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Where is the New Physics?

June 2018 CMS Preliminary
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@ The LHC confirmed the Standard Model.
@ ATLAS [1207.7214] and CMS [1207.7235] found a Higgs-like scalar.

@ All other searches for New Physics have been negative so far.
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We can use EFTs because we have a mass gap.

( UV model ) ( 77 )
top-down bottom-up
[ effective description J [ operator basis J
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We can use EFTs because we have a mass gap.

E
A ( UV model ) ( 777
top-down bottom-up
v [ effective description ) [ operator basis )

For a model-independent analysis we use the bottom-up approach.

However, we can learn something in both approaches:
@ top-down: Gain intuition with UV-models
@ bottom-up: Fitting Wilson-coefficients

= For a consistent analysis, we need the RGEs!

= EFTs have become a popular field of research. <
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Higgs Effective Field Theories and their Renormalization

Part I:  The two Higgs Effective Field Theories
[1307.5017,1412.6356,1803.00939]

1 A 152 Part II:  The Master Formula
12/\ /\W + 2Z for 1-loop divergences
[1710.06412,1904.07840]

\\\\\ M T

Part lll:  The Application —_—
to Higgs EFTs l \

[1710.06412,1904.07840]

AN AN
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I: We distinguish 2 types of EFTs.

Ingredients:
Particles: all SM particles (incl. 3 GBs for the W*/Z masses)

Symmetries: SU(3)c x SU(2). x U(1)y — SU3)c x U(D)em, B, L
at LO: flavor and custodial symmetry

Power counting: depends on type of the EFT:
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I: We distinguish 2 types of EFTs.

Ingredients:
e Particles: all SM particles (incl. 3 GBs for the W®/Z masses)

e Symmetries: SU(3)c x SU(2). x U(1)y — SUB3)c x U(1)em, B, L
at LO: flavor and custodial symmetry
@ Power counting: depends on type of the EFT:

decoupling (linear) EFT:
— SMEFT -

o LO: SM

@ Higgs is written as doublet ¢

@ expansion in canonical
dimensions
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I: We distinguish 2 types of EFTs.

Ingredients:
Particles: all SM particles (incl. 3 GBs for the W*/Z masses)

Symmetries: SU(3)c x SU(2). x U(1)y — SU3)c x U(D)em, B, L
at LO: flavor and custodial symmetry

@ Power counting: depends on type of the EFT:

decoupling (linear) EFT: non-decoupling (nonlinear) EFT:
— SMEFT - - EWChL -
e LO: SM o LO: Higgs-less chiral
Lagrangian + generic scalar h
@ Higgs is written as doublet ¢ @ written in terms of U and h
@ expansion in canonical @ expansion in loops or chiral
dimensions dimensions.
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|: In the SMEFT, the expansion parameter is (%)

Assumptions:
@ There is a gap to the scale of new physics: A > v

@ The low-energy field content contains the Higgs doublet.

— LO is renormalizable, new physics decouples. Appelquist/Carazzone ['75 PRD]
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|: In the SMEFT, the expansion parameter is (%)

Assumptions:
@ There is a gap to the scale of new physics: A > v

@ The low-energy field content contains the Higgs doublet.
— LO is renormalizable, new physics decouples. Appelquist/Carazzone ['75 PRD]

£:[/¢S1§4_|_%Ld:S_i_X_iﬁd:6+x_2£d:7+x_i£d:8+.“

o dim 5: 2 operators (violating L) Weinberg ['79 PRL]
@ dim 6: 76 operators (conserving B), 8 operators (violating B)
Buchmiiller, Wyler ['86 NPB]; Grzadkowski et al. [1008.4884, JHEP]
e dim 7: 30 operators (all violating L, some B)
Lehman [1410.4193, PRD]; Liao/Ma [1607.07309, JHEP]

e dim 8: 895 operators (conserving B), 98 operators (violating B)
Lehman/Martin [1510.00372, JHEP]; Henning et al. [1512.03433, JHEP]

(For 1 generation and including hermitean conjugates.)
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|- Current Data is consistent with the SM.

0.1~ —
0oL . ]
e H Il ’* )
—D.D5I— ]
[ « pre-LHC Run 2 only
01, = All data
| | | | | | | | | | | | | |
7 & O 2 8 & DopErosSEeEs S a3 T B
'E? 'ES‘ |(3" |(3: 'C.:'l): |§:3J '(3: I(E: '(3“ 'D:n '(.-:tq 'Uzc '{3‘: |§ E < '_t;g 'EEJ; ISJ
2= 5 = © sz =
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|: The construction of the chiral Lagrangian

Feruglio [hep-ph/9301281], Bagger et al. [hep-ph/9306256], Chivukula et al. [hep-ph/9312317],

Assumptions: R .
Wang/Wang [hep-ph/0605104], Grinstein/Trott[0704.1505], Contino[1005.4269], Alonso et al. [1212.3305], ..

