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Einstein: beam energy to particle mass E = mc2
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produce anything that interacts with quarks and gluons
search for it in decay products
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Lagrangians and symmetries

(quantum) electrodynamics [Fµν = ∂µAν − ∂νAµ ]

L = i ψγµ∂
µ
ψ −

1
4

FµνFµν︸ ︷︷ ︸
kinetic terms

− m ψψ︸ ︷︷ ︸
electron mass

− e ψγµAµψ︸ ︷︷ ︸
eeγ interaction

defined by symmetries and particle content
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(quantum) electrodynamics [Fµν = ∂µAν − ∂νAµ ]

L = i ψγµ∂
µ
ψ −

1
4

FµνFµν︸ ︷︷ ︸
kinetic terms

− m ψψ︸ ︷︷ ︸
electron mass

− e ψγµAµψ︸ ︷︷ ︸
eeγ interaction

defined by symmetries and particle content

– exact and broken symmetries
massless photon: Coulomb potential V (r) ∝ −1/r

massive ‘photon’: Yukawa potential V (r) ∝ −e−mr/r m→0−→ −1/r

– problem 1: degrees of freedom
massless gauge bosons have 2 polarizations, massive have 3, and 3 6= 2

– problem 2: Goldstone’s theorem
breaking e.g. SU(2) produces 3 massless unobserved scalars
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Solving that problem [also Brout & Englert; Guralnik, Hagen, Kibble]

1964 combining two problems to one predictive solution [Stueckelberg mass]

L=−
1
4

FµνFµν︸ ︷︷ ︸
massless photon

+
1
2

(∂µφ)2︸ ︷︷ ︸
massless scalar

+
f 2

2
A2
µ− f Aµ∂

µ
φ=−

1
4

FµνFµν+
f 2

2

(
Aµ−

1
f
∂µφ

)2

︸ ︷︷ ︸
photon mass

⇒ not absorbed scalar: Higgs boson
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2012 Higgs discovery

since really just Standard Model?
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Standard Model Higgs Boson

Boson and fermion masses

– fundamental symmetry: SU(2)L × U(1)Y
observed unbroken: electromagnetism U(1)Q

– forbidden by SU(2)L: mW ,Z and mt,b,τ

⇒ masses proportional to Higgs VEV 〈φ〉 = 246 GeV

– complex SU(2) doublet φ
3 Goldstone modes ‘eaten’ by W and Z
4th mode φ = 〈φ〉+ H

⇒ Higgs particle coupling proportional to mass

Vol.UME 19,NU~BER 21 PHYSICAL REVIEW I.KTTKRS 20 NOVEMBER 1967

~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
~2M. Adernollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and H, . E. Marshak,
Phys. Rev. Letters 17, 888 (1966).
~3The predicted ratio I.eq. |,'12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p-dominance model of Ref. 2. This seems to be
true also in the other case of the ratio &(t) ~+m y}/
&(VV} calculated in Refs. 12 and 14.
L. M. Brown and P. Singer, Phys. Rev. Letters 8,

460 (1962}.

A MODEL OF LEPTONS*

Steven Weinberger
Laboratory for Nuclear Science and Physics Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields. s The model may
be renormalizable.
We will restrict our attention to symmetry

groups that connect the observed electron-type
leptons only with each other, i.e. , not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

and on a right-handed singlet

R = 4(i-},)le.
The largest group that leaves invariant the kine-
matic terms -I-yI" 8&L -R yI" 8&B of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers NI„Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge Q =T3 NR 2NL—, —
and the electron number N=N~+NL. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass, ' and there is no
massless particle coupled to N, ' so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange F=—Ng
+ 2NL.
Therefore, we shall construct our Lagrang-

ian out of L and B, plus gauge fields A& and
B& coupled to T and ~, plus a spin-zero dou-
blet

whose vacuum expectation value will break T
and ~ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and & gauge transformations is

2=-g(6 A —6 A +gA xA ) -«(6 B -6 B ) -R}' (& ig'B )R Ly (6 igt—~ A —i2g'B )L-p. V V p, P, V P V V P P

1 1 2 —4 2 2igA ~ ty-+i ,g'B yl ——G (LcpR+Ry L)—M y y+h(y y) . (4)p, p, p, 1

We have chosen the phase of the 8 field to make Ge real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A.

—= (y') real. The "physical" p fields are then p
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Higgs potential

– Standard Model

V =µ2|φ|2 + λ|φ|4 m2
H =

∂2V
∂H2

∣∣∣∣∣
minimum

⇒ why not more terms?

V = µ
2|φ|2 + λ4|φ|4 +

λ6

M2
|φ|6 + · · ·
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Beautiful field theory, but true?

Unitarity [Lee, Quigg, Thacker]

– predicted transition amplitudes finite for all Higgs masses

σWW→WW ∼
m2

H

v2
⇒ mH . 1 TeV

⇒ Higgs couplings unitary?
PHYSICAL REVIEW D VOLUME 16, NUMBER 5 1 SEPTEMBER 1977

Weak interactions at very high energies: The role of the Higgs-boson mass

Benjamin W. Lee,» C. Quigg, t and H. B. Thacker
Fermi National Accelerator Laboratory, ~ Batavia, Illinois 60510

(Received 20 April 1977)

We give an S-matrix-theoretic demonstration that if the Higgs-boson mass exceeds M, = (8m'/3GF)",
parital-wave unitarity is not respected by the tree diagrams for two-body scattering of gauge bosons, and the
weak interactions must become strong at high energies. We exhibit the relation of this bound to the
structure of the Higgs-Goldstone Lagrangian, and speculate on the consequences of strongly coupled Higgs-
Goldstone systems. Prospects for the observation of massive Higgs scalars are noted.

