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Introduction

After the Higgs discovery at the LHC,

already at Run 1 we entered the era of Higgs precision.
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How to collect all available information on this state,
In the most general and theoretically unbiased way?
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Pseudo-observables




Realistic
Observables

Raw data,

Fiducial cross sections,

etc...
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Pseudo-observables
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Realistic Pseudo Lagrangian
Observables Observables parameters
Raw data, Pole masses, decay widths, Couplings,
Fiducial cross sections kappas, form factors, efc.. running masses,
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PO encode experimental information in idealized observables, of easy theoretical
interpretation. This approach is old: developed at LEP to describe the Z properties.

[Bardin, Grunewald, Passarino ’99]



Pseudo-observables

+ Rol'~ v(p)
Realistic Pseudo Lagrangian
Observables Observables parameters
Raw data, Pole masses, decay widths, Couplings,
Fiducial cross sections kappas, form factors, efc.. running masses,
olc ’ Wilson coefficients
etc ...

PO encode experimental information in idealized observables, of easy theoretical
interpretation. This approach is old: developed at LEP to describe the Z properties.

[Bardin, Grunewald, Passarino ’99]

PO can then be matched, by theorists, to any explicit scenario — SM EFT, SUSY,
Composite Higgs, etc.. — at the desired order in perturbation theory.



LEP-1 Strategy: on-shell Z decays

The goal was to parametrise on-shell Z decays as much model-independently as possible,
in a way which would decouple infrared radiation (QED & QCD) effects.

4

Parametrise the on-shell Zff vertexas 7. (G + G7 7s5) W\/’\T\

To be model-independent it is important to work with on-shell initial and final states.

The PO are defined as ! g{j = Re G/

Radiators: final state radiation

— o+

I'y=T(Z— ff) =4c;To (‘95’2 R + ’g£‘2 R;’;) + Agw/qop

[Bardin, Grunewald, Passarino ’99]



Run-1: the k-framework

At Run-1, measurements of Higgs properties were reported in the x-framework:

Narrow width approximation (& on-shell Higgs):

o(ii > h+X) x BR(h — ff) = 0;; =— = 2
rh Kh

osm X BRgy
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Run-1: the k-framework

At Run-1, measurements of Higgs properties were reported in the x-framework:

Narrow width approximation (& on-shell Higgs):

o(ii > h+X) x BR(h — ff) = 0;; =— = 2
rh Kh

osm X BRgy

Pros: Clear SM limit (k = 1),
theoretically well defined,
systematically improvable,
model independent (on-shell Higgs is key),
can be matched to any EFT in any basis.

Cons: Limited to total rates:
can’t describe deviations in differential distributions, e.g. CPV or h — 4f

-
~ Need to extend the x-framework retaining all its good properties:

Higgs pseudo-observables




LHC and on-shell Higgs decays: extending the k-framework

Two-body decays
h = 2f,yy

The kinematic is fixed. > r the total rate (k) is all that can

No polarisation information is retained. be extracted from data

=

(maybe possible to measure in TT channel)



LHC and on-shell Higgs decays: extending the k-framework

Two-body decays
h — 2f,yy

The kinematic is fixed. > r the total rate (k) is all that can

No polarisation information is retained. be extracted from data
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(maybe possible to measure in TT channel)
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LHC and on-shell Higgs decays: extending the k-framework

Jr
Four-body decays
h — 4f

The kinematics is much richer:
kinematical distributions.

—— —_ e ————— p—— ~ = = =

t The process is completely described by this Green function of ON SHELL states:

0T {Jf(x) Jf, }|O

TH(x) = Flan” f(x)




LHC and on-shell Higgs decays: extending the k-framework

Jr
Four-body decays
h — 4f

The kinematics is much richer:
kinematical distributions.

— —— = = e ——— P — e = _—

t The process is completely described by this Green function of ON SHELL states:

0T {Jf(x) Jf, }|()

—  — p—

TH(x) = Flan” f(x)

Only 3 tensor structures allowed by Lorentz symmetry:
Example: h — ete utu-

2mZ

A=1

(Evae)(Hysm) X
(5

8 o, B aBpo
q1 - q2 97 — q@2%q1 NG 42,41
Fqt, 43)g% + Fs' (43, ¢5) 5 + Fy" (a1, 43) R

mo. mo




Higgs to 4-fermion decays

! | " T .y Long-distance (non-local) modes (poles):
\@T{Jf @’ I ), h(0)310) l / propagation of EW gauge bosons.
Jr _ ~
includes

ho. \ Short-distance modes:

Jy contact terms, x and/or y — 0




Higgs to 4-fermion decays

! | " T .y Long-distance (non-local) modes (poles):
\@T{Jf @’ I ), h(0)310) l / propagation of EW gauge bosons.
Jr _ ~
includes

ho. \ Short-distance modes:

Jy contact terms, x and/or y — 0

We expand around the physical poles:

contact terms

Jy




Assumption:

No new light state can mediate this amplitude.

