFT. N»e" S\
M 1
AtLO HZZ +~ g%g“ [1+g6 (a¢w+a¢u+zaw)} (<= x)
295 o7, (py-pog ~Php})
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Secondary POs:

. v _ v
Hon@z) — p®@P ngM PP

gv
HVV — py (MQ‘“'+VLP§P¥)

I'(H — bb) etc.

@ None of these parametrizations represent an
approximation (IBA-like)

=" The full FOs are complete (to the best of our technology)
and will be written as FO(PO,rest).
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s

Off-shell POs ‘l

X Going off-shell explains that there is no free lunch in
search and optimization

Furthermore, POs should be as inclusive as possible, without
requiring extrapolation of FOs; we can nevertheless define
off-shell POs, e.g.

N4
off -
Rg = N Nog = N*' (M > M)
where N4 is the number of 4-leptons events.
Since the K-factor has a relatively small range of variation with

virtuality, the ratio is much less sensitive also to higher order
terms.
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Adiiciil Ve Avdlldllt Hdas p dlild O UG dvineituln tdlisiel ¢ =
K K7 CM system we get

Wy = Aq ) 1HEIVIOIL pULLE 1O U

J by dhp84 Ky + Ky —ky — k) 862 + ey +y)1) 8+ (Ky +R)RV =L (afa2) 502 + 2) V(2. 1),

where once more we have neglected masses. Finally we fix the outgoing polarizations to be longitudinal. Even if
there are not measurable we are expecting a strong signal only from Vy V| scattering. Collecting the results we
obtain
ald A M“
16m5 sin46 s

32
du2ar

o(ete~ >RV V)= Ja%0dq, 4q_s(0? +“z)54(2 R > Q) V(u22, .

I
where 4, = (af + bf) and £ denotes collectively the leptonic contribution. The vector @ is timelike with positive
time component and we can replace d4Q 5(Q? + p2) with dQ = d*Q 6 (Q) 8§ (Q2 + u2). The phase space is reduced
to a three-body problem which we evaluate in the p,, p_ CM system with p_ along the positive z-axis,q _ in the
x—z plane and 6 _, 76, being the ¢ _, g, polar angles. The Q-integration is performed by using the last §-func-
tion and Q2 = —p? evaluated at , =6 _ = 0 gives the relation

=3(s— 02 —2NBE)Ws—2E]), 0<E_<(/2¢5)(s- 1),

where E, are the g, time components. Proceeding in the approximation scheme we set 8, =6 _ = 0 everywhere
‘but in the two propagator factors. In this way the integrations over 8,68 _ and £_ can be done exactly.

_ 24, A_ 2yl Ewex
u(e*e*»QQVLVL)=~—+A L retn f “E) dE
16n2sin*g,, 2 16mut

aulor

(B) = [(#*)G 12 — s+ 2V5EP — 1] { {5 + 2B)/(/5 — 2E)]2 — 1} .

he last step is to recognize in ¥'(u2, 1)/16mu* the expression for do(Vy Vi, = Vi V] )/dt computed at the center
['mass energy u. Integrating over ¢ we obtain

u2do(ere > WV Vi )/du? =(a24,4_[2n2sin*0,) f(u2/s) o(V VL > VL V]),

where f(x) = (1 +x) In(1/x) — 2(1 — x) is essentially the luminosity factor of ref. [6]. The scattered leptons will
be in the forward region and therefore it will not be possible to distinguish between electrons and neutrinos. By
measuring the W*W ™ and Z0Z0 (or even the exotic channels WZ) invariant mass distributions we can study com-
binations of cross sections as a function of their center of mass energy . For instance

p2do(ete™ > XWEWL)/du? = (o2/32n2sin%6,,) £ (42/5) (A (6y) 0(Z2 2] » WL WD) + o(W] WL ~> WIWD)],

h(0,,) = (1/16 cos?0,,) [(4 sin20,, — 1)2 +1]2 .

