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Abstract: <p>| consider the Standard Model as an effective field theory (EFT) at the electroweak scale $v$. At the scale $f\geq v$ | assume a new,
strong interaction that breaks the electroweak symmetry dynamically. The Higgs boson arises as a composite pseudo-Nambu-Goldstone boson in
these scenarios and is therefore naturaly light $(m_{h}\sim v)$. Based on these assumptions and the value of $\xi=v{2}/f{2}$, | explain the
systematics that governs the effective expansion:\\</p>

<p>For $\xi=\mathcal{ O} (1)$ the effective theory is given by aloop expansion, equivalent to an expansion in chiral dimensions (similar to chiral
perturbation theory). | will briefly discuss the operators that arise at next-to-leading order ($\mathcal{ O} (f"{2} / \Lambda™ 2})\simeq
\mathcal{ O} (1/16\pi™{ 2} )$). On the other hand, in the decoupling limit where $\xi\rightarrow 0%, an expansion in canonical dimension is recovered.
The case where $\xi$ is small but non-zero is of phenomenological interest. It leads to a double expansion in $\xi$ and $1/16\pi*{2} $, which
captures the expected corrections of a strongly-interacting light Higgs to the Standard Model in a systematic way. \\</p>

<p>Further, 1 will apply the leading order chiral Lagrangian to current LHC Higgs data. | will show that this gives a QFT justification of the
$\kappad-framework, which is currently used as phenomenological signal-strength parametrization by the experiments at the LHC. | will also
present afit of the leading order chiral Lagrangian to the LHC Higgs data.</p>

<p> </p>
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A Higgs-like particle was found at the LHC.

|
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A S —— @ Standard Model is confirmed to
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EF I's provide a model-independent answer.

UV model

top-down bottom-up

effective description j operator basis

Claudius Krause (LMU Miinchen) November 13, 2015 3/29
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EF T's provide a model-independent answer.

UV model

top-down bottom-up

effective description j operator basis

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

We need:
@ All low-energy degrees of freedom
@ Symmetries and patterns of symmetry breaking
@ A consistent power counting

b -

Claudius Krause (LMU Miinchen) : November 13, 2015 3/29
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The electroweak chiral Lagrangian with a light Higgs

Part 1 — Building the EFT

[1307.5017,1312.5624]

Part 2 — Relation to the linear EFT
[1412.6356]

Part 3 — Application to data
[1504.01707,1511.00988]

Claudius Krause (LMU Miinchen) - November 13, 2015 4 /29
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1. Building the EF T

Ingredients:
Particles: all SM particles + 3 Goldstone bosons for the W= /Z

masses

Symmetries: SU(3)c x SU(2). x U(1)y — SU(3)c x U(1)em. B, L
at LO: CP and custodial sym.

Power counting: depends on realization of the symmetry:

Claudius Krause (LMU Miinchen) November 13, 2015 5 /29
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1. Building the EF T

Ingredients:

Particles: all SM particles + 3 Goldstone bosons for the W= /Z
masses

Symmetries: SU(3)c x SU(2). x U(1)y — SU(3)c x U(1)em. B, L
at LO: CP and custodial sym.

Power counting: depends on realization of the symmetry:

linear realization: nonlinear realization:

@ scalar A and Goldstones form
Higgs-doublet ¢ @ include A as scalar singlet
NLO is given by dimension 6 @ NLO will be discussed now

Buchmiiller/Wyler ['86 Nucl. Phys. B],
Grzadkowski et al. [1008.4884]

— more in Part 2.

—» not the most general ansatz —» more general ansatz

Claudius Krause (LMU Miinchen) November 13, 2015 5 /29
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1. The nonlinear realization

‘The Goldstone bosons o are described by:

V2
L= (8, UT6* U),

v

U=exp{2i Tatpa}.

Callan/Coleman/Wess/Zumino ['69 Phys.

Rev.],

Feruglio [hep-ph/9301281]
—

Claudius Krause (LMU Miinchen)
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|

| 1. The nonline@r realization

The Goldstone bosons  pre described by:

v2 :
f = Z(0,Uteu),

U =exp {2:‘5-‘”3}.
Vv

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

‘This was used in Chiral Perturbation Theory (xPT)

U— U,  wherel,re SU(2).r

Gasser/Leutwyler ['84 Annals Phys., '85 Nucl. Phys B)

. Claudius Krause (LMU Minchen)
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1. Effective Lagrangian at leading order

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

@ A new strong sector is generating the 3 Goldstones of EWSB and the A.
@ The scale of the new dynamics is given by f.