New Physics scale > Higgs mass scale

R




Assumption:

No new light state can mediate this amplitude.

New Physics scale > Higgs mass scale

—=

contact terms

Jy

We expa\\nd around the physical pc;Tes:

JH
f We neglect completely local terms,
+ - 4——_ corresponding to operators with d > 6:

EFT assumption.
O(x) = h(z) e(x)yue(r) plz)y" p(x)

T,



The Higgs PO are defined from the residues on the physical poles.



The Higgs PO are defined from the residues on the physical poles.
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The Higgs PO are defined from the residues on the physical poles.

m
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92 -~ only new source of

A =i—Z (evae) (ryam) X / flavor dependence
vr . /

e M H e
9797 €Ze Yy €Zn Y9z ) af
KzZ + + g T
[( Pz(q7)Pz(a3)  my Pz(g3)  my Pz(qi)

e M e 2 2 Oéﬁ _ « 5
e e e :
+ (EZZ QQZQZ N TR 76%1\74_&( 2ngz2 + 2Qegz2 ) +’%’V€§¥_1L %ﬁh) X n g 5 £ a +
P7(qy)Pz(q3) 3 P7z(q7) @i Pz(q3) 4195 my
n (ECP 9595 +€CP( eQuiy . _eQedy >+€CP€2Q6QM> 6“5’”(12;)@10]
77 Z
Pz(q?)Pz(¢5) 77 \&3Pz(q})  4iPz(q3) " 4igs my

€ = €L, €R,; =ML, LR

Pz(¢°) = ¢ —m% +imzl'g

Inthe SM ~x — 1, ex =0

eVt ~38%x107°

exy 1t 6.7x 1077



Radiative Corrections
[M. Bordone, A. Greljo, G. Isidori, D. M., A. Pattori, work in progress]

The most important radiative corrections are
given by soft QED radiation effects since they
distort the spectrum.

m2 < m02

Effect described by simple and universal
radiator functions:

dI'nro dl'ro
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~15% effect!
Other NLO corrections are smalll.
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Parameter counting and symmetry assumptions

- _

Neutral current
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y N - interference h — prutvy € Zve» €Zu,
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Symmetries impose relations among these observables.
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Parameter counting and symmetry assumptions

_

Neutral current

Charged h— etuvy  kww,eww, ity
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Parameter counting and symmetry assumptions
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Neutral current
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Y Accidentally true also in the linear EFT.
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Parameter counting and symmetry assumptions
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Neutral current

h-eteuy | At ettt

Z - ‘;:g’ g‘:ﬁ Possibility to test such hypotheses from Higgs dataonly. |
h— yete | |

h — \‘;u’*u' Contact terms are extremely important for this goal. ];
h—yy |

—

- e —— — __|
’ il o = g = LA L)
_ . — - A\
N\
1777 S — -

.. - _
Bl e e ————— R —_—

\
\,

\
symmetries | 20 (general case)

Custodial symmetry

2 I l 2
Cw€ZZ + 2Cw5w€Z’y + S wEYY
2 CP 2 _CP

= ¢ eZZ +20wswez7 + Sy

= —— (\/iéwei -+ QCwEZei )' .
. g | L L

Cw

= %(EZV}; — EZeZ]'.J) a

. o 4

Y Accidentally true also in the linear EFT.



Higgs PO and linear EFT
Assuming h(125) € SU(2). doublet (linear EFT):

wz(ig):%(w(;z(x))

s

[see E. Masso talk]

Z

NN Q=

Z couplings &
Triple Gauge Couplings
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Higgs PO and linear EFT
Assuming h(125) € SU(2). doublet (linear EFT):

[see E. Masso talk]

s

ety 1 0 7
= e’ ) 2\ v+ h(z) . 4P NVO=
! Z couplings &
Higgs PO Triple Gauge Couplings
e.g h—4t: | -
["Higgs basis”, LHCHXSWG 2015]
[“Primaries" Gupta, Pomarol, Riva, 2014]
2my Z 23 2 2
€Zf — (59 - (Cng + SQYf)lgdgl,z + tQYflgdliv)
2 1 o o
0€77 = 0€yy + —0€7, — —25/17 From LHC: Oty = 10
t2o Co | 07y = 102
LEP-I:  dg%= 103 | | TGC (LEP-II):