In conclusion, following the idea introduced by the Berkeley group we have verified the existence of a relation
between certain combinations of cross sections for longitudinal vector boson scattering and distributions which
hopefully will be measurable in a near future. In general we are expecting a quite low statistics but at the same
time we are waiting for some spectacular effect coming from the;short-rarge strong part of the=Yaung—Mills force
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T(o,4,A%)
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> wr-scattering fromw+p - N+ 7w+ 7w

< wr|T|rmw > = T(s,t),
<7rN|T|mp > « T(s,t,A%),

(gv—q)* = A*m?

s=—(K'+k"? and t=—(k—k")?
> Procedure

1. Extract

Po
T AP f
[T LATE rom onr ¢

=

2. Compute

00 _ 1 |T(s,t,~ 1)

ot 167 A(s, m?,m?)

G.Passarino IFAE-2002

u]
]
I

ul
it
S
ye)
9}
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® Observe that A% = —1 while it can only be posi-
tive in Eq.(1).
> Conclusion: We can investigate o, from a

measurement of

> the differential o in 7 +p - N+ 7+ 7

> if the extrapolation procedure can be reli-
ably performed

> see D.D. Carmony and R.T. Van de Walle, Phys.
Rev. 127(1962)959.

G.Passarino IFAE-2002
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How to inlude EWPD? The case of the W mass

Working in the a-scheme we can predict My . The solution is

M§, 2, o 1 4)
Vé = Ce+7rRe{<1—2gﬁa¢D> AB (Mw)

v F [(1+490a) a0 + (1400

gen

A (M)

£ g6 [AP (M) + X (A% (M) + A0 (M) |}

gen

The expansion can be improved when working within the SM
(dim = 4). Any equation that gives dim = 6 corrections to the SM
result will always be understood as

o=0" +%gs0®
imp T

1

in order to match the TOPAZ0/Zfitter SM results whe gg — O.
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How to inlude EWPD?

@ By reducing (a priori) the number of dim = 6 operators

@ By imposing penalty functions ® on the global fit, that is
functions defining an w-penalized LS estimator for a set of
global penalty parameters (perhaps using merit functions
and the homotopy methoq)

®@ Using a Bayesian approach, with a flat prior for the
parameters. One « at the time? Fit first to the EWPD and
then to H observables? Combination of both?

Of course, all EWPO must be rewritten in the x-EFT approach
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@ How to treat the Background (e.g. in the x-framework).

It is done similar to the previously examined signal. The
amplitude is decomposed into Lorentz structures compatible
with symmetries (e.g. Bose symmetry in gg — VV) and with
Ward identities. An EFT calculation is performed and x factors
(w or w/o factorization) are extracted.

@ The whole process changes ...
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Example: g(p1)g(p2) — Z(p3)Z(p4) polarization tensor

Z,qr (vg+aq7”) q
Puvaﬁ o Vq2 ngaﬁ +a(21 Pﬁvaﬁ

@ charge conjugation invariance — no Vq &g

@ P transversal to gluon momenta, Py transversal to Z
momenta, P, also transversal for light quarks (my = 0)

A

involving @y, &y etc.
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Of course, we always have TH remnants. This means that
(understating the problem) we face a decomposition

FO =PO @ Tremnant

and the choice of PO must be such that Tremnant iS Not a source
of large errors due to bias (as using a phonebook to select
participants in a survey). For example, as more terms are
added to Tremnant, the greater the resulting model’s complexity
will be.
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Br(H — VV) x Bri3(V — )/ Br(H — 4f)

Br(H — VV) x Br’(V — i) / Br(H — 4f)

% k-EFT needed for the full process

H - TTIT (1=ey)

1y

S

P
H-¢'v €T,

Holvl V(\:e,u‘v:ve‘vwv,

g
t
z
@
09 4 € _—
1 Hoev im,
>
H- e'ee’e g
08 1 @
P
N
bS
1 t
07 T
I @ L I
100 200 300 400 1000 0% 100 200 300 400 1000
M, [Gev] M, [Gev]
T H
10 1 T Ji
10 H - o7 (e g=udsch) : 10 H - (4 (q=udsch) :

0.9

H - Fu (i=e 1 g=udsch)

Br(H — VV) x Bri(V — ff) / Br(H — 4f)

098

0.96

H- v (v:ve,v

W

q=udsch) ]

|
100

200 300 400

1000
M, [GeV]

|
100

200

300 400

1000
M, [GeV]

Q>
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@D How to “insert” POs into Fiducial Observables (FOs).

