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Setting the stage for Weak Interactions

* Discovery of a light Higgs boson leaves still open questions:

Nature of Electroweak Symmetry Breaking

Higgs boson potential, all the way like the Standard Model!?

Does it fulfill the US-fermion/Europe-boson rule!?

Is the 125 GeV state the only resonance in the system of EW vector bosons!?

How do EW vector bosons scatter?! (true heart of weak interactions)

o 1 AW N —

Is there something related to the Little Hierarchy problem (strong or weak)

* What do we know about W, Z bosons?
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Is there something related to the Little Hierarchy problem (strong or weak)

* What do we know about W, Z bosons? _— S .

VIII. Uranium Radiation and the Electrical Conduction pro-
duced by it. By E. RutHERFORD, M.A., B.Sc., formerly
1851 Science Scholar, Coutts Trotter Student, Trinity
College, Cambridge ; MeDonald Professor of Physies,
MeGill University, Montreal *.

THE remarkable radiation emitted by uranium and its
compounds hasbeen studied by its discoverer, Becquerel,
and the results of his investigations on the nature and pro-
perties of the radiation have been given in a series of papers
in the Comptes Rendust. He showed that the radiation, con-
tinuously emitted from uranium compounds, has the power
of passing through considerable thicknesses of metals and
other opaque substances; it has the power of acting on a
photographic plate and of discharging positive and negative
electrification to an equal degree. The gas through which
the radiation passes is made a temporary conductor of electri-
city and preserves its power of discharging electrification for
a s{lort time after the source of radiation has been removed.
. The results of Becquerel showed that Rontgen and uranium
E. Rutherford, Phil. Mag., 1899, (4 7), ser. 5, 109 radiations were very similar in their power of penetrating
solid bodies and producing conduction in a gas exposed to
them ; but there was an essential difference between the two

. g tvpes of radiation. He found that uranium radiation could
virtual W: 1899 A

be refracted and polarized, while no definite results showing

# Communicated by Prof. J. J. Thomson, F.R.S.
t C. R. 18986, pp. 420, 501, 569, 689, 762, 1086 ; 1897, pp. 438, 800,
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Events induced by neutral particles -sdpoduqn‘h;d 0 muon or elect ¢ been observed in the

1 I Z' I CERNn xperiment nmmn behav p( d l hcy rise from ul(ur nt induced processes.
VI r ua ° The ruurchn-cmth esponding charged cu t processes are evaluated.
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Setting the stage for Weak Interactions

* Discovery of a light Higgs boson leaves still open questions:

|. Nature of Electroweak Symmetry Breaking
. Higgs boson potential, all the way like the Standard Model!?

. Does it fulfill the US-fermion/Europe-boson rule?

2
3
4. Is the 125 GeV state the only resonance in the system of EW vector bosons!?
5. How do EW vector bosons scatter! (true heart of weak interactions)

6

. Is there something related to the Little Hierarchy problem (strong or weak)

* What do we know about W, Z bosons!?

Volume 1268, number § PHYSICS LETTERS 7 July 1983

EVENT 2058. 1279.

EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS
AROUND 95 GeV/c2 AT THE CERN SPS COLLIDER
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real W and Z: 1982

We report the observation of four electron—positron pairs and one muon pair which have the signature of a two-body
decay of a particle of mass ~95 GeV/e2. These events fit well the hypothesis that they are produced by the process p + p
=+ 29 4 X (with 2%~ ¢* + ¢7), where 20 is the Intermediate Vector Boson postulated by the electroweak theories as the

mediator of weak neutral currents.
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Effective and More Effective Descriptions

First Effective Field Theory for Single EW Boson
: e 5 I 5
Fermi theory: L:eff. = ) - Way (1 e )‘I’u X ‘I’u’m(l ) )‘I’d
+ Contains known degrees of freedom
+ Describes the measured interactions

+ Includes a high new physics scale v

+ Contains coefficients parameterizing (unknown) new interactions
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Effective and More Effective Descriptions

First Effective Field Theory for Single EW Boson

CF—

Fermi theory: L:eff.

+ Contains known degrees of freedom

4+ Describes the measured interactions

+ Includes a high new physics scale v

Wy (1 — P)Wy, X Uy, (1 —7°) Ty

+ Contains coefficients parameterizing (unknown) new interactions

Different physics necessitates usage of different operator bases Talk. — M. Sekulla
L1 = & Uyt Up x Uy, ¥y
e ) 0 B0 = 5
e DD B — B mixing Lo = B b T
« K, D", B° semileptonic decays bt 2T e L el
« v — V' oscillations VS. L = U—Q U THE L, x UL,
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Effective and More Effective Descriptions

First Effective Field Theory for Single EW Boson

Fermi theory:

+ Contains known degrees of freedom

4+ Describes the measured interactions

CF —
»Ceff.