I. INTRODUCTION

Unified gauge theories of weak and electro-
magnetic interactions provide an attractive frame-
work for the interpretation of weak-interaction
phenomena. ' Such theories are universal in the
prediction that existing data explore only the low-
energy tail of a spectrum of yet-to-be-discovered
particles. The most familiar of the hypothetical
particles are the massive vector bosons W' and Z'
associated with the observed charged and neutral
weak currents. Somewhat more obscure are the
massive scalar Higgs bosons which are connected
with the spontaneous breakdown of gauge symmetry.
Although the Higgs bosons serve important tech-
nical functions in field-theoretic calculations, their
existence and proyerties are less clearly indicated
by low- energy phenomenology. Thus, for example,
the mass M„of the Higgs boson is the only para-
meter in the Weinberg-Salam model' that is en-
tirely unconstrained by present experimental evid-
ence.
Theoretical considerations' suggest that the

Higgs-boson mass must exceed about 4 GeV/c',
and we have recently derived a conditional upper
bound4

M„M=(8e'v 2/SG—~)' ~' = 1 TeV /c'
where G~ is the Fermi constant. The precise
meaning of the upper bound is that if MH exceeds
the critical value M„weak interactions will be-
come strong in the TeV energy regime in the sense
that perturbation theory will cease to be a faithful
representation of physics.
Because the Higgs self-interaction is proportional

to G~M„', it frequently has been remarked that a
large Higgs-boson mass implies a strong inter-
action among Higgs bosons. Weinberg' has cham-
pioned the view that G~ ' ' is a natural mass scale
of nature and that, in the event of strong Higgs
self-couplings, the effective ultraviolet cutoff
would be at this energy. More recently Veltman'
considered Higgs-boson contributions to certain

radiative corrections. He concluded that for Higgs-
boson masses exceeding approximately G„' ' the
perturbation expansion of weak interactions could
well break down. Our result (1.1) is in accord with
these expectations.
The condition (1.1) suggests that new phenomena

are to be found in the weak interactions in addition
to the charged and neutral intermediate vector
bosons. Either a light scalar boson (of mass well
below 1 TeV) will exist, or the weak interactions
above about 1 TeV will exhibit attributes of a
strongly coupled theory: resonances of inter-
mediate vector bosons, multiple production of in-
termediate vector bosons, etc.
If the Higgs boson is not very massive, say with

a mass between 4.5 GeV/c' (the Linde-, Weinberg
lower bound') and 2M~, we expect it to have the
properties outlined by Ellis, Gaillard, and
Nanopoulos. ' We shall explore in this paper the
possibility that the Higgs-boson mass lies above
the thresholds for decay into intermediate boson
pairs. In this regime the decays H-W W- and H
-Z'Z' are the dominant modes, with longitudinally
polarized intermediate bosons increasingly favored
as MH increases. As MH approaches the critical
rriass M„ the Higgs-boson width approaches its
mass, signaling a strongly coupled theory.
Because we wish to explore a regime in which

the weak interactions can become strong, it is nat-
ural to approach the problem from an S-matrix
point of view with a particular concern for unit-
arity. Our treatment provides a systematic in-
vestigation of the minimal Weinberg-Salam theory
from this point of view. In Sec. II we discuss and
calculate in tree approximation the Weinberg-
Salam model amplitudes for all two-body reactions
of gauge bosons with zero total electric charge in
the s channel. We display only those terms that
are potentially relevant to the question of unitarity,
omitting, for example, terms which are of or-
dinary electromagnetic strength at all energies.
Logarithmic violations of unitarity that occur at
exponentially high energies -M~e' will be of no

16 1519
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Unitarity [Lee, Quigg, Thacker]

– predicted transition amplitudes finite for all Higgs masses

σWW→WW ∼
m2

H

v2
⇒ mH . 1 TeV

⇒ Higgs couplings unitary?

Renormalizability [’t Hooft & Veltman]

– absence of UV cutoff scale defining ‘fundamental theory’

– couplings with inverse mass dimension problematic

L ∼
1

M2
∂µ(φ†φ) ∂µ(φ†φ)

Fourier−→
p2

M2
v H3

⇒ Higgs sector renormalizable?
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Nuclear Physics B35 (1971) 167-188. North-Holland Publishing Company 

R E N O R M A L I Z A B L E  L A G R A N G I A N S  F O R  
M A S S I V E  Y A N G - M I L L S  F I E L D S  

G. ' t  HOOFT 
Institute for Theoretical Physics, University o f  Utrecht 

Received 13 July 1971 

Abstract: Renormalizable models are constructed in which local gauge invariance is broken 
spontaneously. Feynman rules and Ward identities can be found by means of a path in- 
tegral method, and they can be checked by algebra. In one of these models, which is 
Studied in more detail, local SU(2) is broken in such a way that local U(1) remains as a 
symmetry. A renormalizable and unitary theory results, with photons, charged massive 
vector particles, and additional neutral scalar particles. It has three independent param- 
eters. 

Another model has local SU(2) (~U(1) as a symmetry and may serve as a renormali- 
zable theory for p-mesons and photons. 

In such models electromagnetic mass-differences are finite and can be calculated in 
perturbation theory. 

1. INTRODUCTION 

In a preceding article [1] ,  henceforth referred to as I, it  has been shown that,  ow- 
ing to their large symmetry,  mass-less Yang-Mills fields may  be renormalized, pro- 
vided that a certain set of  Ward identit ies is not  violated by renormalization effects. 
With this we mean that  anomalies like those o f  the axial current Ward identities in 
nucleon-nucleon interactions [ 2 - 4 ] ,  which are due to an unallowed shift o f  inte- 
gration variables in the "formal"  proof,  must not  occur. In I it  is proved that such 
anomalies are absent in diagrams with one closed loop,  if  there are no parity- 
changing transformations in the local gauge group. We do know an extension of this 
proof  for diagrams with an arbitrary number o f  dosed  loops, bu t  it is rather in- 
volved and we shall not  present it here. 