@ The pattern of symmetry breaking is SU(2), x SU(2)g — SU(2)v=1+r

@ The transverse gauge bosons and the fermions of the SM are weakly coupled,
possibly:

@ A new strong sector generates the 3 GBs of EWSB and the h at the scale f.
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|: The construction of the chiral Lagrangian

Assumptions: ’ Feruglio ’[hep—ph/93012.81],. Bagger et al. [hep—ph/.9306256]‘ Chivukula et al. [hep-ph/9312317],
Wang/Wang [hep-ph/0605104], Grinstein/Trott[0704.1505], Contino[1005.4269], Alonso et al. [1212.3305], .

@ The pattern of symmetry breaking is SU(2), x SU(2)g — SU(2)v=1+r

@ The transverse gauge bosons and the fermions of the SM are weakly coupled,

possibly:

@ A new strong sector generates the 3 GBs of EWSB and the h at the scale f.

The Goldstone bosons ¢ are described by:

L=50,U'000),  where  U=exp{2i T},

Callan/Coleman/Wess/Zumino ['69 Phys. Rev.], Feruglio [hep-ph/9301281]

This was used in Chiral Perturbation Theory (xPT)

U — IUrf,  where I,r € SUB3).r

Gasser/Leutwyler ['84 Annals Phys., '85 Nucl. Phys. B]
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|: The construction of the chiral Lagrangian

Assumptions Feruglio [hep-ph/9301281], Bagger et al. [hep-ph/9306256], Chivukula et al. [hep-ph/9312317],
. Wang/Wang [hep-ph/0605104], Grinstein/Trott[0704.1505], Contino[1005.4269], Alonso et al. [1212.3305], ...

@ The pattern of symmetry breaking is SU(2), x SU(2)g — SU(2)v=1+r
@ The transverse gauge bosons and the fermions of the SM are weakly coupled.
possibly:

@ A new stron

The Goldstone bosons ¢ are

L= ";(&LUT “U), where U=exp {2,'%}_

Callan/Coleman/Wess/Zumino ['69 Phys. Rev.], Feruglio [hep-ph/9301281]
J

This was used in Chiral Perturbation Theory (xPT)

U — Iurf, where [, r € SU(3).r

Gasser/Leutwyler ['84 Annals Phys., '85 Nucl. Phys. B]
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222 | I: The construction of the chiral Lagrangian

Lio =45 ((D,U)(D*UY) (1+ Fu(h)) + 3(9,.h)(0"h) —
+ IWf'l,D\Uf = (V \UfU Yf(h)\Uf aF hC)
= 3{Gu G") = (W, WH) —

Vv (h)

1 wv
2BuB
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222 | I: The construction of the chiral Lagrangian

Lio =% (D U)D*UN) (1 + Fuy(h)) + L(8,.h)(8"k) — V (h)
+ iWePWe — (VWU Ye(h)Wr + h.c.)

HGuwG™) — X (W, WH) — 1B, B*
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222 | I: The construction of the chiral Lagrangian

Lo =% {(DLU)(D*U)) (1 + Fu(h)) + 2(8,.h)(8"h) — V (h)
+ iWePWe — (VWU Ye(h)Wr + h.c.)

HGuwG™) — X (W, WH) — 1B, B*
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222 | I: The construction of the chiral Lagrangian

Lio =45 ((D,U)(D*UY) (1+ Fu(h)) + 3(9,.h)(0"h) —
¢ I\Ufm\Uf = (V \UfU Yf(h)\Uf aF hC)
= 3{Gu G") = (W, WH) —

Vv (h)

1 wv
2BuB
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222 | I: The construction of the chiral Lagrangian

Lio =45 ((D,U)(D*UY) (1+ Fu(h)) + 3(9,.h)(0"h) —
+ IW{[,DW{ = (V \UfU Yf(h)\Uf == hC)
= 3{Gu G") = (W, WH) —

Vv (h)

1 wv
2BuB
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|: The construction of the chiral Lagrangian

Lio =% ((D,U)(D*UY)) (1+ Fy(h)) + 2(9,h)(8"h) —

=4
+ IW{[,DW{ = (V \UfU Yf(h)\Uf aF hC)
(G G*) — H(W,, WH) — 1B, B

Vv (h)
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|: The construction of the chiral Lagrangian

Lio =% (D U)(D*U)) (1+ Fu(h)) + 3(8,.h)(8"h) — V (h)
+ iWePWe — (VWU Ye(h)Wr + h.c.)
— 16 Gy — LW, W) — 1B, B

Properties:
o It has generalized Higgs-couplings compared to the SM.

= related to the k-formalism at LO.
@ There is a hierarchy to the operators that modify the EWPD.
@ It captures the low-energy effects of strongly-coupled new physics.
@ It is non-renormalizable at LO.
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I: The Power counting is based on a loop expansion.

@ Lo is not renormalizable in the traditional sense, but it is
renormalizable in the modern sense — order by order in an EFT:

@ The LO counterterms are included at NLO.

{

= The basis of NLO-operators is at least given by the counterterms of
the one loop divergences.

. - 2
o We identify % =~ ﬁ.