+ Includes a high new physics scale v

Wy (1 — P)Wy, X Uy, (1 —7°) Ty

+ Contains coefficients parameterizing (unknown) new interactions

Different physics necessitates usage of different operator bases Talk — M. Sekulla
Ly = 5 U U U
g 0 50 Y. v v
.KO—{)(,ZO? — D ,B” — B mixing i :_F T b o p
« K°, D", B” semileptonic decays 2 T LY *L
e v — UV oscillations s — v_2 .U AT, x TLFM\PL

Effective theory leads to invalidity / unitarity violation at higher energies

L
DESY
)

J.R.Reuter

S-wave unitarity demands:

EFT for Multibosons

S

ogle Ve > € V) — ~ —

U2

Vs < 500 GeV Talk—= SV A AR
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Remark about EFTs of the 1970/1980s

* SppS: discovery of W, Z (on-shell)

* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee =& WW (LEP), t & Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: 4 . - S [—_iWT]
) v’ y v ) vy

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.
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* SppS: discovery of W, Z (on-shell)

* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee & WW (LEP), t > Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

(%

Building blocks for EFT: 4 . - S [—_iWT]
) v’ y v ) vy

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 e o
PE tr (B, B* ]+Ztr (D,X)(D*Y)]

Lpre—LHC == Z @(Zﬁ)w_Z_;Qtr [W,UVWMV]_
Y

1 1
597'1” f; ik gg/BuT?)
7

W,, = 5971 (B W,, — O, W, + gersg Wi W 1)

with the following useful definitions: Bl =Clnr

B,, = %g’(aﬂB,, — 8,B,)7
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* Measurement of longitudinal Ws: ee & WW (LEP), t > Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

(%

Building blocks for EFT: 4 . - S [—_iWT]
) v’ y v ) vy

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron
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1 1
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7
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Electroweak Chiral Lagrangian p
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* SppS: discovery of W, Z (on-shell)

* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee =& WW (LEP), t & Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: 4 . - S [—_iWT]
) v’ y v ) vy
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SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 e o
2¢'2 tr [B,, B¥ ]"‘Ztr [(D,3) (D#X)]

Lpre—LHC = Z @(’LlD)Zp-Q—;QtI’ [W,UVWMV]_
Y

1 1
597'1” ;IL ik 59/BMT3
7

W,, = 5971 (B W,, — O, W, + gersg Wi W 1)

with the following useful definitions: s =0l F

Electroweak Chiral Lagrangian

B,, = %g’(@uBy _ 3,B,)°

Ruled out by LHC data (Higgs discovery)

00000
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

» Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Mostly even beyond tree level predictable

BE:{ J.R.Reuter EFT for Multibosons

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)
Up to parametric uncertainties precise predictions from the models (new independent couplings)

Analysis has to be repeated for each and every model, introduces new parameters
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

» Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Mostly even beyond tree level predictable

* Anomalous Couplings

o Usually first “model-independent” proposal
e At the moment applied by HXSWG (but under debate)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)
Up to parametric uncertainties precise predictions from the models (new independent couplings)

Analysis has to be repeated for each and every model, introduces new parameters

* Only modifications of SM couplings or introduction of new (Lorentz) structures !

* Allows fits of coupling strengths

* Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

BE:{ J.R.Reuter EFT for Multibosons

Multiboson Workshop, BNL, 28.10.2014



Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

» Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Mostly even beyond tree level predictable

* Anomalous Couplings

o Usually first “model-independent” proposal
e At the moment applied by HXSWG (but under debate)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)
Up to parametric uncertainties precise predictions from the models (new independent couplings)

Analysis has to be repeated for each and every model, introduces new parameters

* Only modifications of SM couplings or introduction of new (Lorentz) structures !

* Allows fits of coupling strengths

* Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

* Form factors

e Similar approach to anomalous couplings, partially resums perturbative series

* (Almost) completely general and model-independent

* Needs parameterizations, violates gauge invariance, unitarity ad-hoc curable (new parameters)
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

» Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

o Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
* Allows fits of coupling strengths

* Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

* Form factors

e Similar approach to anomalous couplings, partially resums perturbative series
* (Almost) completely general and model-independent
* Needs parameterizations, violates gauge invariance, unitarity ad-hoc curable (new parameters)

* Effective Field Theory

(Almost) model-independent, consistent calculation of perturbative corrections (power counting !?)
Depends on (possibly) many free parameters

Requires decoupling of New Physics

Range of applicability strongly depends on couplings and scales (unitarity issue)
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The Rationale of Effective Field Theories

SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

no fermions or QCD here 1 1
( Q ) Low = —5tr (W W] = 2B, B* + (D, @) (D ®) + p?dTd — \(dTD)?

Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

,CIESM—I—Z

()

5 6

(5) (6)
A(’) —I—A2(9 i T

(7) (8)

A

- 0(7) + @(8) Btk S.Weinberg, 1979

A

. d . . . .
v < A\ : new physics scale; c!”: dimensionless Wilson coefficient

Unique (up to flavor) combinations dim 5 operator: Majorana mass term (violates L)

All odd operators involve fermions, all dim 5 and dim 7 violate B and/or L
Validity of EFT assumes E « A

J.R.Reuter

EFT for Multibosons
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The Rationale of Effective Field Theories

* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

no fermions or QCD here 1 1
( Q ) Low = —5tr (W W] = 2B, B* + (D, @) (D ®) + p?dTd — \(dTD)?

Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

(5) (6) (7) (8)

S (5) (6) (7) (8) :
£_£SM+Z A o)) s A2 &) S A3 S e A4 ) S.Weinberg, 1979

()

. d . . . .
e v« A: new physics scale; c¥: dimensionless Wilson coefficient

e Unique (up to flavor) combinations dim 5 operator: Majorana mass term (violates L)

* All odd operators involve fermions, all dim 5 and dim 7 violate B and/or L
 Validity of EFT assumes E < A

such a
general Lagrangian has no specific dynamical content beyond the general
principles of analyticity, unitarity, cluster decomposition, Lorentz invariance,
and chirality, so that when it is used to calculate S-matrix elements, it S.Weinberg, 1979
vields the most general matrix elements consistent with these general prin-
ciples, provided that all terms of all orders in all couplings .~ ‘ are
included. o | ' '

L
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The Rationale of Effective Field Theories

* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

no fermions or QCD here 1 1
( Q ) Low = —5tr (W W] = 2B, B* + (D, @) (D ®) + p?dTd — \(dTD)?

Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

(5) (6) (7) (8)

S (5) (6) (7) (8) :
£_£SM+Z A o)) s A2 &) S A3 S e A4 ) S.Weinberg, 1979

()

. d . . . .
e v« A: new physics scale; c¥: dimensionless Wilson coefficient

e Unique (up to flavor) combinations dim 5 operator: Majorana mass term (violates L)

* All odd operators involve fermions, all dim 5 and dim 7 violate B and/or L
 Validity of EFT assumes E < A

such a
general Lagrangian has no specific dynamical content beyond the general
principles of analyticity, unitarity, cluster decomposition, Lorentz invariance,
and chirality, so that when it is used to calculate S-matrix elements, it S.Weinberg, 1979
vields the most general matrix elements consistent with these general prin-
ciples, provided that all terms of all orders in all couplings .~ ‘ are
included. o | ' '

e Unitarity plays important role: allows to determine coefficients of poles  Li/Pagels, 1971; Lehmann, 1972

L
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Effective Field Theories: Higher-dimensional operators

+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986
+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D, W*" = ®1(D"®) — (D"®)'® + ...

2. Gauge symmetry:  [Dy, D)) ® oc W, @

3. Integration by parts: (®'®) 0 (®'®) — 9, (®'®) o* (2T®)
+ Further reduction by use of discrete / horizontal symmetries

|. Band L conservation (excludes 5 operators per generation)

2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without v )

J.R.Reuter EFT for Multibosons Multiboson Workshop, BNL, 28.10.2014



Effective Field Theories: Higher-dimensional operators

+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986
+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D, W*" = ®1(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)) ® oc W, @
3. Integration by parts: (®'®) 0 (®'®) — 9, (®'®) o* (2T®)

+ Further reduction by use of discrete / horizontal symmetries

|. Band L conservation (excludes 5 operators per generation)

2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without v )

* | dim-2 operator + |5 dim-4 operators
* 59 dim-6 operators for | generation

e 2499 dim-6 operators for 3 generations Alonso/Jenkins/Manohar/Trott, 2013
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+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D, W*" = ®1(D"®) — (D"®)'® + ...