Thus, our prescription for the renormalization procedure is consistent, so the 
ultraviolet problem for mass-less Yang-Mills fields has been solved. A much more 
complicated problem is formed by the infrared divergencies o f  the system. Wein- 
berg [5] has pointed out  that ,  contrary to the quantum electrodynamical  case, this 
problem cannot merely be solved by  some closer contemplat ion of  the measuring 
process. The disaster is such ~ a t  the per turbat ion expansion breaks down in the in- 
frared region, so we have no rigorous field theory to describe what  happens. 
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complicated problem is formed by the infrared divergencies o f  the system. Wein- 
berg [5] has pointed out  that ,  contrary to the quantum electrodynamical  case, this 
problem cannot merely be solved by  some closer contemplat ion of  the measuring 
process. The disaster is such ~ a t  the per turbat ion expansion breaks down in the in- 
frared region, so we have no rigorous field theory to describe what  happens. 

~ . A ~ .  1 Nuclear Physics B44 (1972) 189- 213. North-Holland Publishing Company 
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Abstract: A new regularization and renormalization procedure is presented. It is particularly 
well suited for the treatment of gauge theories. The method works for theories that were 
known to be renormalizable as well as for Yang-Mills type theories. Overlapping diver- 
gencies are disentangled. The procedure respects unitarity, causality and allows shifts of 
integration variables. In non-anomalous cases also Ward identities are satisfied at all stages. 
It is transparent when anomalies, such as the Bell-Jackiw-Adler anomaly, may occur. 

1. INTRODUCTION 

Recently it has been shown [1] that it is possible to formulate renormalizable 
theories of charged massive vector bosons. The derived Feynman rules involve ghost 
particles, and in order to establish unitarity and causality of the S-matrix Ward iden- 
tities are needed. The necessary combinatorial techniques were given in ref. [2], in 
the treatment of massless Yang-Mills fields. It was emphasized that these same tech- 
niques work also in the case of massive vector boson theories obtained from the 
massless theory by means of the Higgs-Kibble [3] mechanism. Stated somewhat di,'- 
ferently: the manifestly renormalizable set ** of Feynman rules involving ghosts may 
be transformed into a set of manifestly unitary and causal Feynman rules by means 
of Ward identities. Actually these manifestly unitary and causal Feynman rules are 
quite meaningless in view of the occurring divergencies, and a direct proof of unita- 
ry and causality starting from the manifestly renormalizable roles is to be preferred. 
This is precisely the program carried through in refs. [1, 2]. 

However, even with a set of manifestly renormalizable rules one cannot be sure 
that a consistent theory results unless a suitable cut-off and subtraction procedure 
has been defined. In particular, since unitarity depends crucially on the validity of 
the Ward indentities one must have a procedure that respects those Ward identities. 
In ref. [2] the existence of such a procedure was proven for diagrams containing at 

* Postal address: Maliesingel 23, Utrecht, the Netherlands. 
** i.e. renormalizable with respect to power counting. 
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Beautiful field theory, but true?

Unitarity [Lee, Quigg, Thacker]

– predicted transition amplitudes finite for all Higgs masses

σWW→WW ∼
m2

H

v2
⇒ mH . 1 TeV

⇒ Higgs couplings unitary?

Renormalizability [’t Hooft & Veltman]

– absence of UV cutoff scale defining ‘fundamental theory’

– couplings with inverse mass dimension problematic

L ∼
1

M2
∂µ(φ†φ) ∂µ(φ†φ)

Fourier−→
p2

M2
v H3

⇒ Higgs sector renormalizable?

Weakly or strongly interacting Higgs? [Weinberg; Georgi, Kaplan (Dimopoulos)]

– same as: fundamental or composite scalar?

– unitarity ensured by composite Higgs sector

– renormalizability not required with composite Higgs sector

⇒ Higgs scalar fundamental?
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SU(2) X U(I) BREAKING BY VACUUM MISALIGNMENT 

David B. KAPLAN and Howard GEORGI 
L yman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA 
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Currently two scenarios exist which explain SU(2) × U(1) breaking: the Higgs mechanism, and standard hypercolor 
schemes. In this paper, a third scenario called "oblique hypercolor" is proposed. A hyperquark condensate is formed 
which, although kinematically allowed to point in an SU(2) × U(1) preserving direction, is forced by Yukawa interactions 
of the hyperquarks to misalign by a small angle, breaking SU(2) × U(1). The low energy spectrum involves normal fer- 
mions with correct masses, a partially composite Higgs boson, and physical charged scalars. 

1. Introduction. The recent discovery of the W 
and Z bosons confirm the belief that a spontaneously 
broken SU(2) × U(1) gauge group correctly describes 
the electroweak interactions. But how is SU(2) × U(1) 
broken? Nobody knows. In the standard model, the 
scalar Higgs doublet acquires a VEV, and the spec- 
trum includes heavy gauge bosons and the massive, 
neutral uneaten scalar. Hypercolor models offer an 
alternative scenario for breaking SU(2) × U(1): strong- 
ly interacting hyperquarks form a condensate which 
transforms nontrivially under SU(2) × U(1) [1]. In 
such models the condensate scale is required to be 
O(MW), and the low energy spectrum may include 
composite pseudo-Goldstone bosons. In this paper we 
introduce a third scenario - that of "oblique hyper- 
color". In this model a hypercolor interaction causes 
a condensate to form which, in the absence of addi- 
tional interactions, will choose to preserve SU(2) 
× U(1), A fundamental scalar doublet (with quantum 
numbers of the usual Higgs doublet) is coupled both 
to hyperquarks and ordinary matter, and it is shown 
that such Yukawa couplings can force the hyperquark 
condensate to deviate from the SU(2) × U(1) 
preserving direction by a small angle. Thus the electro- 
weak group is broken at a scale much smaller than the 
condensate scale. In the process, the scalar develops a 
VEV, and one combination of fundamental and com- 
posite scalars looks just like the usual Higgs doublet: 
three members are eaten by the W and Z, masses are 

0.370-2693/84/$ 03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

generated for quarks and leptons via Yukawa cou- 
plings, and a massive neutral scalar remains in the 
spectrum. The orthogonal combination of fundamen- 
tal and composite scalars forms a complete, massive, 
complex doublet. 

