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® JADE

= LEP (preliminary)

— QCD NNLO
X2/Ny = 14.4/16

uncorrelated error

total error i

25 50 75 100 125 150 175 200
Egy (GeV)

CERN Courier, November 2004

QCD coupling decreases as
function of energy

Negative S-function:

das(p) <0.

p Oln 12

Implies asymptotic freedom:
quarks and gluons do not
interact for asymptotically
high energy i — oo



References Citing Articles (188)

1 theory is s

point in the




Seemingly unrelated: Quantum Triviality



Quantum triv

Article

juantum field
This phenomenon is referred
d theory i
ituation for
s including other part

Nevertheless he Higg




Quantum Triviality:
)\R(m) =0

in the continuum limit



in 4d
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and quantum triviality

It is the same loophole in both proofs
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Both proofs assume Ag(f = Ayy) >0



Classical Potentials

A>0: V(x) o x* A <0 V(x) ox —x*
“correct” “nonsense”
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Nobel prize winners and Fields Medalists tell you that A < 0 QFT is
nonsense. Do you want continue?

N
e —

]

Itis best to act with confidence,
no matter how little right yoy
have to it




Can field theory with Ag(iz = Auyy) < 0 make sense?



Can field theory with Ag(iz = Auyy) < 0 make sense?

Not in classical physics. But maybe for a quantum theory?



Reason |: Pure Math

MIND YOUR HEAD

Technical Slides Ahead!



Toy Model Field Theories

« Define



Toy Model Field Theories

« Define

« What is

Z(-1) =?



Toy Model Field Theories

« Seemingly unrelated

« Define > 1
- ((s)=2_
Z(N) :/ dxe " n=1
What is



Toy Model Field Theories

« Seemingly unrelated

« Define > 1
- QO =
Z()\):/ dxe_)‘X4 n=1

« What is {(—1) =?



Toy Model Field Theories

« Seemingly unrelated

« Define > 1
- QO =
Z()\):/ dxe_)‘X4 n=1

« What is {(—1) =7
« What is « Riemann 1859: analytic
continuation

(-1 =15
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Toy Model Field Theories

Define
Z(\) = / dx e
—oo « Seemingly unrelated
« What is i 1
(s) =) —
Z(~1) =7 =
« calculate for A > 0 « What is ((—1) =7
5 « Riemann 1859: analytic
Z(\) = oAl (4) continuation
1
« Analytically continue: ¢(-1) = 12

Z(-1)=V2(1 - i) <i>
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Analytic Continuation

« Integral representation for A > 0:

Z(\) = / dx e ™"

« Analytic continuation for A < 0:

Z(A=—-g)=2r <> gi(—1)}

« Not unique: different branches of root

« But clearly no more “nonsense” than ((—1)



That was tedious. And boring. What's your point?
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Reason Il: Symmetry

« Standard Quantum Mechanics: Observables obey Hermiticity:

H =%

« We know Hermiticity is sufficient for real & positive ground state

« But is it necessary?



Non-Hermitian Quantum Mechanics

FIG. 1. Energy levels of the Hamiltonian H = p* — (ix)”™
as a function of the parameter N. There are three regions:




Non-Hermitian Quantum Mechanics
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Cr Width (pm)

online). Non-Hermitian dual

esign details and complex refractive index dis

(b) Scanning electron microscopy picture of the finalized pass

PT device with the Cr stripe shown on the right. (¢) M
isolated waveguide structure as a function of Cr v
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Negative Coupling Theories are not “nonsense”!

« They are well defined as analytic continuations
« Analytic continuation is unique if additional information is present
(e.g. requiring PT-symmetry)

Non-Hermitian Systems have been experimentally observed in various
systems

Negative coupling QFT could still be “pathological” for other reasons,
but A < 0 is not sufficient reason to dismiss them as “nonsense”

Proposal: calculate observables and check!
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O(N) Model

Defined as

Z:/Dq?e_sf, SE:/X [;aﬂ&aﬁhz(&ﬂ ,

with QZ_;: (¢17¢27 o ')¢N)'

Examples:
+ 0+1d is quantum mechanics in N dimensions (any N)
« 2+41d: conjectured AdSs gravity dual for N — oo [hep-th/0210114]
« 3+1d: N=4 is Higgs case
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O(N > 1) model in 4d in continuum

« O(N > 1) model is renormalized non-perturbatively

* In the continuum limit Ayy — oo, running coupling is

« Non-vanishing coupling in the continuum. Theory is non-trivial!

