H! T AL JPPERRE B
8- AR | -
{ o B --...‘.I srboy 1 L s

EFT, or
" Higgs physics with
heavy new physics

David Marzocca /, I

I8\ Universitat X

) Ziirich™

St. Petersburg: 31/08/2015



Introduction

o

Run 1 at LHC: discovery of the Higgs and
good measurement of many of its couplings...

The SM is complete.

= T



Introduction

_ _

Run 1 at LHC: discovery of the Higgs and
good measurement of many of its couplings...

The SM is complete.

— — - ——

_ _ Scale of New Physics is high
| So far, no compelling evidence of |
new physics from direct searches: A NP > m .

N - - - S——— — _ -



Introduction

= S ——

Run 1 at LHC: discovery of the Higgs and
* | good measurement of many of its couplings...

The SM is complete.

e — === S

Scale of New Physics is high

| So far, no compelling evidence of
new physics from direct searches: A NP > m .
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Run 2 (and beyond): High Precision Higgs era.
Search for smooth deviations from the SM —%  Effective Field Theory

In an EFT analysis further assumptions are needed:

- dynamical assumptions (e.g. if Higgs € doublet)
- a basis has to be specified

- fix order in perturbation theory

- flavor assumptions
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| LHC Legacv: How to collect all available information on this state,
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PO encode experimental information in idealized observables,

of easy theoretical (QFT) interpretation [e.g. Z-pole PQ].

[Bardin, Grunewald, Passarino '99]

PO can then be maiched, by theorists, to any explicit scenario at the desired

order in perturbation theory.
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PO used at 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




Two-body Higgs decays

Higgs PO: parametrize the relevant on-shell amplitude.
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Two-body Higgs decays

Higgs PO: parametrize the relevant on-shell amplitude.

£,SM
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The klne.mat.lc IS_ fixed. o _ r the total rate is all that can be |
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(maybe possible to measure in TT channel)
[Gonzalez-Alonso, Greljo, Isidori, D.M. 1412.6038]



Four-body Higgs decays: h — 4f
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The process is completely described by this Green function of ON-SHELL states:
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*no chirality-flipping terms, suppressed by light fermion masses.
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Four-body Higgs decays: h — 4f

— e — —— __

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

(O[T {J% (), J5.(y), h(0) } 0}

S —— — —

*no chirality-flipping terms, suppressed by light fermion masses.

We expand around the physical poles of the Green function:

Example: h — ete utu-
" contact terms

e+

[Gonzalez-Alonso, Greljo, Isidori, D.M. 1412.6038]



Four-body Higgs decays: h — 4f

The process is completely described by this Green function c_)f ON-SHELL states:
Assumption:

No new light state can mediate this amplitude.
New Physics scale > Higgs mass scale
Anp > my,

Example: h — ete utu-
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Four-body Higgs decays: h — 4f

— — S _ e — —— e

| The process is completely described by this Green function Qf ON-SHELL states:

S — —— — e ——————

Assumption:
No new light state can mediate this amplitude.

New Physics scale > Higgs mass scale
Anp > my,

Example: h — ete utu-

e+

We neglect completely local terms,
corresponding to operators with d > 6:
EFT assumption.

O(z) = h(z) e(x)ye(r) plz)y*u(z)

[Gonzalez-Alonso, Greljo, Isidori, D.M. 1412.6038]
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The Higgs PO are defined from the residues on the physical poles.

[Gonzalez-Alonso, Greljo, Isidori, D.M. 1412.6038]



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

T

Only 3 tensor structures allowed by Lorentz symmetry.
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The Higgs PO are defined from the residues on the physical poles.

Only 3 tensor structures allowed by Lorentz symmetry.

contact terms

- only new source of
2my _ ~ flavor dependence
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PO in EW Higgs Production

O[T {J¢ (), 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 Jr VBF: J,

[Work in progress]

Same PO as decays, only need to add quark contact terms.

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.



The Linear SM Effective Field Theory

Integrate out the heavy BSM dof.
Low energy theory specified by Symmetries & Field content

Assuming h(125) is a SU(2). doublet Scale of New Physics is high
(linear EFT)

(3)-hlhe) T ™

O ) v+ h(x)
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The Linear SM Effective Field Theory

Integrate out the heavy BSM dof.
Low energy theory specified by Symmetries & Field content

Assuming h(125) is a SU(2). doublet Scale of New Physics is high
(linear EFT) 4
an
et 1 0 Anp > my
P )T V2 \ v+ h(x)
| | Assuming L and B conservation
_ pSM Ci nd=6 :
Standard Model é
Lagrangian (d < 4)

i Leading deformations of the SM ]

E———

59 independent dim-6 operators if flavour universality.
2499 parameters for a generic flavour structure.