ﬂ 081z, OKy = 10-2 (z=0) |

e —

Flavour universality from data! |

[Efrati, Falkowski, Soreq 2015] [Falkowski, Riva 2014, ...]
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Constraints on the PO in the linear EFT
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AF4GeV / Eot

Ratio w.r.t. SM

Predictions for h — 4% in the linear EFT

From these bounds we can extract precise predictions for Higgs data,
such as total decay rates or di-lepton invariant mass spectra:
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These PO can be studied also from
angular distributions.
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AF4GeV / Eot

Ratio w.r.t. SM

Predictions for h — 4% in the linear EFT

From these bounds we can extract precise predictions for Higgs data,
such as total decay rates or di-lepton invariant mass spectra:
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These PO can be studied also from
angular distributions.
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Conclusions

Pseudo-observables

Directly related to physical
Clear connection to
measurable distributions.

Easy to match to any EFT
In any basis.

Symmetries impose relations among Higgs PO, which can be tested by Higgs data only.

Assuming a underlying linear EFT we obtained relations among Higgs and non-Higgs
processes. Given LEP constraints we derived detailed predictions for h — 4{ processes.

Testing these predictions from data would provide an important test for the linear EFT.

PO can be implemented both for Matrix Element Methods, and Montecarlo (MG5).

Thank you!

properties of the amplitude.
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Kinematical distributions Backup

The matrix element squared is directly obtained analytically from the amplitude.

D AA
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Kinematical distributions Backup

The matrix element squared is directly obtained analytically from the amplitude.
> A

This can be used for Matrix Element Method experimental analysis,
or to derive differential distributions:

Example for

CP conserving terms _ X X
h—ete u dgidgs ~ dgidgs
For example, the 11 term is simply:
ar Ay 2m?, ? 12872 5 03+ 20102 — 2(P% + 53) + 38733 Z s 2
dgdg; — 290n)Tmy \ op ) 9 1 (1 B2)(1 - B3) !

s

2 2
@2 — g2 2 P2+ 2 4q1(2)mh
/\p—\/1+(1m22> _21m22 51(2): 1_<2 a2+ 2)2
h h T12) — d2(1) T "
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Kinematical distributions Backup

The matrix element squared is directly obtained analytically from the amplitude.
> Ax

This can be used for Matrix Element Method experimental analysis,
or to derive differential distributions:

Example for e —
CP conserving terms drtt dris
h—ete utu~ dQ1dCI2 d(]1dQ2 dQ1dQQ

For example, the 11 term is simply:

it A, (2m2z)21287r 2 9342618y — 2(8} + B3) + 3615

= 14
dCthz 210(277)777% 9 2 (1 — 51)(1 - 52) £ f

2 2
@2 — g2 2 P2+ 2 4q1(2)mh
/\p—\/1+(1m22> _21m22 51(2): 1_<2 a2+ 2)2
h h T12) — d2(1) T "

From this we can get the total rate dependence on the PO:

12
Fl’

(%3

Fe e o
S_;W pp — 1_|_25K/ZZ _2-5€Z€R _|_2'9€Z€L _2°5€Z,LLR _|_2‘9€ZML +O°5€ZZ _0'9€Z’Y+O'01677’

ete ptu~
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PO in EW Higgs Production Backup

OIT {J5(x), J}(y), h(0) } |0)

By crossing symmetry, the same correlation function
(in a different kinematical region and with different fermionic currents)
enters also in EW Higgs production.

h — 4f VBF: J,

[Work in progress]

In this case since the possible high momentum transfer at the LHC
could cause issues with the validity of the EFT expansion. Not an issue with form factors.
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Charged current decays

The same approach can be extended to charged current decays

Interference

Onlycc: o= Veefivy of c.c. and n.c.:

2

A Ziv—;V(émaVe)(ﬁwﬁuL) X

Wur (916/[/)*

h— ete v
h— putu v

(95 )* g (ewe,)" 9w ) af
KWW —+ + g "+
[( Pw(a)Pw(¢3) m¥ Pw(@d) m% Pw(d)
(95,) gh q1-q2 9°° — %¢l’ op (95 gt €9PP7qo,q14
T EWww > N X 3 T Eww > 3 5
Pw (q7)Pw (g3) miy Pw(qi)Pw(gy)  myy
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