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

Claudius Krause (LMU Miinchen) November 13, 2015 7/29
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1. Effective Lagrangian at leading order

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

@ A new strong sector is generating the 3 Goldstones of EWSB and the A.

@ The scale of the new dynamics is given by f.

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

—» The Goldstones are described by U = exp {2:‘%”—’} and become the

longitudinal components of the gauge bozson§. :!n unitary gauge:
2,.,2 , ’
C (DL UYDHUY)Y = EX- Wiwr— 4 E &IV 7 Zu
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1. Effective Lagrangian at leading order

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

@ A new strong sector is generating the 3 Goldstones of EWSB and the A.

@ The scale of the new dynamics is given by f.

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

—» The Goldstones are described by U = exp {2.‘%*’—’} and become the

longitudinal components of the gauge bozson§. :!n unitary gauge:
2,.,2 , ’
T (DL U)(DHUN) = - W w4 g 7, Zu

Lio =1(8,.h)(8"h) — V (h) + % (DL UYD*UY)) (1 + Fu(h))
+ iV PV — v (Ve Y s UVe + hc) (2)
— 3(Gu. G*) — (W, WH¥) — 1B, B*

Claudius Krause (LMU Miinchen) : November 13, 2015 7/29
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1. Effective Lagrangian at next-to-leading order

@ L o is not renormalizable in the traditional sense.

@ It is renormalizable in the modern sense — order by order in an effective
expansion:

@ The LO counterterms are included at NLO.

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

Claudius Krause (LMU Miinchen) November 13, 2015 B /29
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1. Effective Lagrangian at next-to-leading order

Lo is not renormalizable in the traditional sense.

It is renormalizable in the modern sense — order by order in an effective
expansion:

The LO counterterms are included at NLO.

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

We identify &5 ~ 1.
The scale of new physics f =~ v
V2

Claudius Krause (LMU Miinchen)
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1. Effective Lagrangian at next-to-leading order

Lo is not renormalizable in the traditional sense.

It is renormalizable in the modern sense — order by order in an effective
expansion:

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
We identify & ~ 2.

The scale of new physics f = v
2
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1. Effective Lagrangian at next-to-leading order

Lo is not renormalizable in the traditional sense.

It is renormalizable in the modern sense — order by order in an effective
expansion:

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~ _1

We |dent|fy A2 = 16n2-

The scale of new physics f = v
V2

Claudius Krause (LMU Miinchen)
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1. Power counting

Lio =1(8.h)(8"h) — V (h) + % (DL U)(D*UY)) (1 + Fu(h))
EiE i\T’fw‘Uf —_ (‘T’f YirUWe + h.C.) (g)"
— (G, G*) — X (W, W*) — 1B, B

Claudius Krause (LMU Miinchen) November 13, 2015 9 /29
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1. Power counting

Lio =1(8.h)(8"h) — V (h) + % (DL U)(D*UY)) (1 + Fu(h))
T l'{l}fm\l’f — V ({j}f YirUWs + h.C.) (g)J
— (G G*) — X (W, W*) — 1B, B
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1. Power counting

1 B i

v

Fé wF;‘; Xpu
R R v

Claudius Krause (LMU Miinchen)
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1. Power counting

D ~ pPl+2—X— 2 (FL+F

This is equi
2L + 2 = [couplings], + [derivatives], + [fields],

[bosons],, — 0,
[fermion bilinears],, = [derivatives], = [weak couplings], = 1

Claudius Krause (LMU Miinchen) ) matics & applicatic November 13, 2015 10 / 29
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1. Power counting

—

1 B W i X
T p2L+2—X—:—,(FL+FR)—NV (%) (g) Wf‘l \Uff wg;, \U;’% (X::u)

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

[bosons], = 0,
[fermion bilinears],, = [derivatives],, = [weak couplings], = 1

Naive dimensional analysis - NDA:
Georgi, Manohar ['84 Nucl. Phys. B]; Georgi [hep-ph/9207278]

Overall factor f2A2, f—1 for each strongly interacting field, A~! to
reach dimension 4

Is consistent with our counting only if internal gauge lines and Yukawa
interactions are neglected.

Gives wrong scaling in some cases, e.g. F,, FH*Y.

