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ABSTRACT: We show that in the MSSM without R-parity symmetry there are no new
contributions to electron and neutron electric dipole moments (EDMs) at one-loop
induced by the R-parity violating Yukawa couplings. Non-zero EDMs for the elec-
tron and neutron first arise at the two-loop level. As an example we estimate the
contribution of a two-loop graph which induces electron EDMs. On the other hand,
we show that the (Majorana) neutrino electric and magnetic transition moments are
non zero even at the one-loop level. Constraints on the R-parity violating couplings
are derived from the existing bounds on the neutrino dipole moments.
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Testing locality at colliders via Bell’s inequality?

S.A. Abel 2, M. Dittmar ® and H. Dreiner 2

2 Department of Physics, University of Oxford, 1 Keble Road, Oxford OX1 3NP, UK
Y Department of Physics, University of California, Riverside, CA 92521, USA

Received § December 1991; revised manuscript received 6 January 1992

We consider a measurement of correlated spins at LEP and show that it does not constitute a general test of local-realistic
theories via Bell’s inequality. The central point of the argument is that such tests, where the spins of two particles are inferred
from a scattering distribution, can be described by a local hidden variable theory. We conclude that with present experimental
techniques it is not possible to test locality via Bell’s inequality at a collider experiment. Finally we suggest an improved fixed-
target experiment as a viable test of Bell’s inequality.
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Is it possible to test Bell’s inequality viae.g. ete —»Z°—t*1

Establish spin by pion momentum e*e~—»Z°->t 1" >n*v, v, .

(do/dcos @, )(eTe " -rTT~ V. V,)
glete " -»ntn~v, V)

=1(1—-1cosb,,)

Differential cross-section  Poy(cos Oy) =

Insert into Bell’s inequality gives 9 —cos 6;; > |cos 6;5 —cos O |

Always satisfied => this process 1s not a test of Bell. (Ultimately because the angles
are written 1n terms of commuting variables.)
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Also true of e.g. tt systems at LHC ande.g. H — ZZ  (Casas et al; Barr et al)

In the paper we proposed a fixed target experiment that would be a
consistent test of Bell’s inequality ...
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Motivation for rest:

BSM driven for a long time (at least since 1992) by (un)Naturalness we see in QFT

Guided whole supersymmetry story: But nowadays “where 1s SUSY? Nowhere?” (Georg)

It 1s worth looking around
for another paradigm of
naturalness!
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Supersymmetry - the end of the line? | Science | The Guardian 27/03/2023, 13:49
Lifeand Physics Supersymmetry - the end of the line?
cience

Just before this blog moved to the Guardian, I wrote about a
supersymmetry meeting I attended. Now my theory pal who
organised it chips in

JonButterworth andHerbi  In case you missed it, I wrote about a conference on supersymmetry I went

Dreiner to last week, just before this blog moved home. I also gave some reasons why

Wed 1 Sep 201012.36 BST supersymmetry might, or might not, be seen as an attractive extension of the
Standard Model of particle physics, given that there is no experimental
evidence for it yet.

0 Waiting for data can be frustrating. Particle physicist Herbi Dreiner



Motivation for rest:

The end result of this study is the following circle of 1deas for naturalness beyond SUSY

UV/IR mixing & associated symmetries

VA

Finiteness through UV Completion: —p Infinite towers of states

“magic” cancellations String Theory /

Extraction/role of EFTs



Motivation for rest:

The end result of this study is the following circle of 1deas for naturalness beyond SUSY

UV/IR mixing & associated symmetries

T

Finiteness through UV Completion: —p Infinite towers of states

“magic” cancellations String Theory /

I’ll discuss the main ideas and Extraction/role of EFTs

illustrate their power for calculating
the Higgs (Coleman-Weinberg) potential in string theory --- while
maintaining UV completeness at all times.



2021 CW potential in strings

2010 Angelantonj and friends
The weird acausal timeline:
1995 Misaligned supersymmetry (Dienes)
1991 Kutasov/Seiberg
1988 Gauge thresholds (Kaplunovsky)
1984 Superstrings
1981 Zagier
1973 Coleman-Weinberg potential

1939/40 Rankin/Selberg



1. Coleman Weinberg done stringily

Let’s start our story by examining the one-loop CW effective
potential 1n field theory (and similar amplitudes where we don’t
care about the external momenta):

giving ...

4k
=> / ’ )" log(k* + M)

where masses can be functions of the Higgs ¢ and we are forced to put in a cut-off.