In the following section of the paper we introduce 
the model and address the vacuum alignment prob- 
lem. Hypercolor effects are treated unambiguously 
using chiral perturbation techniques, which are re- 
viewed briefly in an appendix. In the concluding sec- 
tion we mention the phenomenology of such a model 
- in particular AS = 2 contributions from the physic- 
al charged scalars - and consider the possibility of 
oblique hypercolor without fundamental scalars. 

2. The oblique hypercolor scenario. We consider a 
hyperquark field ~ i  = (U, D, S) which transforms as 
some complex representation of  the strongly interac- 
ting hypercolor group. The theory possesses an approxi- 
mate SUL(3 ) × SUR(3 ) chiral flavor symmetry which 
is explicitly broken in three ways: 

(i) We gauge the SU(2)isospi n × U(1)Hypercharg e 
vector subgroup of SU(3) × SU(3) and identify this 
subgroup with the electroweak SU(2) × U(1). Thus 
(DU)L,R and SL, R are weak doublets and singlets re- 
spectively. 

(ii) We introduce a fundamental scalar field 
--- ($+, ~b 0) with the same quantum numbers as the 
usual Higgs doublet, and give it SU(2) X U(1) in- 
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Higgs couplings proportional to masses? [Dührssen]

t W,Z

b,t
W,Z

– measured in production & decay combinations
– Lagrangian

L = LSM + ∆W gmW H WµWµ + ∆Z
g

2cw
mZ H ZµZµ −

∑
τ,b,t

∆f
mf

v
H
(
f̄R fL + h.c.

)
+ ∆gFG

H
v

GµνGµν + ∆γFA
H
v

AµνAµν + invisible + unobservable

gg → H
gg → Hj (boosted)
gg → H∗ (off-shell)
qq → qqH
gg → t t̄H
qq′ → VH

←→ gHXX = gSM
HXX (1 + ∆X ) ←→

H → ZZ
H → WW
H → bb̄
H → τ+τ−

H → γγ
H → invisible
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⇒ proper theory only for ∆x ≡ 0

Testing the 1964 prediction [Butter, Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch, Zerwas]
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⇒ ‘Standard Model to 20%’
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⇒ ‘Standard Model to 20%’

– what does 20% mean?

– renormalizability broken

– unitarity broken

– total rates only

– no link to Goldstones
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Not beautiful, but useful: effective theory

– resolved mass scale mH ≈ 126 GeV
new physics mass scale M � mH

– Lagrangian from particle content and symmetries, but with 1/cutoff2

LHVV =−
αsv
8π

fg
M2
OGG +

fBB

M2
OBB +

fWW

M2
OWW +

fB
M2
OB +

fW
M2
OW +

fφ,2
M2
Oφ,2

– operator basis

OBB =φ
†BµνBµνφ OWW =φ

†WµνWµν
φ OGG =φ

†
φGa

µνGaµν

OB = (Dµφ)†Bµν(Dνφ) OW = (Dµφ)†Wµν(Dνφ) Oφ,2 = ∂
µ(φ†φ)∂µ(φ†φ)

– plus t , b, τ couplings

9 operators, 7 ∆ shifts, 4 new Lorentz structures
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Low energy effects of new interactions in the electroweak boson sector
K. Hagiwara

KEK, Tsukuba, Ibaraki 805, Japan

S. Ishihara
Department of Physics, University of Tokyo, Tokyo 118, Japan

R. Szalapski and D. Zeppenfeld
Department of Physics, University of Wisconsin, Madison, Wisconsin 58706

(Received 17 March 1993)

Novel strong interactions in the electroweak bosonic sector are expected to induce efFective inter-
actions between the Higgs doublet field and the electroweak gauge bosons which lead to anomalous
WWZ and WWp vertices once the Higgs field acquires a vacuum expectation value. Using a linear
realization of the Goldstone bosons, we consider a complete set of dimension-six operators which
are SU(2)xU(1) gauge invariant and conserve C and P. This approach allows us to study effects
of new physics which originates above 1 TeV and the Higgs boson mass dependence of the results
can be investigated. Four of the dimension-six operators afFect low energy and present CERN LEP
experiments at the tree level. Another five inQuence neutral and charged current experiments at
the one-loop level and three of these lead to anomalous WWZ and WWp vertices. Their loop
contributions are at most logarithmically divergent, and these logarithmic divergences can be un-
derstood as renormalizations of the four operators which contribute at the tree level. Constraints
on the remaining five operators can be obtained if one assumes the absence of cancellations between
the tree level and one-loop contributions. The resulting bounds on anomalous triple gauge boson
couplings are modest, which emphasizes the importance of direct measurements of the triple gauge
boson vertices, e.g. , in W+W production at LEP II.
PACS number(s): 12.15.Cc, 12.15.3i, 12.50.Lr, 14.80.Er