V2

@ The scale of new physics f = v, £ =% ~1 (to be relaxed later)

Claudius Krause (Fermilab) Higgs EFTs and their Renormalization April 29, 2019 10 / 36



I: The Power counting is based on a loop expansion.

@ Lo is not renormalizable in the traditional sense, but it is
renormalizable in the modern sense — order by order in an EFT:

@ The LO counterterms are included at NLO.

{

= The basis of NLO-operators is at least given by the counterterms of
the one loop divergences.

o We identify /(—22 ™~
@ The scale of new physics f = v, €= ‘,ﬁ—: ~ 1 (to be relaxed later)

How can we identify the necessary counterterms?
@ Using the superficial degree of divergence. = next slide

@ Computing all divergent one-loop terms. = last part of this talk
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I: The Power counting is based on a loop expansion.
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I: The Power counting is based on a loop expansion.
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I: The Power counting is based on a loop expansion.
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I: The Power counting is based on a loop expansion.
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I: The Power counting is based on a loop expansion.
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I: The Power counting is based on a loop expansion.
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This is equivalent to a counting of chiral dimensions:

2L + 2

[couplings], + [derivatives], + [fields],

X

n4
v

;

[bosons],, 0,
[fermion bilinears], = [derivatives], = [weak couplings], = 1
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I: The Power counting is based on a loop expansion.

1
D~ p2L+2—X—§(FL+FR)—NW (_

This is equivalent ounting of chiral dimensions:
2L + 2 = [couplings], + [derivatives], + [fields],

[bosons], = 0,
[fermion bilinears], = [derivatives], = [weak couplings], = 1
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I: Chiral dimensions have several applications.

@ They are a generalization of the O(p)-expansion of xPT:
— Classify the NLO (x = 4) operators.

o Control the explicit breaking of symmetries (e.g. custodial or CP):
If they are broken by weak perturbations (like gauge or Yukawa), their
spurions come with chiral dimensions as well.

@ Gain additional informations about dimension 6 operators:
[g3(Wy WEWE)], =6 — arises at 2 loops

(given no states at f)

@ They give the correct generalization of NDA, i.e. they also describe
internal gauge and Yukawa lines.
Naive Dimensional Analysis: Georgi, Manohar ['84 NPB]; Georgi [hep-ph/9207278]
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I: A graphical wag to see the relation of
SMEFT vs. EWChL
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I: A graphical wag to see the relation of
SMEFT vs. EWChL
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woo- | |I: A graphical way to see the relation of
AR SMEFT vs. EWChL
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I: Current observables select L from the EWChL.

Lewen =LV &8 1 2(D, U)(D*UY)) (1+ Fy(h)) -V (h)
— (vVUrU Ye(h)VW¢ + hc.) + Lo

Buchalla/Cata/Celis/CK [1504.01707,NPB]

We focus on current observables and require f > v, i.e. £ = v?/f2 < 1.

Single h processes:

Cv Ct,b,7,(c)
e
1-loop:
Ct,b,7,p1,(c) Cv Cyv.88,Z
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I: Current observables select L from the EWChL.

2 - 1,2 h
‘Cfit :2C\/ (mWW,j'W s + EmZZMZ“) (;)
— ¢yetth — cpypbbh — coyccch — ¢y, 7Th — CuYpufipth
2 h 2 h 2 h
+ w62 Sy Fun F* 5 + 16 2y Zu F* 0 + 185 Cgg (G GM) 2
Buchalla/Cata/Celis/CK [1504.01707,NPB]

We focus on current observables and require f > v, i.e. £ = v?/f2 < 1.

Single h processes:

Cv Ct,b,7,(c)
e
1-loop:
Ct,b,7,p1,(c) Cv Cyv.88,Z
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I: Current observables select L from the EWChL.

Lo =20y (m Wi W+ 3 2,29) ()
— ¢y tth — cpypbbh — c.y.Cch — ¢y, 7Th — Cuyuliith

2 2 2
€ uv h € uv h &s pv\ h
+ w62 P FY 5 + 62 2y L Y 5+ 1652 Cee (G GM) 5
Buchalla/Cata/Celis/CK [1504.01707,NPB]

We focus on current observables and require f > v, i.e. £ = v?/f? < 1.

Single h processes:

tree: % T

Cv Ct,b,,u,(c)
1-loop: Qﬁ T + ———-gw/\:
Ct,b,7,1,(c) Cyv.68,Z
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I: We use HEPfit to find the current constraints.

HEPfit: = http://hepfit.romal.infn.it/
A Code for the Combination of Indirect and Direct Constraints
on High Energy Physics Models. The HEPfit Collaboration [in preparation]
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I: We use HEPfit to find the current constraints.

HEPfit: = http://hepfit.romal.infn.it/
A Code for the Combination of Indirect and Direct Constraints

on ngh Energy PhySiCS Models. The HEPfit Collaboration [in preparation]
It is:

@ an open source fitter:
available at https://github.com/silvest/HEPfit

o flexible: _—
add your favorite model or observable .