2. Gauge symmetry:  [Dy, D)) ® oc W, @

3. Integration by parts: (®'®) 0 (®'®) — 9, (®'®) o* (2T®)
+ Further reduction by use of discrete / horizontal symmetries

|. Band L conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without v )

* | dim-2 operator + |5 dim-4 operators
* 59 dim-6 operators for | generation
* 2499 dim-6 operators for 3 generations Alonso/Jenkins/Manohar/Trott, 2013

+ No unique basis exists (more in a second)

+ Well-known in B physics: different experimental measurements constrain different operators

interpretation of limits in terms of New Physics = Theorists

J.R.Reuter EFT for Multibosons Multiboson Workshop, BNL, 28.10.2014



Effective Field Theories: Operator Bases

No unique basis exists

» “HISZ” basis: no fermionic operators Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
» “GIMR” basis: first minimal complete basis  Grzadkowski/lskrzynski/Misiak/Rosiek, 2010

» “SILH” basis: complete basis Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013
» Dim. 8 operators: Eboli et al., 2006; Kilian/JRR/Sekulla, 2014
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Effective Field Theories: Operator Bases

No unique basis exists

» “HISZ” basis: no fermionic operators Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
» “GIMR” basis: first minimal complete basis  Grzadkowski/lskrzynski/Misiak/Rosiek, 2010
» “SILH” basis: complete basis Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013

» Dim. 8 operators: Eboli et al., 2006; Kilian/JRR/Sekulla, 2014

$¢ and ®*D? $2P3 x3

Op = (TP)3 Ot = (&TP)(IT e®) Oc = fAPCGLvGlrGS*

Q.0 = (2Te)O(2TP) Oue = (®T®) (g, ud) Ogf = fABCGLvGlraSH

Osp = (2TD*®)* (@' D,®) Oae = (2T®)(qT,dP) Ow = !/ EWivw rwits
Oy = el TEWIvwIrwEs

X252 B2X D Y2 ®2D

Ouc = (B1®)GA GAM Ouc = (@ 25T ud)G4, oY) = (&1iD, &) (Iy*1)

Oya = (2T®)GS, G Ouc = (@o*Y 2T dB)G24, 0 = (&'iDL®) Iy 1)

Osw = (BT &)W, Wir Ocw = (Io**T er! &)W, Owe = (®11D, ®)(ey"e)

Opiw = (BTR)WL Winv Ouw = (Go** T ur! )WL 05 = (®'iD . ®)(gv"q)

04,3 — (#'®)B,, B+ Oaw = (Go"*T,dr! &)W, 0 = (#'iD.®)(av"r'q)

O,z = (273)B,, B O = (16", e®)B,., Osu = (811D, ®)(1y"u)

Oows = (@' r1@®)W! B*  Oup = (go"'T',ud)B,. Ova = (811D ,.®)(dv"d)

Oyip = (®T7 I<I>)W B+ Ogg = (qo**T';d®)B,, Opug = i(®TD,®)(ay*T1qd)

+ 25 four-fermion operators Grzadkowski et al.

L
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Effective Field Theories: Operator Bases

No unique basis exists

“HISZ” basis: no fermionic operators Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
“GIMR” basis: first minimal complete basis  Grzadkowski/lskrzynski/Misiak/Rosiek, 2010
“SILH” basis: complete basis Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013

» Dim. 8 operators: Eboli et al., 2006; Kilian/JRR/Sekulla, 2014
$® and ®*D? »2P® x®
= (27®)? Oy = (2T®)(AT ed) Oy = fABCaLvGlraoH
Ol = 8, (2T®)o* (2T P) O, = (®T®)(q' ud) L= fABCGLYGErGSH
> >
O = (®'D,.®)(®TD*®) Oy = (@T®) (G 1d®) Oy = e/ EW YW PWIEH
IJKx71v J K
O = ' TEW P WIPWH
X252 W2 XD Y2®2D
<>
Ol = (@TT’iD“@) (D*Wu)!  Olg = (ao"* 2T ,ud)GA, 0!V = (811D, &) (1y*1)
. >
Ops = (@'iD"®) (8“Bu) Ohe = (@o*” 2T d®)G4, 0! = (cphD’ &) (Iy*+11)
Ohew = i(D*®) 71 (DY®)W,,, OlLw = (1o"*T.er' @)W, Ol = (11D, ®)(ev"e)
>
O & =i(DHe) (D)WL Ol = (Go" T ur' )W, Oy = ("D, ®)(av"q)
bes = i(D*®)(D¥®)B,., Oaw = (ao*'T 4dr! )W}, o’(‘” (<I>*1D’ ®)(av*!q)
0" .5 =i(D*®)(D¥®)B,, 0!y = (lo"**T e®)B,,, Ol = (®'iD ,®)(ay"u)
~ > -
O%p = (@7®)B,., B* uB = (@I, u®@)B,, Opq = (211D, ®)(dv"d)
o = (2'®)B,,B" Olp = (@o**T ;d®)B,., Ol g = i(®TD, &) (Y T yad)
O = TGS, G
OLa= = oTeGa, G+ Giudice et al./ Contino at al. +(25-2) four-fermion operators

L
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Effective Field Theories: Operator Bases

No unique basis exists

» “HISZ” basis: no fermionic operators

» “GIMR” basis: first minimal complete basis
» “SILH” basis: complete basis

» Dim. 8 operators:

Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
Grzadkowski/lskrzynski/Misiak/Rosiek, 2010

Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013

Eboli et al., 2006; Kilian/|RR/Sekulla, 2014

®°® and PiD?