I. INTRODUCTION
Many aspects of the standard model (SM) have been

beautifully confirmed by the recent experiments at the
CERN e+e collider (LEP) and SLAC Linear Collider
(SLC), in particular the gauge theory predictions for
the couplings of the vector bosons to the fermions. On
the other hand the precise dynamics of the spontaneous
breaking of the SU(2) xU(1) gauge symmetry remains
one of the major open questions. The search for the
Higgs boson or the measurement of longitudinal weak
boson scattering cross sections at the Superconducting
Super Collider (SSC) or the CERN Large Hadron Col-
lider (LHC) will be crucial to shed light on the Higgs
sector. More generally we need to determine experimen-
tally whether the SM predictions for the interactions in
the bosonic sector are adequate descriptions of nature.
This includes the measurement of, e.g. , the WWZ and
WWp triple vector boson couplings in e+e ~ W+W
at LEP II [1, 2] and in vector boson pair production at
future hadron colliders [3].
While the production of electroweak gauge boson pairs

will test the SM predictions for the gauge boson self-
interactions at the tree level, one would expect that some
new physics which leads to large deviations from the SM
in these production experiments would also give indirect
effects (virtual corrections) in precision experiments at
energies below the pair production threshold. EfFects on
the anomalous magnetic moment of the electron or the

muon [4, 5] and deviations &om the SM predictions in
four fermion amplitudes as measured, e.g. , in deep in-
elastic scattering, atomic parity violation, or in W and
Z production and decay have been analyzed in the past
[6—8]. Usually the deviations from the SM were intro-
duced in such a way as to violate SU(2) xU(1) gauge in-
variance when the scale of new physics, A, is taken to
be large. As a result the one-loop contributions from
anomalous WWV (V = p, Z) interactions to observable
oblique parameters [9] such as bp [10], the S, T, U pa-
rameters of Peskin and Takeuchi [11], or other related
parameters [12, 13] turn out to be quadratically or even
quartically divergent [6]. Because of these divergencies
the new physics at the high mass scale does not decouple
and for sufIiciently large values of A quantum corrections
become much larger than the lowest order effects [14].
These problems simply indicate that the assumed effec-
tive Lagrangian becomes inconsistent for a large scale A.
In order to avoid such an unphysical situation, significant
deviations from the gauge theory WWV couplings should
imply either a low new physics scale (A m~) [15] or
the existence of an extra contribution to the oblique pa-
rameters which exactly cancels the apparent quadratic
and quartic sensitivity to A [16]. In both cases, we need
to know details of the model in order to find a constraint
on the WWV couplings from low energy precision exper-
iments.
In a previous Letter [17] we reanalyzed the low energy

bounds on the anomalous triple vector boson couplings
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Oiiw = Tr([D„,W„p] [D",W ~]),
I2

O» =—,(~.B-.)(~"B")
Ogw = C'tBp TV+ C',

(2.2a)

(2.2b)

(2.2c)

We will assume that the new physics respects the local
SU(2) xU(1) symmetry and that this symmetry is bro-
ken spontaneously only, by the vacuum expectation value
of C. As a result the operators in l.,~ must be invari-
ant under the full gauge symmetry. In addition we only
consider operators which separately conserve parity and
charge conjugation invariance.
A general analysis of the allowed operators with energy

dimension d = n + 4 ( 8 can be found in Refs. [19,24].
Operators which difFer by total derivatives only can be
identified with each other and the classical equations of
motion provide additional relations. Nevertheless, sev-
eral dozen independent operators remain when taking
into account operators which involve fermions as well as
bosons. Here we are interested in low energy efFects of
the electroweak symmetry-breaking sector only. We thus
expect operators involving fermions to be suppressed by
powers of my/A, making them negligible except, per-
haps, when involving the top quark. Dropping all terms
involving fermions requires that we do not use the equa-
tions of motion for the gauge fields since their equations
of motion give the fermionic parts of the isospin and hy-
percharge currents which are not suppressed for small
fermion masses.
With these restrictions eleven independent operators

remain. Four of them, namely,

and of the weak mixing angle [21]. These effects will be
considered in more detail in Sec. III.
Of the remaining seven operators two solely afFect the

Higgs self-interactions at the tree level

O~ 2 ———8„(Ct4)0"(@t4),1

Oc, s = —(@'t@)'
(2.6a)

(2.6b)

= zgww g (W+ W "—W+ "W )V

+Kv W+R' V"

They do not enter in our subsequent analysis, since at the
one-loop level their efFects can be absorbed into a change
of the Higgs potential and hence into a renormalization
of the SM parameters.
The other five operators are

Owww = Tr[W„„W"~Wp "], (2.7a)
Oww = CtW„TV" (2.7b)
OI3I3 ——4tB„„B"C, (2.7c)
Ow = (D„C')tW" (D„C), (2.7d)
O~ = (D„4)tB" (D 4) . (2.7e)

As we shall see they all contribute to four-fermion am-
plitudes at the one-loop level. In addition Owww, Ow,
and O~ give rise to nonstandard triple gauge boson cou-
plings. Conventionally the WWV vertices (V = Z, p)
are parametrized by the effective Lagrangian [2]

O@ i ——(D„@)t@4t(D"4), (2.2d)

afFect the gauge boson two-point functions at the tree
level [21]. Here 4 denotes the Higgs doublet field. The
covariant derivative for an isospin doublet with hyper-
charge Y = 2 is

aD„=8„+—g'B„+i g2 " 2
(2.3)

and W„„and B„denote the full (non-Abelian) field
strengths of the W and the B gauge fields:

[D„,D„] = B„+W„=i —B„+i g—W„ (2 4)

2 I2
l'iv=fLiw W 0 W ~ + fg)g B~ 0 B~2A2 2A2

m2 V2+ fzwsc W B + f@ i mzZ„Z" (2 5)

to the kinetic energy part of the Lagrangian. O~w intro-
duces B-R' mixing and hence gives a contribution to the
S parameter. O@ i contributes to the g boson mass but
not to the TV mass and hence leads to deviations of the
p parameter from 1. Finally, ODw and OD~ lead to an
anomalous running of the @ED fine structure constant