@ a stand-alone code with few dependencies: flt
ROOT, GSL, BOOST, (BAT)

o fast (& optional):
using the MCMC implementation of the Bayesian Analysis Toolkit (BAT)
Caldwell /Kollar/Kroninger [0808.2552,Comput.Phys.Commun.]
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I: We use HEPfit to find the current constraints.

J
N\

Claudius Krause (Fermilab)

fExperimentaI input: For each decay channel we use the signal strength
H(Y) = L off(X, ¥) prgberiis i
o If available, per experimental production category.
L ° Otherwise, per production mechanism.
p
l bb l ww l TT l 7z l ¥y l Zy l i l
SM Br [ 57.5% [ 21.6% [ 6.3% | 2.7% | 2.3%0 | 1.6%0 | 0.2%o |
ggF8 87.2% = AC AC AC AC AC AC
geF13  87.1% — AC C AC AC AC AC
VBF8 7.2% = AC AC AC AC AC AC
VBF13 7.4% C AC C AC AC AC AC
Vh8 5.1% AC AC AC AC AC AC AC
Vh13 4.4% AC AC C AC AC AC AC
tth8 0.6% AC = = AC AC AC AC
tth13 1.0% AC AC AC AC AC AC AC
Vh2 Tev Uncertainty of the signal strengths p £+ Apu:
tth2 Tev |0<Ap<05]05<Au<10] Ap>1.0
Table by Otto Eberhardt, HEFT '18, I\/Iainz)

April 29, 2019
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The likelihood has multiple
maxima (¢; — —¢; symmetries).

We use a prior to select the
SM-like solution.

More details about the choice of
priors are in [1803.00939,JHEP].

Consistent with SM, but
O(10%) deviations still possible.

cz and c. are not constrained
beyond prior.

Claudius Krause (Fermilab)

|: The Posterior around the SM solution.

I ]
+0.06 '
CV_ 1.01 - 006 |_IH —_
+0.09 !
Ct_ 1.0470.1 |_Ir._| —
Cpr 0.95 013 |_,_E_| -
Cre 1.02 o1 |_:,_| -
CM - |_._|E 0.58 03 -
I | I
0.0 0.5 1.0 1.5 2.0
I I I
Cy- 0.057°¢3 —— -
Cgl- -0.01°65  pay -
| | I
-1.0 -0.5 0.0 0.5 1.0

de Blas/Eberhardt/CK [1803.00939,JHEP]
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I: Why should we go beyond tree level?

For consistent data analysis:
@ Once we enter the precision phase at the LHC, loop effects cannot be
neglected.

@ LHC probes E ~ v, but new physics is matched to the EFT at E ~ A > v
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I: Why should we go beyond tree level?

For consistent data analysis:
@ Once we enter the precision phase at the LHC, loop effects cannot be
neglected.

@ LHC probes E ~ v, but new physics is matched to the EFT at E ~ A > v

To learn more about the EFT itself:
@ Are the bases of NLO operators complete?

@ What subset of the chiral dimension 4 operators of the EWChL are
counterterms?
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I: Why should we go beyond tree level?

For consistent data analysis:
@ Once we enter the precision phase at the LHC, loop effects cannot be

neglected.
@ LHC probes E ~ v, but new physics is matched to the EFT at E ~ A > v

To learn more about the EFT itself:

@ Are the bases of NLO operators complete?
@ What subset of the chiral dimension 4 operators of the EWChL are

counterterms?

To learn more about the field theory in general:
@ How can we tackle an oo number of Feynman diagrams?
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I: The two EFTs behave differently under

e renormalization.

SMEFT at 1 loop

o LO vertices
1 NLO vertex

@ n LO vertices — LO operators

}LO + NLO ops.
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RSN renormalization.

I: The two EFTs behave differently under

SMEFT at 1 loop

@ n LO vertices — LO operators

n LO vertices

® | NLO vertex }LO + NLO ops.

\

@ running of dim-4 altered by

2
I
B(csm) ~ & Cdim-6 i

@ running of dim-6 given by
B(cdim-6) ~ Cdim-6 CSp

= NLO operators mix
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1. renormalization.

I: The two EFTs behave differently under

SMEFT at 1 loop

@ n LO vertices — LO operators

n LO vertices

°1 NLO vertex }LO T 0 e

@ running of dim-4 altered by
2
B(csm) ~ 5% Cdime6 Cliy

@ running of dim-6 given by
B(cdim-6) ~ Cdim-6 Cop

= NLO operators mix

EWChL at 1 loop

@ n LO vertices — LO+NLO ops.

LO + NLO

n LO vertices
+ NNLO ops.

°1 NLO vertex

Claudius Krause (Fermilab)

Higgs EFTs and their Renormalization

April 29, 2019 19 / 36



renormalization.

I: The two EFTs behave differently under

SMEFT at 1 loop

@ n LO vertices — LO operators

n LO vertices

°1 NLO vertex }LO T 0 e

@ running of dim-4 altered by
2
B(csm) ~ 5% Caimes COy

@ running of dim-6 given by
B(Cdim-6) ~ Cdim-6 €<

= NLO operators mix

EWChL at 1 loop

@ n LO vertices — LO+NLO ops.