A schetchy example

Vi(s,su,&,...) Vi(s,su,é&, ...
d — l( Hg ) f( H§ )+B(S,§,...)
S—SH
V,'J(S,SH,&,...) = Viinv(s7s’“')+(S_SI'I)Avi,f(s’sHa§a“')
where sy is the H complex pole, s the H virtuality, & the gauge
parameter(s) and where ... represent other invariants

yinv yinv
o oty =l
S—SH
2 2
FO — / do Y ‘As +AB’ :/ do Y ’As’ + FOyogt
cut spin cut spin
2 2
= /dCPZ As‘ +</ —/> d@Z‘As‘ + FOrest
spin cut spin

= PO+rest
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A schetchy example (cont'd)

As far as Signal (for a given F final state) is concerned we can
also write as follows:

82 FH_,F(S)
s-auf V2

.. 1
o(fj—H—F)= EO':]AH(S)

and write I'y_r in terms of POs, e.g. I'y—zz and I'z_;;, where
all unstable particles are computed at their complex pole.

@dﬁg{j&f
to Smile.

- Compare POatLAS; POcMs
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i

Constructing POs in H — 4f

M= MY (P1,P2) Aua (P1) Avp (P2) J* (G1, K1) IP (Go, ko) + Mg (P1, P2)

fermion currents
non 2PR

gk = guq) (w+ar)vik), p=q+k

AMY(p) is the Z propagator and ,///nf collects all diagrams that are not doubly (Z) resonant

M = P&+ Fr THY T“V:%_guv
fc D102
" 1
A#v(p) - Z eﬂ(pv X) ev(p77“)A(p2) A(pz) = m
r 7z

mapping virtual — real
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Constructing POs in H — 4f (cont'd)

P’/ — [%Dﬁﬂv—f—%"f T“v] eu(p1,i)ev(P2;j)

Dj(p) =Y. Ei(p)E/ (p) Ei(p) = J* (k) €}, (p. i)

spin

where i,j=—1,0,+1 and p = q+ k. We obtain

2 2
Y || = Y PP} Di(pr)Dy(p2) ’A (s1)A(s2) ‘ ZA//kI’ (32)‘
spin ijkl ijkl
2
= [Z Aiii + Y, Ajjj + Y Auk/} ’A 51) 32)‘
if Kj#i
I#

where ./ is the matrix element comprising all factorizable contributions, not only the SM ones. Aj;; gives
informations on H decaying into two Z of the same helicity (0,0 etc.), A,-j,j on mixed helicities (0,1 etc.) while the third

term gives the interference
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Constructing POs in H — 4f (cont'd)

Mg =Y aj(s,s1,82,...) A(51)A(sp)
if
= Zaij(SH,Sz,SZ...)A(S1)A(Sg)+N(S,S1,Sg,...)
:

where N denotes the remainder of the double expansion around sq 2 = sz, s = —(py +p2)? and

(e

= [

L
&

\\L

‘\L‘

4[“\

Sy, Sz being the H,Z complex poles. Therefore, we define pseudo-observables PO-number!

2
= /dq)1_>4 Z ‘a,-,- (SH,Sz,SZ ) A(S1)A(82> ‘

spin

with similar definitions for T';;
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POs (container) at LHC: summary table
@ external |ayer (similar to 6Peak)
Tvv A% Ni etc

O]

@ intermediate layer imiartog;,)

@ internal layer

@ internal layer (contained): Wilson coeff. or non-SM
parameters in BSM (e.g. «, B, My, etc. in THDMs)
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Lep heritage: fine points to remember when building POs
(but not only)

O H — ffy defines Dalitz decay for isolated photons but is part
of the real corrections to H — ff for IR/collinear photons.