When replacing 4 by its VEV, (0, v/v 2), and keeping
terms bilinear in the gauge fields only, one finds a contri-
bution

Av W+ W ~Vp", (2.8)mw )
where the overall coupling constants are defined as
gww~ ———e and gwwz ———e cotow. Within the stan-
dard model, the couplings are given by g& ——gi ——Kz ——

v~ = 1, and Az ——A~ = 0. While the value of gi is
fixed by electromagnetic gauge invariance, the presence
of the operators Owww, Ow, and O~ in the efFective
Lagrangian of Eq. (2.1) will change the other values to

z=1 mz

m2
~z =1+[fw —s'(fa+ fw)] 2A2,

2
~, = 1+ (fa+ fw)

(2.9a)

(2.9b)

(2.9c)

3mwg&, =&z= fwww =&,2A2 (2.9d)
with 8 = sinew.
At first sight it would appear that the operator Oww

would also give rise to anomalous values of r~ or Kz
when 4 is replaced by its vacuum expectation value,
(O, v/v 2)+, and, hence, @t4 ~ v /2. One immediately
finds, however, that the resulting term and the analogous
one from the operator O~~ are directly proportional to
the SM kinetic energy terms of the SU(2) and U(1) gauge
bosons and they can be absorbed into a finite renormal-
ization of the TV and B fields, respectively. In addition
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Behind the operators: Higgs portal

New physics in terms of particles

– renormalizable, extended scalar potential

V (Φ,S) =µ2
1 (Φ† Φ) + λ1 |Φ†Φ|2 + µ

2
2 |S|

2 + λ2 |S|4 + λ3 |Φ† Φ| |S|2

– 〈S〉 6= 0: mixing with Higgs particle
〈S〉 = 0: simplest dark matter model ever

– effects in effective Largrangian

– invisible Higgs decays [mS < mH/2]
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The Minimal Model of nonbaryonic dark matter:
a singlet scalar
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Abstract

We propose the simplest possible renormalizable extension of the Standard Model—the addition
of just one singlet scalar field—as a minimalist model for nonbaryonic dark matter. Such a model
is characterized by only three parameters in addition to those already appearing within the Standard
Model: a dimensionless self-coupling and a mass for the new scalar, and a dimensionless coupling,
λ, to the Higgs field. If the singlet is the dark matter, these parameters are related to one another
by the cosmological abundance constraint, implying that the coupling of the singlet to the Higgs
field is large, λ ∼ O(0.1–1). Since this parameter also controls couplings to ordinary matter, we
obtain predictions for the elastic cross section of the singlet with nuclei. The resulting scattering
rates are close to current limits from both direct and indirect searches. The existence of the singlet
also has implications for current Higgs searches, as it gives a large contribution to the invisible
Higgs width for much of parameter space. These scalars can be strongly self-coupled in the
cosmologically interesting sense recently proposed by Spergel and Steinhardt, but only for very low
masses (! 1 GeV), which is possible only at the expense of some fine-tuning of parameters.  2001
Published by Elsevier Science B.V.

PACS: 14.80.-j; 12.60.Fr

1. Introduction

It is an amazing fact of our times that even as our understanding of cosmology progresses
by leaps and bounds, we remain almost completely ignorant about the nature of most of
the matter in the universe. According to recent fits to cosmological parameters [1], dark
matter of some sort makes up close to 30% of the total energy density. This is much
more than what is inferred from inventories of the luminous matter we can see. Moreover,

E-mail address: pospelov@tpi1.hep.umn.edu (M. Pospelov).

0550-3213/01/$ – see front matter  2001 Published by Elsevier Science B.V.
PII: S0550-3213(01)00513-2
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– constrained by LHC



LHC Theory

Tilman Plehn

LHC

Higgs boson

Higgs couplings

Effective theory

Higgs portal

Dark matter
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New physics in terms of particles

– renormalizable, extended scalar potential

V (Φ,S) =µ2
1 (Φ† Φ) + λ1 |Φ†Φ|2 + µ

2
2 |S|

2 + λ2 |S|4 + λ3 |Φ† Φ| |S|2

– 〈S〉 6= 0: mixing with Higgs particle
〈S〉 = 0: simplest dark matter model ever

– effects in effective Largrangian

– invisible Higgs decays [mS < mH/2]

Dark matter models means anomalies

– Fermi galactic center excess [Goodenough, Hooper]

– explained by Higgs portal [Cuoco, Eiteneuer, Heisig, Krämer]

– constrained by LHC

– most constrained by direct detection

⇒ key question: link to LHC?
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Same game beyond the Higgs sector

Supersymmetric dark matter candidates

– superposition of SU(2)L representations: neutralinos/charginos
singlet — bino, singlino
double-doublet — higgsino
triplet — wino

– annihilation χ̃0
1χ̃

0
1 → bb̄,W +W−, t t̄

– Higgs portal to Majorana fermions

– no smoking LHC gun (yet)
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Same game beyond the Higgs sector

Supersymmetric dark matter candidates

– superposition of SU(2)L representations: neutralinos/charginos
singlet — bino, singlino
double-doublet — higgsino
triplet — wino

– annihilation χ̃0
1χ̃

0
1 → bb̄,W +W−, t t̄

– Higgs portal to Majorana fermions

– no smoking LHC gun (yet)

Link to invisible Higgs decays

– no Fermi-Higgs link in MSSM

– strong correlation for NMSSM

– BR(H → inv) ≈ 10 ... 30% expected

⇒ LHC physics not only QCD and EFT
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Theory for and at the LHC