« Absolute value of coupling decreases at high energy

lim Ag(u) =0,

H—00

« Theory is asymptotically free!
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O(N>> 1) model in 4d — Physics consequence

« Standard Model Higgs Potential (2 parameters)

VHiggs = _m2¢2 + A¢4

« O(N) model effective potential (one parameter)

Vo) = Aot + rad. — corr






Radiative corrections generate VEV — No tachyonic mass term needed!



Radiative corrections generate VEV — No tachyonic mass term needed!
Perturbative vacuum at ¢ = 0 is unstable — agrees with EW Pheno



Standard Model Lagrangian

1
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O(N) Model Lagrangian

1
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O(N) Model Lagrangian

1
'I“l”',w : ]‘}”([",u,

+3° (/-,”_//,9{-,’: + &ipds, + glibgl + dipal, + n-,ﬁ.i/ﬁu-,ﬂ.)
f=1

1 (7 ot f otpf
,ZH‘: (I'I_nl’;‘,vtl',‘,u'/’l)

f=1

3

- Z ('1/")["'1/'{'(»(/"/\, + ('I/";” )'r}",'\,(‘ﬁ(/;l + //;{"’r/[r;tl’;‘, + (!/;{")' u",’({iﬁr//'
fg=1 "

Same physics — one parameter less!
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s-channel cr ction for O(N) model at large N

Well behaved scattering cross-section for any CM energy; prediction for
scalar bound state at m ~ 1.84my;ggs
This is how you kill /verify this model!
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Summary and Conclusions

Senior management built a “"mental roadblock” about scalars in 4d

Proofs about asymptotic freedom and quantum triviality have the
same loophole

« Analytic continuation to negative coupling exploits this loophole
O(N) model is explicitly solvable theory and practical testing ground
More checks on observables are needed

Potentially important consequences for EW Theory and QFT



Stop using classical “intuition”!
Calculate observables and check!



Bonus Material
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Continuum large N scalar field theory
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Negative Coupling Field Theory History

A Field Theory with Computable Large-Momenta Behaviour.

K. BYMANZIE

Deutsches Elektronen-Synchrotron DESY - Hamburg

(ricevuto il 12 Dicembre 1972)

In the eurrent extensive discussions (*) of ¢* theory it is usually taken for granted
that the renormalized coupling constant g must be positive. As emphasized previously (?)
there is no known reason, axiomatic or otherwise, for g>> 0 to be required for a
physically acceptable theory. The feeling that otherwise the theory cannot have a
vacuum and particles of digerete mass is not rigorously founded as discussed near the
end of this letter. The interesting feature of the theory with g < 0, however, appears
worth pointing out: If one assumes the theory to exist, the large-momenta behaviour
of its Feynman amplitudes can be computed at generic momenta to arbitrary accuracy.
Besides, we find that the imaginary part of the four-point vertex funection in ¢* theory
should not change sign in momentum space.




Negative coupling ¢* in 4d on the lattice

Partition function of 4d N=1 ¢* theory for negative coupling
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adapted from [2305.05678]




QCD running coupling

CMS R ratio —O— HERA
CMS tt prod. —{— LEP
CMS incl. jet —— PETRA

CMS 3-jetmass —v— SPS
—— Tevatron

Somewhat misleading: really a fit of perturbation theory
to experimental measurements



QCD at infinite coupling

« In pQCD, as(jz) does diverge at ji = Agg ~ 0.3 GeV
« Usually dismissed as an artifact of perturbation theory

« Non-perturbative extractions (lattice+NRQCD) exist down to i = 1.5
GeV where
as(1.5GeV) ~ 0.336

« QCD could have a Landau pole at /\M—S ~ 0.3 GeV

« No issues in QCD



The O(N>> 1) Model as a Model for QCD

« Only one scale M
* Is M the same as Ayg in QCD?
« Let's compare!



Parameter-free comparison to QCD
Thermodynamics O{N=>1) vs QCD

(P(M-p(0))/psa(T)

N=2+1 lattice QCD, M=0.3 GeV
massless O(N=>1) mgeel —



Parameter-free comparison to QCD
in O(N==1) vs N=4 SYM

>1) model
=4 SYM



Exact Running coupling in O(N) Model

Running coupling in the ©(N==1) model

[2305.05678]



Intermezzo: Selection of Analytic Continuation

FIG. 2. Wi
contour on which the e




Exact Running coupling in O(N) Model

Running coupling in the ©(N==1) model

[2305.05678]



Scattering for NR fermions

a




