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A common thread

e Geometry, Symmetries and Supergravity

e First encounter in Erice (1981): highlighting the
‘Torino approach’ to supergravity !




Our only joint work

Class. Quantum Grav, 2 (1985) 133-145. Printed in Great Britain
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T Istituto di Fisica Teorica Universita di Torino, Italy
£ CERN, Geneva, Switzerland
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Abstract. We use properties of the Osp(2, 4) algebra to determine the spectra of N=2
supersymmetric compactifications. The correspondence with the results obtained by har-
monic expansions is established.



Supergravity

When supergravity was discovered in 1976

[Ferrara,Freedman,van Nieuwenhuizen(1976) ;Deser,Zumino(1976)]

it came with great expectations:

e Perturbatively finite quantum gravity ?

e Unification of fundamental interactions ?

How have these expectations worked out after 46 years?

— enormous progress on many fronts but still no hint
from experiment or observation whether and how Na-
ture might make use of this theoretical framework.

In this talk: a personal (and perhaps unconventional)
perspective on the present state of the art.



N =8 supergravity: to be or not to be?

Goroff-Sagnotti counterterm (for pure gravity) does not admit
superextension, but supersymmetric counterterm exists at three

loops — no hope for an ‘easy’ proof of finiteness! Nevertheless:

We now know that N =8 supergravity is more finite
than expected: behaves like N =4 super-Yang-Mills up

to ik)lll' 1()()I)S [Bern,Carrasco,Dixon, Johansson, Roiban, PRL103(2009)081301]

e However: recent computation at five loops shows
divergence at D:25—4:2—I—% < 25—6:44—% (for L =5)

[Bern,Carrasco,Chen,Edison, Johansson,Parra-Martinez,Roiban, PRD98(2018)086021]

Although no fully supersymmetric and fully E;+ in-
variant counterterm known, finiteness would probably
still require novel (so far hidden) symmetries...

Thus: question of finiteness is still up in the air!



Superstring Finiteness?
Superstring: N :1(%) conformal supergravity in D = 2!

The string magic: quantum gravity path integral re-
duces to (sum over) finite-dimensional integrals:

amplitude = Z g?Qg/ dtgn <V1<P1) T Vn<Pn)>2
(S)Mgn

9=0

9

where
e (---) = CFT correlator on Riemann surface X, of genus g

¢ (5)M,,, = moduli or supermoduli space of n-punctured Rie-
mann surface of genus g with suitable measure dy, .

No UV divergences, but in presence of tachyons there
are IR divergences = integral over M, does not con-
verge at cusp(s) < supersymmetry is essential!

Depending on your point of view question of finiteness remains

unsettled, especially noting that supersymmetry must be broken.



Phenomenology: early (failed) attempts

1. Focus on vector-like SU(3) x U(1) € SO(8), with identifica-
tions SU(3) = SU(3). and U(1) = U(1).,, [Gell-Mann(1978)]
— does not work: color sextets and octets

2. Following a suggestion by Cremmer and Julia: elevate (chiral)
R symmetry SU(8) to a dynamical symmetry — 3 x (53 10)
fermions of SU(5) GUT + much more [£11is,Gaillard,Zumino (1981)]

Prevailing view (since about 1982): N =8 supergravity
is obviously not a good candidate for quantum gravity
and the unification of all interactions!

Alternatively (— Pietro’s work!)
e Compactification of D =11 SUGRA [Freund,Rubin(1982)]
e M, spaces and SU(3) x SU(2) x U(1) symmetry

[Castellani, D’Auria,Fré, NPB239(1984)610]
e But: chiral fermions? Huge negative cosmological constant?

— no obvious path to Standard Model physics !



The Heterotic String (1985)

“... Although much work remains to be done there seem to be no
insuperable obstacles to deriving all of known physics from the
Es x E5 heterotic string.”

[Gross,Harvey,Martinec,Rohm, Nucl.Phys.B256(1985)253]

“We study candidate vacuum configurations in ten-dimensional
O(32) and Eg x Eg supergravity and superstring theory that have
unbroken N = 1 supersymmetry in four dimensions. This condi-
tion permaits only a few possibilities, all of which have vanishing
cosmological constant...”