Data driven era

– Higgs physics a triumph, LHC one of the great experiments

– many open questions, some very old, but new data

– requiring experts, not preachers

– currently no ‘hot’ LHC anomaly [as far as I am concerned]

but who knows what happens next

– new ideas by young people still crucial, welcome, and acknowledged
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Lectures on LHC Physics, arXiv:0910.4182 Yet Another Introduction to Dark Matter, arXiv:1705.01987
both updated under www.thphys.uni-heidelberg.de/˜plehn/

www.thphys.uni-heidelberg.de/~plehn/
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– quantum corrections to Higgs mass... [∆t ∆E < 1]
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– Higgs mass pulled to cut-off Λ� 126 GeV [where Higgs at Λ does not work]

no protecting symmetry in Standard Model [no idea where Higgs field comes from]
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Renorinalization Group and Strong Interactions*
KzNNzTH G. WU.SON

Stanford Linear Accelerator Center, Stanford University, Stanford, California 04305
and

Laboratory of Nuclear Studies, Cornell University, Ithaca, Blew York 14$50t'
(Received 30 November 1970)

The renormalization-group method of Gell-Mann and Low is applied to Geld theories of strong inter-
actions. It is assumed that renormalization-group equations exist for strong interactions which involve one
or several momentum-dependent coupling constants. The further assumption that these coupling constants
approach 6xed values as the momentum goes to inhnity is discussed in detail. However, an alternative is
suggested, namely, that these coupling constants approach a limit cycle in the limit of large momenta.
Some results of this paper are: (1) The e+-e annihilation experiments above 1-GeV energy may distinguish
a fixed point from a limit cycle or other asymptotic behavior. (2) If electrodynamics or weak interactions
become strong above some large momentum A., then the renormalization group can be used (in principle)
to determine the renormalized coupling constants of strong interactions, except for U(3) &&U(3) symmetry-
breaking parameters. (3) Mass terms in the Lagrangian of strong, weak, and electromagnetic interactions
must break a symmetry of the combined interactions with zero mass. (4) The AI =-, rule in nonleptonic
weak interactions can be understood assuming only that a renormalization group exists for strong
interactions.

I. INTRODUCTION
T large momenta radiative corrections in quantum
electrodynamics grow logarithmically. At an

energy of about 10' eV the radiative corrections are of
order 1 instead of order rr (n is the fine-structure con-
stant), and at infinite energy the radiative corrections
are infinite. As a result, the Born approximation to
quantum electrodynamics is unreliable at energies of
10' eU or higher. This raises a challenge: Can one find
an approximation to electrodynamics which is valid
for these energies?
The academic nature of this challenge is evident.

Quantum electrodynamics neglects the interactions of
photons with hadrons and the weak interactions of
electrons, not to mention interactions not yet dis-
covered. Any of these interactions could appreciably
alter the electron-photon interaction at high energies.
In any case, 10"eU is an energy hopelessly beyond the
range of any conceivable accelerator. Nonetheless, some
notable authors have tried to meet this challenge. ''
This paper is concerned with the work of Gell-Mann
and Low, ' who studied in particular the behavior of
the photon propagator in the limit of large k', k being
the photon momentum. To study the photon propa-
gator, Gell-Mann and Low used a method which has
since become known as the renormalization-group
approach. The renormalization group was invented by
Stueckelberg and Petermann'; its role in the Gell-
Mann —Low analysis is discussed in the book of
Bogoliubov and Shirkov. 4
*Work supported by the U. S. Atomic Energy Commission.
f Present and permanent address.' M. Gell-Mann and F. E. Low, Phys. Rev. 95, 1300 (1.954).' L. D. Landau, A. A. Abrikosov, and I. M. Khalatnikov, Dokl.

Akad. Nauk. SSSR 95, 773 (1954); 95, 1177 (1954); 96, 261
(1954).' E, C. G. Stueckelberg and A. Petermann, Helv. Phys. Acta
26, 499 (1953).
4N. N. Bogoliubov and D. V. Shirkov, Introduction to the

Theory of Quanti2, ed Fields (Interscience, New York, 1959),
Chap. VIII. An important recent reference on the renormalization

3

Gell-Mann and Low suggest that their analysis may
apply to theories of strong interactions as well as
electrodynamics, and that in strong interactions their
results might apply at energies more accessible than
10 eV. In practice, the storage-ring experiments to
measure the total cross section for e+-e annihilation
into hadrons above 1-GeV momentum transfer (and
perhaps the SLAC deep-inelastic scattering experi-
ments) explore a range of momenta relevant to the
Gell-Mann —Low theory. Clearly the time has come to
explore in detail the consequences of the Gell-Mann-
Low theory for strong interactions.
The basic formula in the Gell-Mann —Low theory for

electrodynamics is a differential equation for a quantity
eq. Let the renormalized photon propagator be written
Is 'd (k'/ms, e'), where k is the photon four-momentum,
e is the renormalized electron charge, and m is the
renormalized electron mass. Then e), is defined by

ebs =e'd (—X'/res' e') (1 1)
Gell-Mann and Low set up a generalization of the usual
renormalization procedure in which eq is defined to be
the renormalized coupling constant, for some arbitrary
chosen value of X, in place of e. They also argue that e&,
considered as a function of X, interpolates between the
physical charge e and the bare charge, namely, e), for
X~ 0 is e and e), for X—+ ~ is the bare charge. The
bare charge will be denoted e„ in this paper. The Gell-
Mann —Low formula is of the form

=P(~'/l ', e,').
d(in'~')

(1.2)