Claudius Krause (LMU Miinchen) November 13, 2015
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1. Application of chiral dimensions

@ Classify the NLO (x = 4) operators

@ 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 (WL WP WE)], = 6 — arises at 2 loops

(given no states at f)

Claudius Krause (LMU Miinchen) November 13, 2015 11 / 29

Pirsa: 15110062 Page 25/49



1. Application of chiral dimensions

@ Classify the NLO (x = 4) operators

@ 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 (WL WP WE)], = 6 — arises at 2 loops

(given no states at f)
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1. Examples for NLO operators without fermions

g2UD2h 2 (

\ . /
\ /
b

R

Or = (g'v)*{UT: D, U"Y2F,

>~: 1 operator

UD*h

ODQ,]_ == (Dp UD#* tj"')2 iy

>~: 15 operators

gUXD?2h

\ - - /
\ /
b Y

~a

g2UX?h

Oxupor = g'(T:D, UD, U)B** F,

g’2 B}LU B”V ‘Fl
>~ : 8 operators

: 10 operators

>

Claudius Krause (LMU Miinchen) November 13, 2015 12 / 29
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d

.

# loops
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2. At each order, all powers of £ = % are summed.

o >
_ 2 # loops
LO NLO NNLO
4 6 x = 2L + 2

Claudius Krause (LMU Miinchen) November 13, 2015 16 / 29
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2. In the linear EF T, the expansion parameter is (K)

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

@ LO is renormalizable.

Claudius Krause (LMU Miinchen) November 13, 2015 17 / 29
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2. In the linear EF T, the expansion parameter

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

@ LO is renormalizable.

L = LZ5% + ¥L9=5 + L LI=6 + % L9=7 + L LI=8 + ...

dim 5: 1 operator (violating L) Weinberg ['79 Phys. Rev. Lett.]

dim 6: 59 operators (conserving B)
4 operators (violating B)
Buchmiiller, Wyler ['86 Nucl. Phys. B]; Grzadkowski et al. [1008.4884]
20 operators (all violating L, some B) Lehman [1410.4193]

489 operators (conserving B)
46 operators (violating B)
Lehman/Martin[1510.00372]

Claudius Krause (LMU Miinchen) November 13, 2015 17 / 29
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2. In the linear EF T, the expansion parameter is (/‘()

d A

Claudius Krause (LMU Miinchen) November 13, 2015
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3. Current observables select Lyf: from Lo,y h.

Lewxh =LY 88 L v (D, U)(D*UY)) (1 + Fu(h)) — V(h)
—_—V (‘I’f Yj,fU\U.r -1 hC) (%)J + LnLo

We focus on current observables and phenomenology requires f > v, i.e.
E=v3/f2 < 1.
Single h processes

*A,

rd .
tree: N (37 generation only)

Claudius Krause (LMU Miinchen) November 13, 2015 22 /29
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3. Current observables select Ly from Leopwyh.

Lewxh =LY 88 L v (D, U)(D*UY)) (1 + Fu(h)) —V(h)
— v (VY rUWr +he) (2) + Lno

We focus on current observables and phenomenology requires f > v, i.e.
E=v3/f2 < 1.
Single h processes

*A,

rd .
tree: " (37 generation only)

Claudius Krause (LMU Miinchen) : November 13, 2015 22 /29
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3. Current observables select Ly from Lo,y h.

L =2¢cv (mp, W,f W™ 4+ Im3%Z,Z*) (2) — ceyeTth — coyobbh — cry . TTh

2 h = h
+ 62 Gy Fun FPY ) + 1652 Cgg (Gua G*¥) ¢

We focus on current observables and phenomenology requires f > v, i.e.
E=v3/f%2 < 1.
Single h processes

(3¢ generation only)

Claudius Krause (LMU Miinchen) November 13, 2015 22 /29
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3. Current observables select Ly from Lo,y h.

Lsix =2cv (miy, Wy w4 4+ im%z,z"*) (2) — ctyrtth — cpypbbh — c, y, 7Th
2 . 2 .
+ 1677 Cyy Frun F*Y & + 1853 Ceg (G G*¥) ¢

We focus on current observables and phenomenology requires f > v, i.e.
£E=v3/£2 < 1.
Single h pro

(3¢ generation only)

-

Claudius Krause (LMU Miinchen) - . . November 13, 2015 22 /29
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3. There is a relation between the electroweak
chiral Lagrangian and the  framework.

'Cewxh h:? e I"'/I'gM, h‘.? = U"/O'éM

LHCHXSWG [1209.0040,1307.1347]

-l Y
-__-_.'- adl '.\:‘\J'\)
.:——"‘w--_ : LA
— LA

Rv

Claudius Krause (LMU Miinchen) : November 13, 2015 23 /29
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3. The k framework cannot be recovered
as a limit of the SMEFT (dim 6).

Full dimension 6 Grzadkowski et al. [1008.4884]:

LO:

A
AN
e . ‘WLJ' --\J"\.r\
<7 v | ---3
e o - ‘/-‘./" LA
e A
LA
bl % |

SM -+ SM

Claudius Krause (LMU Miinchen)
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3. The  framework cannot be recovered
i as a limit of the SMEFT (dim 6).