Can make a roy of what string theory does using the Schwinger worldline formalism:

Define parameter f which in some sense 1is the total “length” of the worldline around the
one-loop bubble. Total contribution is the integral of amplitude over all possible 7.

tk
dik dik [ dt rg?
AZZ”/(QW) (=1)" log(k* + M.0) = Z/ / (—1)F et
0
dt g2
DN - It
uv

Can identify a “particle partition

. : _ —2,—tM?
function” as a weighted sum over Z(t) = Str |t [ ]
the spectral density:



Performing the integral of Z(¢) indeed gives the usual CW effective potential:

A(g) = EM(%V_'_

M2
> UV StrM? —

3272 6472

M2
StrM* log (c 5 )
Mgy,

From which we can infer the running Higgs mass-squared from the double derivative:

M? M4 M?
2 0AY 2 2 12 2
My = 35 Str 93 M~ — Str Oy [64%2 log (CM%\/)]

This 1s the origin of the unfortunate naturalness problem associated with the Higgs
mass. It is associated with the quadratic UV divergence in the EFT, and led to all sorts
of speculation (e.g. Veltman condition). CW themselves said this should be “zero at
the origin of field space” .



Thus Schwinger gives us an alternative worldline picture of the integral (which
remember depends purely on the mass-spectrum):

O

A= / %Z(t) Z(t) = Str [t_ze_tM2]

0
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IR
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Thus Schwinger gives us an alternative worldline picture of the integral (which
remember depends purely on the mass-spectrum):

d 1/2
— / ar / dr Z(ma'y)
0 1/2

T9

With an eye towards an IR
eventual connection to string

theory, let’s define a

dimensionless Schwinger S
parameter 7, = t/mwa’

Also let’s introduce a dummy
variable and enlarge our region
of integration with it:

UV




Thus far this 1s all field theory. But now suppose our theory had an exact symmetry
under 7 — 1/7

IR

This symmetry 1s clearly not field-
theoretic! But let’s pursue it anyway.

o What effects would this have?

e  How could we interpret this?

Flip symmetry across X,=1line.

—_
| —



The symmetry 7 — 1/75 is a redundancy in the description and we should remove
it (and a spurious factor of 2) by folding along the axis of symmetry:

What does this folding imply for UV vs IR?

e  There 1s no longer a notion of
increasingly UV or IR “directions” — all
directionality 1s lost. “Non-orientable”

o The two divergences (UV and IR) have 81
been folded on top of each other

e  Thus, there is only one divergence.
You can call it UV or IR according to
your choice/convention — meaningless
distinction!

UV

—_
| —



What happens if we try to implement this symmetry perturbatively?

A:/ dTldTQZ(ﬂo/Tg)

> T2

e Strip is already invariant /S,

e Measure 1s already invariant

e Thus all that remains 1s to make partition function invariant in such a theory!
/ /
Z(ma' ) = Z(mal [ 12)

e But this symmetry i1s very hard to arrange in a particle theory because recall all
we have to play with 1n Z 1s the spectrum of masses. Seems to require an
infinite tower of states. For example

L E : —Tn Ty 2 E : — 7t [/ To

2 ez’ nEZLs
by Poisson resummation, but this implies an insanely tuned spectrum M ,,—3» — 7? / %

What string theory does is arrange such a tuning and symmetry.



2. Modular invariance

The miracle of string theory can be put down to such insane tuning being inherent
because the finiteness of the theory 1s guaranteed (just like in our toy example) by a
symmetry, namely modular invariance. Let us revisit the cosmological constant ...

Closed string theory instead maps out a torus:




redefines torus :

T: 1T—1+1

torus

swops 07 and 0, and just reorients

—1/7

S: 17—




How should we do such integrals in a UV complete way? As in the toy example the
partition function must be invariant under the symmetry, and this severely constrains the
theory:

Z(t)=Z(r+1)=Z(—1/1)

Note: Performing such calculations now becomes an issue in string phenomenology
(i.e., the question 1s how one should approach extracting “low-energy”
phenomenological predictions from string theory)...

Herb1 knows very well the traditional approach (although he tries to hide 1t) —
e  Start with a suitable configurations that obey the symmetry (“string model”)
e  Enumerate the massless states that arise in such models
e  Construct a field-theoretic Lagrangian that describes the dynamics of these states

e  Analyze this Lagrangian using all of the regular tools of QFT
without further regard for the origins of these states within string theory

While this approach may well be sufficient for certain purposes, it generically fails
precisely we are asking about terms with positive mass dimension, so it has nothing to
say about naturalness.

Can we get a general formulation like the Coleman Weinberg potential?



Thanks to modular invariance there’s a way to write such integrals generically, as a
supertrace over the infinite tower of physical (level matched) masses, without ever
specifying the theory. Much more Coleman-Weinberg like: cosmological constant
even looks similar to the field theory quadratically divergent piece:

* Dienes, Misaligned SUSY, 1994

A — iMZSTrMQ * Kutasov, Seiberg, 1994
24

* Dienes, Moshe, Myers 1995

But note this definitely 1s not a normal field theory object — this supertrace 1s over
the infinite string tower of physical states!! e.g. in non-supersymmetric models ...