LO + NLO

o LO vertices
1 NLO vertex

@ running of LO given by
Bleo) ~ 4

@ running of NLO given by
Blenco) ~ 4o

= NLO operators do not mix

+ NNLO ops.

/

Claudius Krause (Fermilab)

Higgs EFTs and their Renormalization

April 29, 2019

19 / 36



Higgs Effective Field Theories and their Renormalization

Part I:  The two Higgs Effective Field Theories
[1307.5017,1412.6356,1803.00939]

1 Apv 152 Part Il:  The Master Formula
12/\ /\W + 2Z for 1-loop divergences

[1710.06412,1904.07840]

Part Ill:  The Application ~——
to Higgs EFTs l \

[1710.06412,1904.07840] a
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5NNy 4+ 352] 11: We use the Background-Field-Method..

starting from the generating functional:
Z[j, p, p] = e™Mlrrl = /[dqbdwd&] e/ (SIoY Ul i +Po+pv)
¢:$+¢qm 1/):1/3+¢qu7

= it = [ldpudindia] DT
Abbott '81

Quantum gauge fixing:

1 ¢ 2 A € . on 2
Lt = —2 <8MB” + 5g'v<p3> — ZTr { (D’V‘VWH — EnggoUT> }

@ The terms proportional to ¢ will make the next steps easier.

o Later, we will set £ = 1. Dittmaier/Grosse-Knetter [hep-ph/9505266,NPB]
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%/\W/\uu + %22 lI: ... and Super-Heat-Kernel Expansion...

evaluating the one-loop functional Neufeld/Gasser/Ecker [hep-ph/9806436,PLB]

eWi=1 — /[dqﬁdd)dd_)] eis<2’[$,«£,$;¢,w,zz]
S@ = Z6A+ $BY + 9T + 979

: e . ] ]
Wi— = éTrInA —iTrinB — Z ST (AITB I — AL TR LT
n=0

3
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and Super-Heat-Kernel Expansion...

Neufeld /Gasser/Ecker [hep-ph/9806436,PLB]

1 pApw 12
5NNy + 52711
evaluating the one-loop functional

eWi=1 — /[dqﬁdd)d&] eis@’[d?nﬁﬁw,w,zﬂ

5@ = %¢A¢ + 9By + ¢l + Yo

5 % Tr (AFBIr — AI (TR LTFT)"

2
/ ~—0 ~—
& ~ ~
:I \" 7777777 Q 777777 l

April 29, 2019 22 /36
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%/\W/\W + %22 lI: ... and Super-Heat-Kernel Expansion...

. . Neufeld /Gasser/Ecker [hep-ph/9806436,PLB
Introducing supermatrix algebra: / / [hep-ph/ ]

2 b Sdet M = det (a — bd ~'c)detd ™!
M:(c d) StrM=Tra—Trd
Sdet M = e>r'"M
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5NNy 4+ 32 11: .. and Super-Heat-Kernel Expansion...

g . Neufeld /Gasser/Ecker [hep-ph/9806436,PLB
Introducing supermatrix algebra: / / laeppsety/ ]

c d StrM =Tra— Trd
SdetM — eStrlnM

o (a b) Sdet M = det (a — bd~*c)detd !

The one-loop functional of S?) = %qu(b + By + ¢l ) + T ¢ becomes:

. AR
WL:1:§StrInA, A=|-TT o -BT
r B 0
Claudius Krause (Fermilab) Higgs EFTs and their Renormalization April 29, 2019
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%/\W/\W + %22 lI: ... and Super-Heat-Kernel Expansion...

Applying the Heat-Kernel Expansion:

W_, = éStrInA

with the expansion in Seeley-DeWitt coefficients

;oo g
= —L/ —T/ddxstr (x|e"™2|x)
2)y T

Donoghue/Golowich/Holstein '92
Neufeld /Gasser/Ecker hep-ph/9806436

o 2 oo
—Tm
I e
—TA
X|€e X) = —7%3 5
(e1) = oo
n=0
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5NN 4+ 352] 11: .. and Super-Heat-Kernel Expansion...

W_, = éStrInA

with the expansion in Seeley-DeWitt coefficients

o0
an(x)T
n=0

i e

—TA _
<X|e |X> — (47T)d/2 Td/2

;oo g
= —L/ —T/ddxstr (x|e"™2|x)
2)y T

Applying the Heat-Kernel Expansion: Donoghue/Golowich/Holstein '92
Neufeld /Gasser/Ecker hep-ph/9806436

@ The a, can be computed, knowing the form of A.
@ The UV-divergences of W,_; are the poles in %
= only a; contributes!
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1 v 152
LAWA,, + bT

and Super-Heat-Kernel Expansion...

The Heat-Kernel Expansion extracts the %—poles of Wi—1.
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5NN 4+ 352] 11: .. and Super-Heat-Kernel Expansion...

The Heat-Kernel Expansion extracts the %—poles of Wi_;.

