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Is that the Higgs of the Standard Model?
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= Answers beyond Yes/No are best addressed using a
(model-independent) bottom-up Effective Field Theory.
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The interest in EFT techniques increased a lot, recently*.

SMEFT: (weakly-coupled) new physics beyond the (complete) SM
@ operator bases at dim 6, 7, ... Grzadkowski et al.; Lehman; Liao/Ma;. ..

@ operator counting Henning/Lu/Melia/Murayama

@ 1-loop renormalization Alonso/Jenkins/Manohar/Trott
("] matching to models Henning et al.; Fuentes-Martin et al.

@ tools: SMEFTsim, DsixTools, Rosetta Biivio @ el Calfs e afls
Falkowski et al.

* not meant to be a complete list

Claudius Krause (Fermilab) 1-loop renormalization of the ewx £ April 16, 2018 3/22



The interest in EFT techniques increased a lot, recently*.

SMEFT: (weakly-coupled) new physics beyond the (complete) SM
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@ operator counting Henning/Lu/Melia/Murayama
@ 1-loop renormalization Alonso/Jenkins/Manohar/Trott
) matching to models Henning et al.; Fuentes-Martin et al.
@ tools: SMEFTsim, DsixTools, Rosetta Brivite e ol @l a el

Falkowski et al.

ewxL : (strongly-coupled) new physics in the Higgs sector
(] Opel’atOI’ basis Buchalla et al.; Alonso et al.
@ relation between SMEFT and ewy /. Biivie @t all: Budieln @ o)
@ geometric picture Alonso/Jenkins/Manohar
o renormalization of scalar sector Gavela et al; Guo et al.

* not meant to be a complete list
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Why is the complete 1-loop renormalization useful?

@ to determine the divergence structure of the ewx L
= confirm power counting
= confirm operator basis
= get running of LO couplings
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Why is the complete 1-loop renormalization useful?

@ to determine the divergence structure of the ewx L
= confirm power counting
= confirm operator basis
= get running of LO couplings

@ “To learn something about Field Theory” Mike Trott, ca. 2013/14
= have to tackle oo Feynman diagrams
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Complete One-Loop Renormalization of the
Electroweak Chiral Lagrangian

Abstract

Employing background-field method and super-heat-kernel expansion, we compute the complete one-
loop renormalization of the electroweak chiral Lagrangian with a light Higgs boson. Earlier results from
purely scalar fluctuations are confirmed as a special case. We also recover the one-loop renormalization of
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Claudius Krause (Fermilab) 1-loop renormalization of the ewx £ April 16, 2018 5 /22



Complete One-Loop Renormalization of the
Electroweak Chiral Lagrangian

Abstract 2 3

Employing lbackground-ﬁeld method‘a.nd lsuper-heat-kernel expansionL we compute

‘ loop renormalization‘of the[electroweak chiral Lagrangian‘with a light Higgs boson. Earlier results from
4 wrely scalar fluctuations are confirmed as a special case. W 1 so recover the one-loop renormalization of
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP?.
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|: ...of the electroweak chiral Lagrangian with a light Higgs.

Ingredients:

@ Particles: all SM particles, but we do not assume a relation between the
GB and the Higgs

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

Buchalla/Cata/CK

@ Power counting: in terms of chiral dimensions
[1312.5624]

2L + 2 = [couplings],, + [derivatives], + [fields],

[bosons], =0,
[fermion bilinears], = [derivatives], = [weak couplings], = 1
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. ...of the electroweak chiral Lagrangian with a light Higgs.

Lro =5 {(DuU)(D*U") (L4 Fu(h) + 5(3uh)(0"h) —V (h)
+ WDV — (v U Ye(h)Ws + h.c)
— 3{Gu G**) — (W, W*) — 1B, B*
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],
Buchalla/Cata/CK [1307.5017], Buchalla/Cata/Celis/CK [1603.03062], ...
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. ...of the electroweak chiral Lagrangian with a light Higgs.

D"U)) (1+ Fu(h)) + 5(8uh)(9"h) =V (h)
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. ...of the electroweak chiral Lagrangian with a light Higgs.