"N

v

[Grzadkowski et al. 1008.4884, Alonso et al. 1312.2014]



The power of the EFT: relating different observables

The same operator can contribute to different processes.

o 1 ]
Forexample:  Opy = i(H' D H) A" f = —o\/g* + 97 Zu(v + h)* [+

Z /
o 0 W/“\_‘.—\‘ Z couplings dgzr

m
Jfl

Higgs decay & production
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The power of the EFT: relating different observables

The same operator can contribute to different processes.

o 1 ]
Forexample:  Opy = i(H' D H) A" f = —o\/g* + 97 Zu(v + h)* [+

V4

/
o 0 ’\/\/\/“Q—\‘ Z couplings dgzr

14
Jfl

Higgs decay & production

v
_}i___ 0 __Gf__ Triple Gauge Couplings
57(:2, 58-],2, /’{Z
V V

Use LEP 1 and LEP 2 data
to obtain bounds on some Higgs PO.

Combine LEP data with Higgs data
to derive stronger constraints for the EFT.
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The power of the EFT: relating different observables

Once the strong LEP | constraints (=1%) are imposed,
[Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]

Assuming MFV, only 10 independent combinations of coefficients
contribute at tree-level to Higgs and LEP Il (WW) observables.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

Global fit in the ‘Higgs basis’ [LHCHXSWG 2015]

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

‘\: 5027 nyf}/, CZ,Y’ ng, 5yu’ 5yd7 6y€,

Higgs
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The power of the EFT: relating different observables

Once the strong LEP | constraints (=1%) are imposed,

[Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]

Assuming MFV, only 10 independent combinations of coefficients
contribute at tree-level to Higgs and LEP Il (WW) observables.

Constraints on TGCs
[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

1.0 M LEP I (WW)
I Higgs

M LEP II + Higgs i
0.5 | /

~1.0

5g1,z

All other coefficients have been marginalised.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

LEP Il data alone suffers from a flat
direction in the TGC fit. [Falkowski, Riva 1411.0669]

+

Higgs data (mainly via VH and VBF production)

IS sensitive to a different direction.
[Falkowski 1505.00046]

Together they provide strong and robust
constraints on the TGC.

11



Constraints on the Higgs PO in the linear EFT

We match the Higgs PO to the SM EFT: relations with LEP observables.

e.g h—4t:
QWQZ
€Zf — T (5ng — (C%T? S%Yf)lg(Sgl’Z thflgéliv)
2 ]- [Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018]
OEyy = (5677 + —5627 — —25%7
tog Cy

g —— —— — — e

LEP-I:

Naively ~10-3 bounds, however the theoretical error is of ~1%.
[Berthier, Trott 2015]

‘5 No qualitative influence for Higgs physics at present precision.

N

5gZ€ < 102 [Efrati, Falkowski, Soreq 2015]

58yy < 103

From LHC:
~ 0&7y = 1072

= —

T = —— —

The less constrained coefficients are the TGC.

We use our combined LEP Il + Higgs global fit to derive constraints on the Higgs PO.

12



5 independent PO only, in the linear EFT.

(
\

Predictions for h — 4% in the linear EFT

0.85 4 0.17
?ZZZ ) ( —0.0001 = 0.0078 )

€Ztr | = —0.025 = 0.015 :

0.96 1.6
e ) \ 0.88 +0.19 )

1 .72 .60 .19 .83

Ry

1 .35 —.16 .62

o=1 - - 1 .02 47
C 1 .20
2

From these bounds we can extract
precise predictions for Higgs data,
such as di-lepton invariant mass
spectra.

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

0.200

— SM h—)2€2/l

0.100 - M 95% CL i

0050+ |

0.020

0.010

L~ dr Jdm,;, [GeV™!

0.005

0.002

i mll>4GeV

1 20 1 1 1 40 1 1 1 60 1 1 1 80 1 1 1 1 00

0.001
0

1.500
1.400 -
1.300 -
1.200 -
1.100 -
1.000 - -
0.900 - |
0.800
0.700,

Ratio w.r.t. SM

20 40 60 8 100
m;Z[GeV]

Small deviations allowed in the shape.
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Predictions for h — 4% in the linear EFT

5 independent PO only, in the linear EFT.

— SM | h—)2€2/l |
( KzZz 0.85+0.17 0.100 - 1 95% CL i
€245, —0.0001 4 0.0078 [
€Z0p —0.025+0.015 |, |
K RZ~ / : 6 1.6 I —
Koy i

Crucial to test these predictions from data!