With Donoghue/Golowich /Holstein '92; Neufeld/Gasser/Ecker [hep-ph/9806436,PLB]
A= (0, +N) (@ +A)+ £
we get
1 v
Wi—1,div = E /d4xstr |:1 /\M,,/\H = ZZ

Nuw = OulNy — Oy + [N, A
@ Specifying the Dirac structure of S®)| we can further evaluate the
Dirac-traces.

@ The resulting Master-Formula is purely algebraic
(Matrix multiplication and traces). "tHooft '73,NPB
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1 Apv 1 .
EN N + §Z2 [l: ... to find the Master Formula.

In the SM (and the EWChL), we have
1. . ) . .
3" = 30 Al + X (i — G) x + X + ¢'Tix.

with A= (0" + N*)(0, + N,) + Y and G = (r+ puy*)Pr + (I + X\uy*) Pr.

This gives

1
—NH'N,,,
12 ”+

U —

_ +tr [2D*ID,,r — 2Irlr) + T (ia + i+ %WG%) r)
with
Ny = 8, Ny — 8y N, + [Ny, Ny,
Apv = Opdp — Ay + i[Ap, ML), Puv = Oupy — Oupu + ilpu, v,
Dul'= Opl+ipul— Xy, Dur=0ur+iXyr —irpy.
"tHooft '73,NPB; Buchalla/Cata/Celis/Knecht/CK [1710.06412,NPB]

Claudius Krause (Fermilab) Higgs EFTs and their Renormalization April 29, 2019

26 / 36



1 Apv 1 .
EN N + §Z2 [l: ... to find the Master Formula.

In the bosonic SMEFT, we have
LIMEFT = £3M 4 ¢ (3, D*D” + 265 D" + c¥) ¢,

with a,,, by, ¢ ~ 7.

This gives

1 1 = 1-
SMEFT _ ,SM 2 w4 T — LEiDS
L35 L3y + 3om2e (tr [CY + 3N,“,[D b+ iThr 6I'I al']

1 1 1
+tr [ga’“’N,MNVA = ﬂaAANWNW o EN,M[DV, [D*, a’“’]]}

1 o 1
+ tr |:§ Y[D,uv [Dua at ]] - Za)\)\yz — EY[DN’ [Dﬂ7a)‘>\]]:| )

Buchalla/Celis/CK/Toelstede [1904.07840]

Claudius Krause (Fermilab) Higgs EFTs and their Renormalization April 29, 2019

27 / 36



Higgs Effective Field Theories and their Renormalization

Part I:  The two Higgs Effective Field Theories
[1307.5017,1412.6356,1803.00939]

1 Apv 152 Part Il:  The Master Formula
12/\ /\W + 2Z for 1-loop divergences

[1710.06412,1904.07840]

Part Ill:  The Application ~——
to Higgs EFTs l \

[1710.06412,1904.07840] a
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~ . | llI: The two EFTs behave differently under

l\

renormalization.

SMEFT at 1 loop

@ n LO vertices — LO operators

n LO vertices

1 NLO vertex }LO + NLO ops.

\

@ running of dim-4 altered by

2
B(csm) ~ 7\—3’ Cdim-6 C&p

@ running of dim-6 given by
B(Cdim-6) ~ Cdim-6 €}y

= NLO operators mix
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== | Ill: Renormalization of the SMEFT

Cross checks: Buchalla/Celis/CK/Toelstede [1904.07840]

@ We reproduce the results of the bosonic sector of
Alonso/Jenkins/Manohar/Trott [1308.2627,1310.4838,1312.2014,JHEP]

o We performed 3.x independent computations.
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= | lll: Renormalization of the SMEFT

Cross checks: Buchalla/Celis/CK/Toelstede [1904.07840]

@ We reproduce the results of the bosonic sector of
Alonso/Jenkins/Manohar/Trott [1308.2627,1310.4838,1312.2014,JHEP]

o We performed 3.x independent computations.

The result:

@ suggests the completeness of the NLO basis.
Grzadkowski/Iskrzynski/Misiak /Rosiek [1008.4884,JHEP]

@ confirms the running and mixing of the NLO operators.
Alonso/Jenkins/Manohar/Trott [1308.2627,1310.4838,1312.2014,JHEP]
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== | Ill: Renormalization of the SMEFT

example of operator mixing: Ogc = (ngbGﬁ‘y GAw

coc A OTHG), GAR s a
Coc B16GA,GA cocg? 010G, GA

Nl
| =

\’/ N A

2 C §Lo ., G*Y qro)
e ~A ~Auv _ $G8sY (qL pv qr
o6 7F GG cpc82y (GLar®)(6'9)
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~ . | llI: The two EFTs behave differently under

I =
\ - renormalization.
EWChL at 1 loop
@ n LO vertices — LO+NLO ops.
o LO vertices LO + NLO
1 NLO vertex + NNLO ops.
@ running of LO given by
B(co) ~ dp
@ running of NLO given by
B(ento) ~ g7
= NLO operators do not mix
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1\ | 11I: Renormalization of the EWChL

Cross checks: Buchalla/Cata/Celis/Knecht/CK [1710.06412,NPB]
@ We reproduce previous results of the Scalar sector.
Guo/Ruiz-Femenia/Sanz-Cillero, Phys. Rev. D 92 (2015) 074005, arXiv:1506.04204
@ We reproduce the SM-S-functions in the SM-limit.