+/— Log[la_{nn}]
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constraining that it has rendered the
contribution from everything in terms of
just level-matched physical states.
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* Note: modular invariance 1s so
constraining that it has rendered the
contribution from everything in terms of
just level-matched physical states.
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Easiest way to find these expressions in terms e« Innumber theory: Rankin, Selberg (1939,40), Zagier (1981)
of the physical states: Rankin-Selberg-Zagier o Instring theory: Angelantonj, Florakis, Pioline (2011)

The method of projecting to the physical states basically unfolds the origami:




Note the important difference from the usual picture. There 1s now clearly no single
“IR cusp”. All cusps contribute equally to the integral:

2 Zr
1.75 © z 1.75 + S
1.5 |

1250k

1.25 | ; 1.25

A~ XZ

-\ - - - — - ~ | %
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* All cusps equivalent under modular transformations, no “ultra UV” anywhere.
e As in our toy example, also not even an obvious IR/UV orientation



The fact that this infinite supertrace 1s finite can be put down to the fact that the spectral
density behaves as follows as 75 — 0 :

g(19) ~ 75 'Str (e_WTQO‘/M2) — ¢

In other words Str(1)=0 despite no SUSY! This explains why there is no term that is
quartic in the string scale. (Nothing to do with SUSY).

The supertrace relation Str(/)=0 is just one example of a magic cancellation that runs
across the entire string spectrum, suppressing divergences and/or ensuring the finiteness
of string amplitudes relative to naive QFT expectations.

There are others: it turns out the Str(/)=0 relation is just the tip of the iceberg!



3. The Higgs mass?

Let’s turn to the Higgs mass. How can we use this technology to
express its emergent potential?

First assume that the partition function is a function of the higgs. Then begin with the
naive expression and modular complete it:

., _ PAQ)|
me = do? =0

We work here

Generally the result 1s logarithmically divergent if massless states. And in any case we

need to find a way to regulate the theory at some IR scale 1N in order to extract a physical
“running” potential even if no massless states

In other words, I cannot choose a QFT because my choice of whether the neutrino 1s light
enough at a scale n to be called massless and be subtracted from the integral 1s
completely arbitrary and would break modular invariance.



Instead we should see how an EFT emerges from string theory renormalisation by
defining it with a modular invariant “Wilsonian” regulator instead:

) = | 58077 F(r,7)

1.25 |




s

?

Required properties of Wilsonian regulator, G ~

e a) Is itself a modular function é\
e b) Should look like this .... 4

G =1

5 =1/(a's?)

* ¢) Remember, in Rankin-Selberg all the cusps are equivalent
IR cusps, so they should all be equally crushed ...

=1/t = Glu,7,7) =G(M?/p,7,7)
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Vv 2% SN K
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e We adapted and modified a regulator of Kiritsis and Kounnas



The result is a smooth modular invariant stringy Coleman-Weinberg potential

Infinite sum of Bessel functions that has the following magical behaviour ...

4 2
Alp,p) = —MZStrMQ—c Str M?u® — Str [M log( M )—I—c”p,‘l]

6472

MZu 0O<MSp 2 |

c=2e211/2 ¢/ =1/(967?), and ¢’ = 7¢'/10,



So Higgs mass begins at a UV value we can calculate, has RG running, maybe GUT
breaking, EW and QCD phase transition, yada yada yada. But then it must eventually
wind up at the exact same value in the IR. And everything is finite. Like this...

()

lightest

T approx.
"dip" EFT "turnaround" dual EFT dual "dip"
deep regllZ)n region region region region dual
IR deep IR
> (the most UV possible) <<

§ A 1 2
‘:E‘lm m¢(u) 47‘_2 M2 M Stra¢M




4. Implications for Naturalness?

This picture solves the technical hierarchy problem — (Cartoon stolen from John March-Russell)

The value of the Higgs mass here why does trajectory of SM so closely approach
is a choice of charges in the Zero, -0.0000000000000000000000000001,
unregulated fundamental theory Higgs mass-squared in (R whew there is

nothing special about trajectory in UV (if SM
true up to high scales) and trajectory is
unstable??

S ~ unbroken BW symm
CFTyy; with v. large higgs mass

(Higgsless)

broken. EW symm
with v. large vev

exactly massless higgs



So what would a new paradigm for a natural theory look like?

SM+ > DEsiPlelr + Y. NS ofr.

scalar tower 17 fermion tower 7

where

Stroas|Asar]? + tr| A —tr|N]* =0
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Happy 60th Herbi ...!