Any measured deviation would have deep physical consequences:

non-linear realization of EW symmetry, flavor non-universality, ... |

o o )
From these bounds we can extract L4001
precise predictions for Higgs data, o 1300,
such as di-lepton invariant mass 2 12001
spectra. Z 1100]
g~ 1.000 - -
~ 0.900 - |
0.800
0.700 N S S NS R
0 20 40 60 80 100
m;Z[GeV]

Small deviations allowed in the shape.
[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]



Conclusions
Higgs PO -+ general framework to describe on-shell Higgs properties
- defined from physical properties of the Green functions
- easy to match to specific scenarios
- clear implementation of QED soft radiation (leading HO effect)

Implemented in FeynRules/UFO model:
www.physik.uzh.ch/data/HiggsPO/

The linear EFT provides relations among Higgs and non-Higgs processes:
- combine LEP and Higgs data to derive stronger constraints

- derive predictions for h — 4% processes
Testing these predictions: important test for the linear EFT.

Cnacub6o!
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Parameter counting and symmetry assumptions
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Neutral current
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Symmetries impose relations among these observables.
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Neutral current

Charged h— etuvy  kww,eww, ity

Z_’ e:e'ui,l,l' KZZysKZryy Ky €27 current h = ety €We, €Wy, (complex)
— H u-u u- 9 v TVYyyo 9 |
\ 7
h— eteerer €5 &7 57, — ——e
— +@-
lh7—> ye+e_ €Zers€Zeryr€Zur € Zug - e - 7
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R = —
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Symmetries impose relations among these observables.

Flavor universality |

— €Zur >
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Parameter counting and symmetry assumptions

_

Neutral current

Charged h— etuvy  kww,eww, ity

Z_’ e’;e',Ll:,Ll' K27, K7y Kyy, €27 current = epvy ewe ewy, (complex)
™ T » AT Y ’ :
N 7
h — ereere 6%57 ef(yjfypa 6%5 y S T
— +e

Z N ye+e_ €Zer 1€ Zers€Zur s €Zup — ————— — :

h — w g 11 ' N.&C. h—etew  others+
. - - interference h — prutvy € Zve s €20,

A\
N\

—

e=——

Symmetries impose relations among these observables.

CP Invariance
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Parameter counting and symmetry assumptions
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Neutral current

Charged h— etuvy  kww,eww, ity

Z_’ e:e'l«l:lvl' kg K o €7 current h—= euvy  ewe, ewy, (complex)

— U ) o vy ) !

N 7

h - eteete €7 €5 €5y — —

- vete
Z - ye+e_ €Zers€Zeryr€Zur € Zug . —— — .
. \;l; M » | N. &C. h = etevy others + 2

: - - interference h — prutvy €Zves €20,

= = \
N,
~—— = S

Symmetries impose relations among these observables.

Custodial symmetry

2 | . 2
HEww = Cy€zz + 2CwaEZ'y + Sy s
CP _ 2 CP CP 2 CP
CP Invari Keyw = Cufzz T 2CuSwez, + 60
| ( 2
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€Zve — GZ} : ~ o T Cu |
| ‘ g ; K Ewer = %(Ezu;; — €261 )
| EWer, = €EWpuy - | \_
\\\ - —— - ) — I

Y Accidentally true also in the linear EFT.



Parameter counting and symmetry assumptions
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Neutral current op
Charged h— etuvy  kww,eww, eww
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Custodial symmetry
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Parameter counting and symmetry assumptions

_ = =

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
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. o 4

Y Accidentally true also in the linear EFT.



Radiative Corrections
[M. Bordone, A. Greljo, G. Isidori, D. M., A. Pattori, arXiv:1507.02555]

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.

~15% effect!

Other NLO corrections are small: =1%

Taking this effect into account is
necessary to extract the PO from data.

0.100 |
T
> 0.050|
O
<3
L
£
s
N
_ 0.010}
'E /
~ I /
L 0.005|
1.15}
S 1.10}
<= 1.05
= 1.00
2 0.95}
& 0.90f
0.85}

m, =1GeV

h-2edu

- LO
QED "dressed" LO

B « u: Prophecydf NLO EW
H

e’ e” : Prophecydf NLO EW
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Tools: HiggsPO

In collaboration with Admir Greljo and Gino Isidori

www.physik.uzh.ch/data/HiggsPO

A Universal FeynRules Output model for
generating Higgs decays with MG5_aMC @NLO.

S _ - o

To be used to generate the on-shell Higgs decay amplitudes described before.

(use tree-level Feynman rules to generate the amplitude we need)

Warning:

NOT a EFT Lagrangian to be used beyond the tree-level, or for off-shell processes.

Manual, with description and examples at: http://www.physik.uzh.ch/data/HiggsPO/files/HiggsPO.pdf
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