Lio =5 {(DuU)(D*U") (L4 Fu(h) + 5(3uh)(0"h) —V (h)
+ iV DV — (vUeU Ye(h)Wr + h.c)
— 3{Gu G**) — (W, W*) — 1B, B*
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],
Buchalla/Cata/CK [1307.5017], Buchalla/Cata/Celis/CK [1603.03062], ...

Claudius Krause (Fermilab) 1-loop renormalization of the ewx £ April 16, 2018 7/22



. ...of the electroweak chiral Lagrangian with a light Higgs.

Lro =5 {(DuU)(D*U) (L4 Fu(h) + 5(3uh)(0"h) —V (h)
+ iV PWe — (v U Ye(h)Ws + h.c)
— 3{Gu G**) — (W, W*) — 1B, B*
Feruglio[hep-ph/9301281], Bagger et al.[hep-ph/9306256], Chivukula et al.[hep-ph/9312317],
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. ...of the electroweak chiral Lagrangian with a light Higgs.

Lro =5 {(DuU)(D*U") (L4 Fu(h) + 5(3uh)(0"h) —V (h)
+ WDV — (v U Ye(h)Ws + h.c)
- %<GAW G") — %<W,uv wH) — %B[_LUBMV
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],
Buchalla/Cata/CK [1307.5017], Buchalla/Cata/Celis/CK [1603.03062], ...
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|: ...of the electroweak chiral Lagrangian with a light Higgs.

Lio =% (D U)(D*UN) (1+ Fu(h)) + 2(8,.h)(@"h) — V (h)
+ iV PV — (VWU Ye(h)Wr + hoc)
— %(GWG‘“’> — %(WW WHvY — %B,“,B’“’
Feruglio[hep-ph/9301281], Bagger et al.[nep-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],
Buchalla/Cata/CK [1307.5017], Buchalla/Cata/Celis/CK [1603.03062], ...

Properties:
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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Complete One-Loop Renormalization of the
Electroweak Chiral Lagrangian

Abstract 2 3

Employing lbackground-ﬁeld method‘a.nd lsuper-heat-kernel expansionL we compute

‘ loop renormalization‘of the[electroweak chiral Lagrangian‘with a light Higgs boson. Earlier results from
4 rurely scalar fluctuations are confirmed as a special case. W 1 so recover the one-loop renormalization of
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP?.
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II: Employing Background-Field Method and ...

starting from the generating functional:

Z[j, p, ] = VP = / [dpdipdd] eSovdl+io+dotsp)

¢ =&+ dau, ¥ =P + Pgu,

0S 0S 0S
=+ =0 = =0 =5 =0
<5¢‘+J>¢_$ ’ <6w‘+p>¢_¢ ’ (6¢ ”>¢_¢

i o 516 o 7
= W= — /[d¢qud'¢)qud¢qu] &SP 6.0 ibqu Yau, Paul
Abbott '81
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II: Employing Background-Field Method and ...

The ewx L is invariant under the transformations T, Ty

A

W, > T (W,L _ éau> T, B,— B,-d.ar,,

DL — TTydy, Pr — Ty g,

with the quantum fields transforming as

W, — TW, T, U— TyUTY,

Y — TTyy, Yr = TyYr

0— 10T},

= Background gauge invariance for T € SU(2); & Ty € U(1)y !
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II: Employing Background-Field Method and ...

Quantum gauge fixing:
1 3 1 A € a0\
['gauge—fix = _2 <BHB'M + §g/V903> - ETr { <D%WM - EgVUQOUT)

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

o Later, we will set f =1. Dittmaier/Grosse-Knetter hep-ph/9505266

Using the background covariant derivative
DV X = 0,X + ig[W,, X]

maintains background gauge invariance.
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II: Employing Background-Field Method and ...

Further simplification: Stueckelberg transformation
W, — 0W, 0t — éUaHUT, w, — 0w, 0t

D1 — Oy, YL — Uy

@ is equivalent to 0— 1, but is invertible.
(looks like “Background Unitary Gauge”)

(] S|mp||f|es <p—term in »Cghost Dittmaier/Grosse-Knetter hep-ph /9505266
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II: Employing Background-Field Method and ...