11)2@3

X3

= (27®)°
Ol = 0, (2T®)0H (®T®)
> >
O = (®'D,.®)(®TD*®)

Oy = (2T®)(IT e®)
Oy = (27®)(aT, ud)
Olp = (@7®)(q4d®)

Oy = fAECGlvGErGSH

’(‘jzfABCéﬁqupGgu
Oy = e/ EW YW PWIEH
oL = EWlrwlrwiH

X2

V2 XP

L ¥v2®*D

<—
Opw = (@1r1iD @) (D*W .)!
. >
Ops = (2'iD"®) (8"By.)
Ohew = i(D*®)T+! (D" ®)W!

v

O o = i(D¥®)T+!(D¥® W2,
bep = i(D*®)T(DY®)B,.

O .z =i(D*®)1(D"®)B,,

Ohp = (2T®)B,,, B+

O = = (2'®)B,,B""

Ohe = &T®G], G

O = =®'®G;, G*

Ol = (@o"* 3T u&%
Ol = (Go™" *Ag?q»)c

Opw = (la“"i&’ ‘P)W,,

O\ = (Q'ruur I$ywi,
Oé\x\‘e(c‘m”'”I‘ Jdrie)wl,

= (Io" T, e®)B,.,

OO0’ = (§o"*T',ud)B,.

O(’iB = (qal-“/[‘d dQ)BMu

Giudice et al./ Contino at al.

0!V = (811D, &) (1y*1)
03 = (cphD’ 3)(Iv*711)
Olye = (211D, ®)(ev"e)
0D = (#1iD,®)(@r"q)
o’(‘” (@*ID’ ®)(av*!q)
Oly, = (#1iD,,®)(av"u)
Olyq = (211D, ®)(dy"d)
Ofya = (@D, @) (0" T yqd)

+(25-2) four-fermion operators

L
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Operators and Multi(EVV)-boson Physics (1)
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Operators and Multi(EVV)-boson Physics (1)

Dimension-6 operators for Multiboson physics (CP-conserving)

2 T 7 il
Owww = THWW*PWH] Oy = &l <1>) 9 (cb c1>)
Ow = (D.®)'Ww+(D,®) Doy = (cpT <1>) WHY T 4]
_ T DY
Op = (DM(I)) ST ) Ohsie = ((I)T(I)) ;J,VBW/

°®
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Operators and Multi(EVV)-boson Physics (1)

Dimension-6 operators for Multiboson physics (CP-conserving)

2 il % T
Owww = THWW*PWH] Oy = &l <1>) 9 (cb c1>)
Ow = (D) W+ (D,®) sy = (cpT <1>) Te[WHY W 1]
_ T DY
Op = (DM(I)) B (DV(I)) Ohsie = ((I)T(I)) B/JJI/B’LLV

Dimension-6 operators for Multiboson physics (CP-violating)

@ A ol WD O =  Te[W. W"PW|

e 5 o (UL
WERE = DB BiO O~ = (D, D)W (Ey)

°®
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Operators and Multi(EVV)-boson Physics (1)

Dimension-6 operators for Multiboson physics (CP-conserving)

2 T 7 il
Owww = THWW*PWH] Oy = 5 (cI> <1>) 9 (cb <I>)
Ow = (D) W+ (D,®) Oy = (qﬂ <I>) Te[WHY W 1]
- T puv
Op = (DM(I)) ST ) Ohsie = (CIDTCI)) BMVBW/

Dimension-6 operators for Multiboson physics (CP-violating)

@ A ol WD O = Tr[W ., W"PW¥|

T = bzl O— = (Do) iprn)

Affect the following electroweak couplings:

ZWW | AWW | HWW | HZZ | HZA | HAA | WWWW | ZZWW | ZAWW | A AWW
Owww v v v v v v
Ow v v v v v v v v
Op v v v v
OFY v v
Oaw v v v v
OspB v ¥4 7
Dermrts |V 7 7 7 7 7
o 7 7 e
T e
D edianel o