Gell-Mann and Low suggest that P(m'/X', ex') has a
nonzero limit as m —+ 0, i.e., f(0,ex') exists and is not
identically zero. If this is true, then for X))m, e), satisfies

group is M. Astaud and B.Jouvet, Nuovo Cimento 63A, 5 (1969);
66A, 11 (,1970).
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symmetry. If they do break. a symmetry of electro-
dynamics, then electrodynamic corrections to h~~, etc.,
will be of order h~),eq', etc., instead of eq' and will not be
a problem. This means there must be a symmetry
common to electrodynamics and strong interactions
which is broken by the couplings h~~, h2~, and hay,' a
logical choice is axial baryon number since the usual
electrodynamic Lagrangian for strong interactions pre-
serves axial baryon number. This probably must be a
symmetry of weak interactions also in order that weak '

corrections to h~q, etc., at large momenta not be large,
While the fixed point has to be infrared unstable with

respect to the couplings h~~, h2~, and h3q, it must be
infrared stable to symmetry-breaking parameters which
do get large radiative corrections for X h.. For example,
h4&, might break SU(3)XSU(3) without breaking axial
baryon number or other (electrodynamic+strong)
symmetries; then h4), will be la,rge for 'A A. and must
decrease as X decreases. Also, it seems likely that all
coupling constants that preserve the symmetries of
strong interactions, namely, the constants Pz, will have
large radiative corrections and therefore P~ must be
infrared stable to perturbations of Py about Pf. Since
the theory defined by the coupling constants (Pr,O) is
scale invariant (by the analysis of Sec. III C), this
means that the breaking of scale invariance at low
momenta is due entirely to couplings which also break
internal symmetries; in particular, all generalized mass
terms must break an internal symmetry. A generalized
mass term is any coupling which causes particles to
have 6nite mass rather than zero mass. It is interesting
to note that there are no weakly coupled scalar particles
in nature; scalar particles are the only kind of free
particles whose mass term does not break either an
internal or a gauge symmetry.
This discussion can be summarized by saying that

mass or symmetry-breaking terms must be "protected"
from large corrections at large momenta due to various
interactions (electromagnetic, weak, or strong). A
symmetry-breaking term, such as h&z, h2&, or ha&, is
protected if, in the renormalization-group equation for
hi&, h2y, or h3q, the right-hand side is proportional to
hjq, h2q, h3q or other small coupling constants even when
high-order strong, electromagnetic, or weak corrections
are taken into account. The mass terms for the electron
and muon and the weak boson, if any, must also be
protected. This requirement means that weak inter-
actions cannot be mediated by scalar particles. "
One basic mystery remains from this analysis,

namely, why the breaking of the a,xial baryon number is
small when P A; even if the mixing of electrodynamics
with strong interactions does not force the breaking to
be large, it is strange that it is small without being zero.
According to the analysis of Sec. III E, all the re-

normalized coupling constants of strong interactions

'6 This rules out the models of W. Kummer and G. Segrb, Nucl.
Phys. 64, 585 (1965) and N. Christ, Phys. Rev. 17'6, 2086 (1968).

could be computed by solving the renormalization-
group equations. This is no longer true. There is no
argument that can determine h~g, h2~, or h32 for X
GeV and the values of these constants for one value of
X must be determined from experiment. The renormal-
ization group can then be used to fix the values of h~~,
h~y, and hag for other values of X. If there are other
coupling constants which increase as X decreases, these
coupling constants must also be determined from experi-
ment. Such coupling constants will be small for X h.
and therefore must also be protected. This presumably
means these constants are also symmetry-breaking
terms. Hopefully, the dominant symmetry-breaking
terms are hj), h2&, and h», then other syminetry-
breaking terms, while surely present, are small for

1 GeV, and cannot increase further for X&(i GeV
because amplification ceases for X less than the hadron
masses (see Sec. III 3).
The renormalization group for strong interactions

contains mass terms and coupling constants for any
super-renormalizable interactions. Should it include
nonrenormalizable interactions) The answer is yes, for
several reasons. It was shown in Sec. IV that the inter-
action Lagrangian density Z.i(x) is a nonrenormalizable
interaction in the neighborhood of an infrared-stable
6xed point. This will also be true of the interactions
associated with the non-symmetry-breaking couplings
g~q .g„y of strong interactions, since the fixed point
Pf must be infrared stable except for symmetry
breaking. So in eGect some nonrenormalizable inter-
actions are already present in the renormalization
group. Conversely, there is no reason to suppose that a
symmetry-breaking interaction which is nonrenormal-
izable in perturbation theory will stay nonrenormal-
izable near a fixed point with large coupling constants:
for example, the U(3)XU(3) breaking constant hay

might correspond to a nonrenormalizable interaction in
perturbation theory [especially in the gluon model,
where in perturbation theory there are no renormal-
izable interactions or mass terms which break U(3)
XU(3) without breaking SU(3)XSU(3) also]. So it
may be essential to include interactions which are non-
renormalizable in perturbation theory to find all the
generalized mass terms near a strongly intera, cting fixed
point. Furthermore, there has never been any funda-
mental physical distinction between nonrenormalizable
interactions and renormalizable ones, so one would like
to treat them on an equal footing. Finally, there is a
model with a renormalization group which can be
solved rigorously in strong coupling which necessarily
includes nonrenormalizable interactions. '~
If the renormalization group for strong interactions

includes nonrenormalizable couplings, it will be dificult
to construct it as a simple extension of the Gell-Mann-
Low group, requiring that one start from scratch. It
will also be considerably more complicated than the

'7 K. Wilson, Phys. Rev. D 2, 1438 (1970).
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– Higgs mass pulled to cut-off Λ� 126 GeV [where Higgs at Λ does not work]

no protecting symmetry in Standard Model [no idea where Higgs field comes from]

⇒ valid theoretical guiding principle?

If Higgs mass is a problem...

– protecting symmetries: supersymmetry?

– low cut-off in composite models?

– something totally different?

– maybe combined with dark matter particle?

⇒ LHC theory beyond precision QCD and EFT...
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