[Candelas,Horowitz,Strominger,Witten, NPB258(1985)46]

So the hope for an (almost) wunique path from the
FEs x Eg heterotic string to the Standard Models of
particle physics and cosmology, and thus to our four-
dimensional real world, was clearly there....



A huge step away from uniqueness
Following (varain(1985)1: Chiral Four-Dimensional Heterotic Strings
from Selfdual Lattices [Lerche,Liist,Schellekens, NPB287(1987)477]

— Proliferation of string vacua via lattice compactifications!

all of which lead to different physics (gauge groups, particle
multiplets, etc.) in 4D low energy world.

Meanwhile this number has gotten even larger: flux compactifi-
cations, orbi- and orientifolds, brane constructions, F theory,...

e Big Numbers in String Theory [i.schellekens,1601.02462 [hep-th]]

e Scanning the skeleton of the 4D F-theory landscape

0272000

[W.Taylor,Y.N.Wang, JHEP 01 (2018) 1111 — 1 vacua? Or even more?

Current strategy: try to recover SM physics with some extension
of MSSM, with N =1 low energy supersymmetry motivated by
hierarchy problem. But problems remain, in particular:

e Extra ingredients (superpartners, additional multiplets,...).

e No fully satisfactory mechanism to break supersymmetry.



ATLAS SUSY Searches* - 95% CL Lower Limits

(No) News from LHC

ATLAS Preliminary

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

December 2017 » Vs5=7,8,13TeV Status: July 2017 JLdt=(32-37.0)fo Vs=8,13TeV
ey E™ (7 any fereTey [NEETTV] e e §
Model WY Jets By [ Mass limit Na Reference Model Ly detst EM fran Limit Reference

Haet] o zems we %1 <20V 1 e 1ecz T

4o Ja— oot 135 We 361 g Ecsoov 110001 20D G + /0 Oen  1-41 s %1 [Mg 75TV ATUAS CONF 2017080

ey o zems e iEamoov neozs2 0D ron-resonant 7y By - - w7 me asTey o cemnep iz

B i o zees w38 i amoon i o) fie— A0 - 2 - w0 |we 9oy moaosers

i aod] w2 s 147 mifyconcay, 11 ADDBH high % pr slew 22 52 |Ma s2Tev S 0802285

i Eva— ' 0o ot ADD Bt el Uoes - e assTe e erzzs0s

e o T we 1 i) cio0au BS1 G 7y S ey cemuep oz

G (I Nis) 120001 02 Yoo 32 BUKRS G = WW galy  Tes 14 Yoo 361 | Geerss 175Tev w10 ATLAS.CONF 2017051

GO o NLSP) - 81 s 1mn 2uED AP Ten 22823) v 1oz Ko 1B TeV Ter (1), 304 <+ 1)1 | ATLAS CoNF o104

GOM iggeno-bino NL5P) T 2 v B — .

Graviino LSP 0 monojel Yes 203 | UG8 X 10 oV, mighenigh1 STV ::x ; o ’; Z;Y“ - O s 45TV jaendiaiecs
88wy o %1 Ty (T Copepane 7 b T o - woatomn
15 it olew  3h e s thamow ity Loponie 7+ 8 e b1 e naseone o

bbb o 2 Y %1 o i caz0ce Tosoazes ssuw sew S, 70604

bbbkt 2euiss) b W %1 [k T )2 oo mogcaray TV Wy menoks ek - ez

e oz e i) any i av tnate, LS CON v ary WY W ) v friiy

i W o ) 6.1 GV omestoTe 150600616, 7090683 17111520 friseiv. ool oo I Phikpiied
§o iniad? o 281 i a en 2 -

g i 2D 16 Y 23 [0 150800 eV sz Glam - - e

ik e 4b e %1 L 1oscases Gt A ew21b21) ves

o) w0 Y w1 B o Jvector medalor OracOM)  Oer 14 Yes 51 | 15TeV 2028 5,710, <400 | ATLAS CON 201760

ok i k0 e iy syl s e . jrotaebirltiraat NSO I bl ) e b It

L e, ) . o ), .0 S ) imuom Vi EFT (Dvac DMy e 1Usl wes a2 |m: ) <150 Gov seanozar2