Further simplification: Stueckelberg transformation

A PPN I ~ A A A
WH—>UWHUT—§U8HUT, w, — 0w, 0t

D1 — Oy, YL — Uy

@ is equivalent to 0— 1, but is invertible.
(looks like “Background Unitary Gauge”)

(] S|mp||f|es <p—term in Eghost Dittmaier/Grosse-Knetter hep-ph/9505266

~

Summary Background Field Method: =0+ P,
o easier to handle U(p) and F(h)

@ gauge choice of background and fluctuating gauge field independent:

— manifest background gauge invariance

— convenient quantum gauge fixing
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Complete One-Loop Renormalization of the
Electroweak Chiral Lagrangian

Abstract 2 3

Employing lbackground-ﬁeld method‘a.nd lsuper-heat-kernel expansionL we compute

‘ loop renormalization‘of the[electroweak chiral Lagrangian‘with a light Higgs boson. Earlier results from
4 rurely scalar fluctuations are confirmed as a special case. W 1 so recover the one-loop renormalization of
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP?.
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

evaluating the one-loop functional Neufeld/Gasser/Ecker hep-ph/9806436

Wit _ / [dodudd] eSP18dbi0b.7)

S@ = %¢A¢ + 9By + ¢Ty + gl

Wi = éTI’|nA —iTrin B — é Z % Tr (A—1|_'B—1|- _ A_erB_l’TFT)n
n=0
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

evaluating the one-loop functional

Neufeld /Gasser/Ecker hep-ph/9806436

Wit _ / [dodudd] eSP18dbi0b.7)

S@ = %¢A¢ + 9By + ¢Ty + gl

Wi, = éTrInA —iTrinB — é Z % Tr (A—1|‘-B—1|- _ A—erB—l,TFT)"

_______________

/ S =0 ~=
4 —~ —~
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

Introducing supermatrix algebra:

v- (2 9

Neufeld /Gasser/Ecker hep-ph/9806436

Sdet M = det (A — BD'C)det D!
StrM=TrA—-TrD
Sdet M = >t M
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

Introducing supermatrix algebra: Neufeld /Gasser/Ecker hep-ph/9806436
A B Sdet M = det (A— BD™'C)det D!
MZ(C D) StrM=TrA—TrD

Sdet M = >t M

The one-loop functional becomes:

I. A T 17
Wiy = 7 StrinK, K=|-TT 0o -BT
r B 0
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

Applying the Heat-Kernel Expansion:

W, = éStrIn K

with the expansion in Seeley-DeWitt coefficients

i

Donoghue/Golowich /Holstein '92

Neufeld /Gasser/Ecker hep-ph/9806436

:—i/ ﬁ/ddxstr (x|e=¥|x)
2 0 T

2 00
TRy = E S 4 ()
<X|e |X> - (47I')d/2 Td/2 Oan(X)T
n=

Claudius Krause (Fermilab) 1-loop renormalization of the ewx £

April 16, 2018

16 / 22



[1l: ... and Super-Heat-Kernel Expansion, we compute ...

Applying the Heat-Kernel Expansion: Donoghue/Golowich/Holstein '02
Neufeld /Gasser/Ecker hep-ph/9806436

W, = éStrIn K

:—i/ ﬁ/ddxstr (x|e=¥|x)
2 0 T

with the expansion in Seeley-DeWitt coefficients

5 2 oo

—7K _ / e " n

<X|e |X> - (47T)d/2 Td/2 Zoan(X)T
n=

@ The a, can be computed, knowing the form of K.

@ The UV-divergencies of W,_; are the poles in %

= only a, contributes!
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

with Donoghue/Golowich/Holstein '92; Neufeld/Gasser/Ecker hep-ph/9806436
K= (3 + M) (@ +A*) + £

we get

1 1 1
Wic1div = ==~ [ d*xstr | =AL A + 25X .
L=1,d 327r2e/ X str [12 u + 5

Py = Bluliley = Gy, 25 Ry My
o 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
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[1l: ... and Super-Heat-Kernel Expansion, we compute ...

with Donoghue/Golowich/Holstein '92; Neufeld/Gasser/Ecker hep-ph/9806436
K= (3 + M) (@ +A*) + £

we get

1 1 1
Wic1div = ==~ [ d*xstr | =AL A + 25X .
L=1,d 327T2€/ X str [12 u + 5

Py = Bluliley = Gy, 25 Ry My
o 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

Summary Super-Heat-Kernel:
@ Supermatrix algebra allows us to treat bosons and fermions together.

e Finding the one-loop divergencies of S(?) becomes an algebraic
problem.
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Complete One-Loop Renormalization of the
Electroweak Chiral Lagrangian

Abstract 2 3

Employing lbackground-ﬁeld method‘a.nd lsuper-heat-kernel expansionL we compute

‘ loop renormalization‘of the[electroweak chiral Lagrangian‘with a light Higgs boson. Earlier results from
4 wrely scalar fluctuations are confirmed as a special case. W 1 so recover the one-loop renormalization of
we conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP?.