@ We performed 4.x independent computations
with 2 different choices of Lgauge-fix-
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1\ IIl: Renormalization of the EWChL

Cross checks: Buchalla/Cata/Celis/Knecht/CK [1710.06412,NPB]
@ We reproduce previous results of the Scalar sector.
Guo/Ruiz-Femenia/Sanz-Cillero, Phys. Rev. D 92 (2015) 074005, arXiv:1506.04204
@ We reproduce the SM-S-functions in the SM-limit.

@ We performed 4.x independent computations
with 2 different choices of Lgauge-fix-

The result: see also Alonso et al., arXiv:1710.06848, PRD
@ confirms the predictions by power counting.
Buchalla/Cata/CK, Phys. Lett. B 731 (2014) 80, arXiv:1312.5624

@ is consistent with the operator basis.
Buchalla/Cata/CK, Nucl. Phys. B 880 (2014) 552, arXiv:1307.5017
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1\ IIl: Renormalization of the EWChL

g2UD?h
N e/
\ /
\ 7/

>

Op = (g'v)>(UT3D,UM2F,
1/1 operator, ~ (Fy — F{?/4)

UD*h

Op1 = (D,UD*U')? F,

5/15 operators generated

gUXD2h
\ ... /

0/8 operators generated

Oxur = g,<T3DuUTDVU>BlW]?,

g2UX2h

OXhl - gl2BuuB#Ufy
0/10 operators, (3 op. F(h) = const. = L;0)
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[1l: Renormalization of the EWChL

y2UDW2h
\ ... /
\ /
\ 7/

Owvi = iy*(Guy*qu)(UT3D, U F,

13/13 operators generated

yUD?W2h
\ ... /

\ /
A

Oys1/2 = yqLUP+qr(D,UD*UT) F,
12/30 operators generated (+h.c.)

ygUW2Xh

N\ el /
\ /

/—>

Owxi/2 = y8'q1L0u, UP+qrB*" F,
0/11 operators generated (+h.c.)

y2W4 Uh
\ e /
\ /
N/

Our = y*(quy*au)(Guvuar) F.
22/60 operators (+h.c.), from Y .Y or Y?.Y?
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Higgs Effective Field Theories and their Renormalization
— Summary —

@ | introduced two EFTs for physics beyond the SM:
the (decoupling) SMEFT and the (nondecoupling) EWChL

@ | showed how the two EFTs are related to each other.
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Higgs Effective Field Theories and their Renormalization
— Summary —

@ | introduced two EFTs for physics beyond the SM:
the (decoupling) SMEFT and the (nondecoupling) EWChL

@ | showed how the two EFTs are related to each other.

o | derived a master formula for the 1/e-poles of a given Lagrangian,
based on the super-heat-kernel.
LN, + I

@ The result is purely algebraic (matrix multiplication and -tracing).
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Higgs Effective Field Theories and their Renormalization

— Summary —

@ | introduced two EFTs for physics beyond the SM:

the (decoupling) SMEFT and the (nondecoupling) EWChL

@ | showed how the two EFTs are related to each other.

o | derived a master formula for the 1/e-poles of a given Lagrangian,

based on the super-heat-kernel.

1 v 152
NN + 3%

@ The result is purely algebraic (matrix multiplication and -tracing).

@ For the SMEFT, we confirmed the RGE results
of the bosonic sector.

@ For the EWChL, we computed the 1-loop RGEs
and confirmed the NLO basis.

—

I~
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Backup
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Naive Dimensional Analysis (NDA)

Naive dimensional analysis - NDA:
Georgi, Manohar ['84 NPB]; Georgi [hep-ph/9207278]
@ Overall factor f2A2, f~—1 for each strongly interacting field, A=! to
reach dimension 4.

@ It is consistent with our counting only if internal gauge lines and
Yukawa interactions are neglected.

@ |t gives a wrong scaling in some cases, e.g. F,, F/'.
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There is a relation between the electroweak chiral
Lagrangian and the x framework.

EWChL

-

Ct.b,r Cv

<ﬁjm

Ct,b, T

Cyv.e2

tree:

1-loop:

Claudius Krause (Fermilab)

/@ =TI /FSM,

tree:

Higgs EFTs and their Renormalization

2 iy
ki =0 [ogy
LHCHXSWG [1209.0040,1307.1347]

e

Rt b, T Ry
K.
April 20, 2019 36/ 36



There is a relation between the electroweak chiral
Lagrangian and the x framework.

EWChL wp =TTy, K =0'/aly

LHCHXSWG [1209.0040,1307.1347]

e e

tree: )
Ct.b,r Cy tree: s oy

Both have the same number of free parameters:

{CV7Ct,b,’er’y7Cg} vs. {HV7"$t,b,nKﬂya’€g}

= k's are QFT consistent and with small modifications directly
1-l interpretable within an EFT!