°®
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Operators and Multi(EVV)-boson Physics (1)

Dimension-6 operators for Multiboson physics (CP-conserving)

2 T 7 il
Owww = THWW*PWH] Oy = 5 (cI> <1>) 9 (cb c1>)
Ow = (D) W+ (D,®) Oy = (cpT <I>) Te[WHY W 1]
- T puv
Op = (DM(I)) ST ) Ohsie = ((I)T(I)) B”VBW/

Dimension-6 operators for Multiboson physics (CP-violating)

@ A ol WD O =  Te[W. W"PW|

T = bzl O— = (Do) iprn)

Affect the following electroweak couplings:

ZZWW | ZAWW | AAWW
v v v
v v
v v v

connected to Higgs physics
0.
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Operators and Multi(EVV)-boson Physics (ll)

Dimension-8 operators for Multiboson physics Sl = :(Duq’)TDuq’ {(D )" D (I’_
Qe _(DMCD)TDMCI) [( 2) D*0

QR ] T [WQBWQ,B Onro. = Bn WSS I [( 5 @)1 DB ]
PR T _WowW“ﬁ_ Ty I:WMIBWOU/_: @FY i L [WW/W”B] : [(DBCI))T DMCID]
G = 5 :WWW“B: T [W g, W] Omz = [BuwB™]-[(Ds®)! D2
@R T :-WWW’“‘”]- W5 B Oms = :BMVBVB] : [(D[%P)Jr D“<I>]
SRRy, Wl BB Qi :(DM<I>)TWB,,D“<I>: B
@GR Sy W e . B, BT Oms = [(Du®) Wy D0 B
@S 5. BB, .8 Omes = |(D o) it
o — BO‘“BMBBBVBWX Om,7 = —(DM(I))T WBVWBMDV(I):

°®
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Operators and Multi(EVV)-boson Physics (ll)

Dimension-8 operators for Multiboson physics Oso = |(Dy )" D } [(D )" D (I)_
Qe (D ) D”@} [( 2) D*0
O A e Ty W“VW,UJ/] . Ty [WQBWQ,B Om 0 — Tr W’L“/W'U“V |:(D5CI))T Dﬂ ]
Opi = Tr[Wo W] . Tx [W,aw®] Orii = [WWW”'B] - [(DBQD)T D“’CD]
] . : i ] v T B
OT,Z = Tr Wa,u,WMB - Tr [W,BVWVQ: OM’Q o 'B'L“/BM ] . [(DB(I)) o q)]
oo ous = [rrei?] (s 578
OT,6 — Tr —WQVWMB_ c B'uﬁBO“/ OM,4 = —(DM(I))T WB,/DM(I)- o B'BV
@GR Sy W e . B, BT Onrs. = (D, o)W s, D] el
@MW 5.5 "B.;B>" Omes = |(D o) it
s B va ;i ;
S DD BB Omy = (Do) W i eme:
WWWW | WWZZ | 2277 | WWAZ | WWAA | Z7Z7ZA | Z7ZAA | ZAAA | AAAA
Os.0/1 v v VA
T R 7 7 7 7 7 7
O 7 7 7 7 T
e 7 7 7 7 7 S 7 7
O 7 % 7 7 e 7 7
Or8/9 v v v v v

°®
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Operators and Multi(EVV)-boson Physics (ll)

Dimension-8 operators for Multiboson physics O sl _(D )" D } {(D )" D CI)_
Qe (D ) D”@} [( 2) D*0

] ous = miwawsl
Tin = v g el B v, [WMBWO“/E Qrrrd [W,W/WVB] ; [(fo‘I’)T D“’CP]
@ippr — - Tr :WaMW““B: - Tr [Wg, WY] Giap = B ] - [(DB(I))T DB(I)]
@ :-WWW’“W]- EaplE Oms = :BWB"B] - [(DB(I))T D“<I>]
SRRy, Wl BB Qi :(DM<I>)TWB,,D“<I>: B
@GR Sy W e . B, BT Oms = [(Du®) Wy D0 B
@S 5. BB, .8 Omes = |(D o) it
o — BO‘NBMBBBVBWX Om,7 = :(DM(I))T WBVWBMDV(I):