Claudius Krause (Fermilab) 1-loop renormalization of the ewx £ April 16, 2018 18 / 22



IV: ... the Complete One-Loop Renormalization of the ...

Cross-checks:
@ We reproduce previous results of the Scalar sector.
Guo/Ruiz-Femena/Sanz-Cillero, Phys. Rev. D 92 (2015) 074005, arXiv:1506.04204
@ We reproduce the SM-S-functions in the SM-limit.

@ We performed 5 independent computations
with 2 different choices of Lgauge-fix-

Claudius Krause (Fermilab) 1-loop renormalization of the ewx £ April 16, 2018 19 / 22



IV: ... the Complete One-Loop Renormalization of the ...

Cross-checks:
@ We reproduce previous results of the Scalar sector.
Guo/Ruiz-Femena/Sanz-Cillero, Phys. Rev. D 92 (2015) 074005, arXiv:1506.04204
@ We reproduce the SM-S-functions in the SM-limit.

@ We performed 5 independent computations
with 2 different choices of Lgauge-fix-

The result:

@ 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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IV: ... the Complete One-Loop Renormalization of the ...

g2UD?h
\N ..o /
N
\ 7/

>

Os = (g'v)>(UTsD,UN2F,
1/1 operator, ~ (Fy — F&2/4)

UD*h

\ /
\ 7

Op1 = (D,UD*UM)? F,

5/15 operators generated

gUXD?h

N el /
\ /
\ 7/

~

Oxur = g'(T3D,UTD, U)B" F,

0/8 operators generated

g2UX2h

5 _
Oxm = g'“Bu,B" F,
0/10 operators, (3 op. F(h) = const. = L;0)
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IV: ... the Complete One-Loop Renormalization of the ...

y2UDW2h
\ ..o /
\ /
\ 7/

Owvi = iy*(Guy*qL)(UT3D, UY) F,

13/13 operators generated

yUD2W2h
\ .. /
\ /
\N 7/

Owsi/2 = yGLUP+qr(D, UD*UT) F,

12/30 operators generated (+h.c.)

ygUW2Xh
N .../

Ouxi1/2 = yg'quou, UPLqrB"" F,
0/11 operators generated (+h.c.)

y2W4 Uh
\ ... /

\ /
\ 7/

Our = y2(quy*qu)(Guvear) F.
22/60 operators (+h.c.), from Y -Y or Y?.Y?
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Summary

| introduced the electroweak chiral Lagrangian, an effective field theory with
generalized Higgs couplings.
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Summary

| introduced the electroweak chiral Lagrangian, an effective field theory with
generalized Higgs couplings.

The Background Field Method separates (classical) background fields from
(quantum) fluctuating fields. It ensures that the computation is (background)
gauge invariant at all steps.
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Summary

| introduced the electroweak chiral Lagrangian, an effective field theory with
generalized Higgs couplings.

The Background Field Method separates (classical) background fields from
(quantum) fluctuating fields. It ensures that the computation is (background)
gauge invariant at all steps.

The Super-Heat-Kernel Expansion gives a universal Master-Formula: Extract-
ing the UV-divergencies is now reduced to matrix multiplication and tracing.
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Summary

( 1
| introduced the electroweak chiral Lagrangian, an effective field theory with

generalized Higgs couplings.
- J

(The Background Field Method separates (classical) background fields from
(quantum) fluctuating fields. It ensures that the computation is (background)
|gauge invariant at all steps.

e )
The Super-Heat-Kernel Expansion gives a universal Master-Formula: Extract-
ing the UV-divergencies is now reduced to matrix multiplication and tracing.

. v

(- 5 o 5 2 o )
The result is consistent with the operator basis and confirms the power count-
ing. It reproduces the Scalar divergencies and the SM-f-functions in the ap-

\propriate limits.
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