Kv.g

Cyv.e2
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The s framework cannot be recovered as a limit of the
SMEFT (dim 6).

Full dimension 6 Grzadkowski et al. [1008.4884, JHEP]:

LO:
e A
SM + SM +
LO + NLO:
e <f; - +
SM + O(%) + O(am) + O(m)

SM + O(1glm)  + Oligam) T Olww)
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The Minimal Composite Higgs Model

Agashe et al. [hep-ph/0412089,NPB], Contino et al. [hep-ph/0612048,PRD]

@ global symmetry spontaneoulsy broken at scale f: SO(5) — SO(4)
e SU(2). x U(l)y C SO(4) is gauged
— massive W*/Z, light h

where

- __ sin|h|/f h,
Liin = 5(D,X)T (DY), L= <cot |h|/f> :

|h| =V hahaa a= 1727354

: _( hatihs  htih\ - -
With [h|U = (_(h2 ) h I.h3> = (¢, ¢) we find:

Liin = 38,,|n8" || + £(D, UD*UT)(sin |h| /f)?
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The Minimal Composite Higgs Model

Agashe et al. [hep-ph/0412089,NPB], Contino et al. [hep-ph/0612048,PRD]

In the coset SO(5)/SO(4): f— v
-
@ Cy = 1 —f
universal

4 5 1-2
° Cz(/;) =y1-CEor cfp) = —lfé
representation dependent

@4: £<0.22 f>530GeV
5: £<0.12, f > 710 GeV

1 Il 68.3% region
95.4% region
I 99.7% region

¢
CHM-4
0.5 —— CHM-5

de Blas/Eberhardt/CK [1803.00939,JHEP]
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An Example, the SM Singlet Extension

Lomps = Lom + 0459,5 + 252 — 254 _ hgtes?

S: real scalar singlet with Z, symmetry
Schabinger/Wells [hep-ph/0509209], Patt/Wilczek [hep-ph/0605188],
Robens/Stefaniak [1601.07880], Englert/Plehn/Zerwas/Zerwas [1106.3097],
Buttazzo/Sala/Tesi [1505.05488], Freitas/Lépez-Val/Plehn [1607.08251]

H . H — V2 _ \4
(tln physical parameters: m,v, M,sinx, and §{ = & = 2>

s

V(h, H) =2m*h* + IM?H? — dih® — dyh®H — d3hH? — dyH?
—z1h* — h®H — zzh?H? — z4hH? — zgH*

di = di(m? M? v, & siny), zi = z(m? M?, v, & siny)
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We distinguish 2 possible hierarchies.

g Casea) g Caseb)
M M
A
A f
=il
f e §
v v
Nl S 3272, A= 0(1),
§siny = 0(1)1 {siny < 1,

m~ve~TfFf KM m~vEf~M

Buchalla/Cata/Celis/CK [1608.03564,NPB]

Integrate out H: solve equation of motion
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Case a), strong coupling, generates the EWChL.

H = Hy +

Hoo L H
R T

Ho = Ho(h) = Moz (2)% + Mo (

By 4 Hoa () + ...

v

(closed-form solution to all orders in h)

— No % suppression, but arbitrarily high canonical dimension

— Expansion in chiral dimensions — EWChL

LO:

Lio = Liin — V(h) + Lyuk(h)
+ 2 (D U)(DHUN) (1 + Fu(h))

NLO (1/M?):

Op1,0p7,0p11, ... of

Buchalla/Cat3/CK [1307.5017,NPB]
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Case b), weak coupling, generates the SMEFT.

HIHQ'F%'FW-F... ]

Ho =0, Hy = -3 ¢7¢
— Always 7; suppression
— Expansion in canonical dimensions — SMEFT

LO: NLO (1/M?):

SM with renormalized couplings Lnlo = 4/\2M2 7= 0" (1$)0, (91 9)
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The physical picture helps to relate the two EFTs.

£ a) b)
H
h
strongly coupled, weakly coupled,
large mixing small mixing
— EFT in terms of U, h — EFT in terms of ¢
! T

In the limit sin x < 1, we should recover the decoupling scenario.

—  Indeed, siny < 1 correspondsto (¢ < 1 and
we do recover the decoupling case.
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Renormalization of SMEFT, an explicit example
Starting from

Qp = (¢T¢) (‘PI‘PI) )

ool.—n

we find

3 .
a,‘j ) bllj =Y, = =7 Pa ) 6/] — 3(@3@6)@/@]7

2 ‘P
A g2\ .. g’
Y = ((5 -+ T) GaPa— m2> ( -7 2(t@)i (tR‘P)J

Therefore

treY = — (54>\ + 9g + g’2> (67¢)° + 28m? (¢19)°.

gives with K(4) = 6(3g + g"> — 75)

27 -
B 2 (54)\ — 7g2 — gg'z + 6’y¢> Cs, and By D 48 Cs.

=4 /\2
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