O H — 4f defines
@ the four-body decay of the Higgs or

@ pair production corrections to the two-body decays (with a
primary and a secondary pair), depending on the invariant
masses of the fermion pairs.

@ Strategies? The whole 4f is included in H — 2f or part
of it defines the 2f signal and part the 4F signal
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@ Who should provide POs?
Who should provide interpretation of POs, e.g. using LO EFT,
NLO EFT, BSMs?

Well, Well, Well, its certainly a compelling provocative exciting to think about idea

In general, there should be a mapping between code
parameters and whatever POs we define. Ideally, nothing in the
calculation would change apart from the data card format that
provides the input parameters.
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The LHC M-code:

X For each process write down some (QF T-compatible)
amplitude allowing for SM-deviations, both for signal and
background (NLO EFT is a good example). Compute FOs.

X Insert Signal expressed through POs without altering the
total. Please, do not subtract SM background (B changes
too)

X Fit POs, T'zz (conventionally defined), AZZ, ASY etc., or
p}‘{,g’,j' etc.

X Derive Wilson coefficients or BSM Lagrangian parameters

X Publish the full list of FOs (with modern rivet technology)
and POs a la Lep (LHC legacy)
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@ Posasa way to “compress” results. LHC legacy.

within fiducial volumes

Outstanding
w9 Excellent

Very Good

atisfact
e i Another language: something is decaying
into something else (on-shell) further decaying etc. Can we
make it rigorous while keeping the total intact ? Yes, it's PO!

Nobody will memorize what xf)%yz is, but will remember what an asymmetry is (even when “spoiled” enough to

become a PO). Let’s keep « as a tool to (partly) get the UV-completion

[ e Ko i V) and the blind can see
3 L [ | or

e For each process compute the full answer

PO is the language which the deaf can hear
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(14) Beyond the SM, from the predictive (SM) phase to the
“partially predictive (fitting)” one.

g HEP phases
IKEEP
CALM

TEST YOUR
HYPOTHESIS

o PREDICTIVE phase: in any (strictly) renormalizable theory
with n parameters you need to match n data points, the
(n+1)th calculation is a prediction, e.g. as doable in the
SM

@ FITTING (approximate predictive) phase: there are (Ng+Ng+ - - = o)
renormalized Wilson coefficients that have to be fitted, e.g.
measuring SM deformations due to a single ¢(® insertion
(N enough for per mille accuracy)
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@ T uncertainties, not only QCD

" EW already discussed

@& QCD? Well, Well, if faith can move mountains ...

Summary on scale variation

: i’ Z 2 G. Salam https://indico.cern.ch/event/366472/
+ Choice of scale is a genuine ambiguity

+ But size of scale variation knows little about physics, only
about coefficients of the series

+ Scale variation doesn’t correctly handle case when
coefficients grow large.

Can one do better? Possibly, e.g. by supplementing scale
variation uncertainties with information on growth of
coefficients (a la David—Passarino, maybe with
simplifications)
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‘Ontology: the Blue Band

Q
(0(60 The most celebrate figure of the LEP era: the blue-band.
N
R

I remember a meeting at Cern where 1 proposed to produce

NS theoretical results with a | | reflecting our lack of knowledge
Q&O of missing higher order corrections, instead of dimensionless
O.

There was an immediate consensus in the community.
This is the progenitor of the blue-band.

This band was intended to
honestly show our degree of ignorance and,

several times, it was repeated that it should be used and
interpreted with great care.

Actually there is no definition of theoretical error (only

of theoretical stupidity) and one should not attach to it any
meaning more deep than

modelling & selecting a set of options and
see how large is the band,

If it is too large then we better do a new calculation in that
direction. If it is small yet it does not mean that we should

take it as a rigorous bound. o = = =

it
N)
yel
2}
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Just remember, once you’re over the hill you begin to pick up speed
(Arthur Schopenhauer)
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