WWWW | WWZ7Z | 22727 | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA

Os0/1 v 4 o
O 7 2 7 ‘ ‘ 4 v
OM,O/1/6/7 e Dim.8 generate aQGCs, no aTGCs V7 va
gT,2O//31//42/5 = * generate neutral quartic couplings 7 7 v v
OT:5/6/7 7 7 7 v v v v v
Or.8/9 Y . ‘ 2 .
.0
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General Procedure using EFTs

e Use all experimental observables = global fit to all Wilson coefficients

* Would-be optimal approach

e Too many independent variables —> needs staged fitting

* Need for simplifying assumptions

* Try to find minimal “physically well motivated” operator basis

* Experimental bias: consider only LHC-accessible operators

* Cross check from low-energy physics (flavor / EDMs / EWPO etc./ Higgs!)
e Explore full structure of EW Higgs doublet:
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General Procedure using EFTs

e Use all experimental observables = global fit to all Wilson coefficients

* Would-be optimal approach

e Too many independent variables —> needs staged fitting

* Need for simplifying assumptions

* Try to find minimal “physically well motivated” operator basis

* Experimental bias: consider only LHC-accessible operators

* Cross check from low-energy physics (flavor / EDMs / EWPO etc./ Higgs!)
e Explore full structure of EW Higgs doublet:

Ops = (91D, ®) (Fy"f) Osw = (DTOYW ,, WH
P S 1y
— ; . 2 - .
Z«w\<><_ UXZWA<<_ W\/\N\O\/\/\AW:—XW\/\/\/\Q\/\/\NW
f f v
Effects in H — Zff related to visible in Higgs redefines only SM parameters
Z — ff = constrained by SLC/LEP physics: H *WW  — no experimental constraints
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General Procedure using EFTs

e Use all experimental observables = global fit to all Wilson coefficients

* Would-be optimal approach

e Too many independent variables —> needs staged fitting

* Need for simplifying assumptions

* Try to find minimal “physically well motivated” operator basis

* Experimental bias: consider only LHC-accessible operators

* Cross check from low-energy physics (flavor / EDMs / EWPO etc./ Higgs!)
e Explore full structure of EW Higgs doublet:

Ops = (91D, ®) (Fy"f) Osw = (DTOYW ,, WH
P S 1y
— ; . 2 - .
Z«w\<><_ UXZWA<<_ W\/\N\O\/\/\AW:—XW\/\/\/\Q\/\/\NW
f f v
Effects in H — Zff related to visible in Higgs redefines only SM parameters
Z — ff = constrained by SLC/LEP physics: H *WW  — no experimental constraints

 Often use vev-subtracted operators: ~ O(®T®) — O (dT® — v?)

e EFT allows to systemically calculate higher-order corrections
— Talks by A. Karlberg, K. Ellis, S. Kallweit
L
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Higgs Effective Field Theory (HEFT)

* Assumption: MFV, fermionic dipole operators vanish (except for top)
* Neglect CP-odd operators (no interference with SM contributions
* Only operators considered that affect Higgs @ tree level

Elias-Miro/Espinosa/Masso/Pomarol, 201 3;

* 7 Wilson coefficients constrained by EWPO (0.1%)
* 3 Wilson coefficients constrained by aTGC (1%)
* 8 Wilson coefficients can be independently constrained by Higgs physics

J.R.Reuter EFT for Multibosons Multiboson Workshop, BNL, 28.10.2014



Higgs Effective Field Theory (HEFT)

* Assumption: MFV, fermionic dipole operators vanish (except for top)
* Neglect CP-odd operators (no interference with SM contributions

6o . :
Only operators considered that affect Higgs @ tree level Elias-Mir6/Espinosa/Massé/Pomarol, 2013;

* 7 Wilson coefficients constrained by EWPO (0.1%)
* 3 Wilson coefficients constrained by aTGC (1%)
* 8 Wilson coefficients can be independently constrained by Higgs physics

Js (®TD)C G = Hgg coupling constrained at %o level
g1 (®1®) B, B* = H~~ coupling constrained at %o level
g2 (DTDYW ,,, WHY = H~Z coupling  to be constrained

My, (®TDH®)(PTDHP) = HVV coupling constrained

My (PTD)3 = HHH coupling to be constrained

m (PTP)(fT s fD) = Hff coupling  constrained (f =t¢,b,7)

o i3 . M2
Bounds are given for A = My, !l (i.e. for rgg—%)

°®

7¢/ J-R.Reuter EFT for Multibosons Multiboson Workshop, BNL, 28.10.2014



Higgs Effective Field Theory (HEFT)

* Assumption: MFV, fermionic dipole operators vanish (except for top)
* Neglect CP-odd operators (no interference with SM contributions

6o . :
Only operators considered that affect Higgs @ tree level Elias-Mir6/Espinosa/Massé/Pomarol, 2013;

* 7 Wilson coefficients constrained by EWPO (0.1%)
* 3 Wilson coefficients constrained by aTGC (1%)
* 8 Wilson coefficients can be independently constrained by Higgs physics