Full dimension 6 Grzadkowski et al. [1008.4884]: —
LO:

) I,\-r\

N ~

~SA r~ ~J
+ ---i - — =Y

ST 4% N

+ O(%2)

N N

+ =Tt ---<}

L~
2 LA

5 P
+ O( 1(:');2.!"\i ) O( 161Vr2!‘\2 )

Additional assumption of weakly coupled UV Einhorn/Wudka[1307.0478]:

y '\l-\'l ) .\r\.'\' )
’ - ~_
.. e
-4 .
- (v
LA LA

SM + O(g2rz) + O(354rr) O(15z)

Claudius Krause (LMU Miinchen)
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Between Run-1 and the final stages of the LHC:

7~

small deviations:
full dim-6

Ky, KKfr Hartmann,/Trott [1507.03568],

LHCHXSWG [1209.0040,1307.1347) Ghezzi et al. [1505.03706]
a,C (&

larger deviations

in Higgs-sector:

Contino[1005.4269)

LHC Run 1 LHC Run 2 HL-LHC

Claudius Krause (LMU Miinchen) : November 13, 2015
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Between Run-1 and the final stages of the LHC:

Ky, Kf
LHCHXSWG [1209 0040,1307 134?]
&, C

Contino[1005.4269)

7~

small deviations:
full dim-6

Hartmann/Trott [1507.03568].
Ghezzi et al. [1505.03706]

—————— " complexity |-

larger deviations

in Higgs-sector:

LHC Run 1

LHC Run 2

HL-LHC

+ few parameters
— not QFT based

Claudius Krause (LMU Miinchen)

Pirsa: 15110062

QFT based

too many
parameters

Han/Skiba[hep-ph/0412166]
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3. We performed a Bayesian fit to LHC data.

Bayes Theorem:

posterior pdf Likelihood
probability of the = prior X probability of data,

parameters, given data given the parameters

Claudius Krause (LMU Miinchen) November 13, 2015 26 / 29
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3. We performed a Bayesian fit to LHC data.

Bayes Theorem:

posterior pdf Likelihood
probability of the = prior X probability of data,
parameters, given data given the parameters

flat prior in Likelihood

cv € [0.5,1.5] @ given by the code Lilith
Cri by [0, 2] Bernon/Dumont[1502.04138]
cy~ € [—1.5, 1.5] @ using DB 15.09
e [ATLAS-CONF-2015-044,
S € [=1,1] CMS-PAS-HIG- 15-002]

>

Claudius Krause (LMU Miinchen)
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3. We performed a Bayesian fit to LHC data.

Results:

[ cv ) 0.98 0.08Y
Ce 1.37 0.22
0.83 0.19
0.95 0.14
Coyy —0.41 0.38
\ Sz / —0.31 0.16 )

cov(ci, ¢j)
U,’O’j o
1.0 0.09 0.68 0.42 0.33
1.0 0.16 0.01 —-0.43
1.0 0.59 —-0.07
1.0 —0.07
1.0

Pij =

Claudius Krause (LMU Miinchen) - November 13, 2015 27 /29
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3. We performed a Bayesian fit to LHC data.

T L
- SM

x local minimum
— Ay
Ay

1.5 1.0 0.5

L
PR BT R

‘-gl.-J..I.l.ll.L.ll‘q_..

P IPRPET P EPEPRETE B
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November 13, 2015

Page 46/49



Summary

@ | presented the electroweak chiral [Plx = [hlx =0
Lagrangian. Elx =Ilx=1
@ | discussed the power counting in terms of VW] =[Bulx =1
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Summary

| presented the electroweak chiral
Lagrangian.

| discussed the power counting in terms of
chiral dimensions.

[#]lx = [hlx =0
[glx = Irlx =1
[WW]X TRt [6u]x =1

[1307.5017,1312.5624]
>

| showed the relation of the nonlinear to the
linear EFT.

| discussed a phenomenological relevant
double expansion in £ & 1/1672.

[1412.6356]
-
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Summary

| presented the electroweak chiral
Lagrangian.

| discussed the power counting in terms of
chiral dimensions.

[Alx = O

[glx =Ivlx =1
(VW] =[Bulx =1

[1307.5017,1312.5624]
-

| showed the relation of the nonlinear to the
linear EFT.

| discussed a phenomenological relevant
double expansion in £ & 1/1672.

[1412.6356]
A

| justified the x-framework with the chiral
Lagrangian.

| presented a fit to LHC data using the
nonlinear EFT.

[1504.01707,1511.00988] 5
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