Js (®TD)C G = Hgg coupling constrained at %o level
g1 (®1®) B, B* = H~~ coupling constrained at %o level
g2 (DTDYW ,,, WHY = H~Z coupling  to be constrained

My, (®TDH®)(PTDHP) = HVV coupling constrained

My (PTD)3 = HHH coupling to be constrained

m (PTP)(fT s fD) = Hff coupling  constrained (f =t¢,b,7)

o i3 . M2
Bounds are given for A = My, !l (i.e. for rgg—%)

* Linear RGE running for Wilson coefficients of dim-6 operators:

i) = (3 + 9 2L g (1)) oy
X
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How to get EFTs from New Physics

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993
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How to get EFTs from New Physics

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993

+ Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions

+ Toy Example: two interacting scalar fields ¢, P

e :/D[@]D[gp] exp [i/da;(%(3@)2—%<I>(D+M2)<I>—)\g02<b—...+J<I>+js0>]
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How to get EFTs from New Physics

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993

+ Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions

+ Toy Example: two interacting scalar fields ¢, P

e :/D[@]D[gp] exp [i/da;(%(3@)2—%<I>(D+M2)<I>—)\g02<b—...+J<I>+js0>]

Completing the square (Gaussian integration)

fi s, A 82 = 2

L
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How to get EFTs from New Physics

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993

+ Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions

+ Toy Example: two interacting scalar fields ¢, ®

Path integral Z(5.J] :/D[CD]D[gp] exp[i/ (%(8@) O(O+M?)D—Np?D—. . +J<I>+j90)]

Completing the square (Gaussian integration)
A 2N i

In the Lagrangian remove the high-scale d.o.f.s:

2]\42 M?

VY 7
-~

1 2 1 Do S 2 1 / 2 2 / )\2 82 73 2

\

Irrelevant normalization

of the path integral Tower of higher and

higher-dim. operators of
light fields

°®
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Generation of Higher-dimensional Operators

i (=X <X

, T

Oww = —-— = (@10 — v*/2)tr [V, W]
/ 1 2 )
Op1 =7z (DP)T®) - (21(D)) 2| D] 1
Op = 155Dy (D, ®) BH
Ope = 3:(272 —%/2) (D B
OBB = _ﬁz @ @ /2 ,u,I/BM

s | 2 ) — qcI>lD<I>
Oq,,g_pg(ch@—v/Q) %:< >< » X Ovq A2 >=-=< X

Couplings of new states to the longitudinal / transversal diboson system

J =0 Ji—1l =2
I=0 U (Higgs singlet?) el 7 T f% (Graviton ?)
=1 7T:|:,7TO (2HDM 7?) pi,po (W’/Z’ 7) ai,ao
I=2| ¢*F, 9T, ¢° (Higgs triplet ?) s =

°®
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Generation of Higher-dimensional Operators

it - X - X

, T

Oww = —-— = (@10 — v*/2)tr [V, W]
/ 1 T T 2 A% 2
O, =+ (D)D) - (of(DD)) — & |DY| L
’ Op = 15 (D, (D, ®) BH
Ope = 3:(272 —%/2) (D 11
P A2 OBB afs _ﬁz (I)Tq) 2/2 ,uVBMV

s | 2 ) — qclecI)
O@,g_pg(@@—vm) >=< >< » X Ovq A2 >'="=< X

Couplings of new states to the longitudinal / transversal diboson system

Ji—0 Ji—1l Ji=17
i— () oY (Higgs singlet?) G 1% (Graviton ?)
=1 7'(':':,7'('0 (2HDM 7?) pi,po (W’/Z’ 7) ai,ao
I=2| ¢*F, 9T, ¢° (Higgs triplet ?) s =

Different power counting for weakly and strongly interacting theories
Ci Y Ci J e
0 ~ pEey VS. 0 ~ 0 — Talks by P. Meade, WV. Kilian
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Conclusions / Summary

+ Effective Field Theory provides a (!) [not the] consistent framework for SM deviations
+ Provides powerful tool for fixed energy range [e.g. LHC Higgs production @ threshold]
+ Very well-defined (and limited) range of applicability

+ Accounts for access to New Physics in the VBS and Di-/Triboson channels
+ Big Overlap with Higgs Effective Field Theories (HEFT) = Cross-Fertilization

+ Tasks: operator bases, subsets for initial fits, unitarization, combination with Higgs/EVWPO data
+ Provide the appropriate tools

+ Always compare to specific models

+ Make use of simplified models

+ Make sure that actual limits are meaningful and comparable
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whatever approach ....
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always get the correct ellipses

whatever approach ....
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