LA, B den 0 Y 1 i) -0, il 10 i) ATLAS CONF 2017008 —

g ozt 23eu  O2ps Vs 361 e, -0, oo raorrass ScalarLQ 1* gen 2e 22 - 52 |iGmes 11TV, 160506035
Bt sy A7 020 Y 203 ol oy et oo ScalarLQ 2% gon 2u 22 - oz ioms 105TeV aosaeas
-t dw 0 Y 23 )., 70 S ossns Scalar Q3 gon Ten 218230 ws 203 0n047ss
SN v G Tepsy W 22 acinn s VG TT < e X Corten2023) Y 1oz LA GO aare 104

LSP) veakprod. £ G __27 o %1 erdom Lo WOTT 24X W 21823) Y 61 s 0751
Orectf{Fi pod. rgivel]  Dsapp vk TR Yoo %61 iy toowet wi-02re e VIQTT Wbt X Tew 21212 61 ceRuER201709%
OrctfiF g, g e - Y 184 - 10w et Tsmos2 VLQBE . Hb 1 X e 22023) v 203 0501506

#ra 0 vses Ve 29 )G 0008 v VLQBE ~ 264 X ien ~ s 1oass00
ST Tomosiz VLG BB - We it X Tes 2153102 ves 61 ceRuER20170%
az ) tm e o101 ooy VL0 G0  Walka tew 24 e 28 privid
o — BN 0 o oot T EEET T wom e
- [ Ecisdquankq” oo w07 saTev ot et A i) cemuep o
Excodquark i by S by - s ATLAS CONF 20rea
- w3 7y Thomm 1 30 1swosic2 Exctedquark 5* Torzen 1820 ves 203 00z
T P —T oo Exciod opon 3. ST ms a1 2021
L et oszs0 Exciod opson semr - - ma iz
we 133 A -1 s CoNE TS e P Ta—— FTRETT— preop—
- = Pt a0 o risodomspt By 1 e st
on B i Hiogs rplot - - ¢ ame - - s O proon, 84 (1) =1 itz
i ) e fistonst Monotap (o proc) Ten 1o v 23 e =02 Tosios
Pt st Mot charged partcos B - T ms O et 5 wsososiza
< m SR nossis moncpel __ = | Do 1= Jg s 2 o
W w3 e 510GV ilyncer o VE=13Tev =)
e et " i o - 10 1 10 Mass scale [TeV]
e At e s r v i 100 1 Mass scale [TeV] “Only a selection of the avalable mass limits on new stales or phenomena is shown.

Simpified modils, .1 efs. for the assumplons made. Smal-radius (large-radius) jets are denoted by the letter (J).

FExclusion limits, nothing but exclusion limats, ...

e No hints whatsoever of new physics

e RG Evolution of (slightly amended) SM couplings: no Landau
poles, no instabilities of effective potential up to Planck scale

Conclusion (so far, at least): Standard Model could
survive more or less as s all the way to Planck scale !



A strange coincidence?

SO(8) — SU(3)xU(1) breaking and ‘family-color locking’

(u,c,t)y : 3:x3;—>8d1, %zg_q
(@, ¢, t)r 3.x3; >8d1, _%:_ngq
(d,s,b) : 3.X3;—>6d3, _%:_%+q
(d,5,b)r : 3, x3; -6@®3, +%:é_q
(e p 7 )L ¢ 1. x3f— 3, _g:_l_,_q
(et, ut, 7L 1.x3;— 3, +%:1_q
(Ve Vs V1)L 1. x3f— 3, _é:()_q
(Ve s Vs Ur)r 1. x3y—3, + 104y

Realized at SU(3) x U(1) stationary point with residual
unbroken N =2 supersymmetry (varner i, np259(1985)412]

Supergravity and Standard Model assignments agree
if spurion charge is chosen as ¢ = % [Gell-Mann (1983)]



Fixing the U(1) mismatch
[Meissner,HN: Phys.Rev.D91(2015)065029]

Spurion charge shift can be realised as exp(;wZ) with
1
I:5(T/\1/\1+1/\T/\1+1/\1/\T+T/\T/\T) = I"=-1

acting on 56 fermions /" in 8 A 8 A 8 of SU(8), with

(010 0 00 0 0
1 00000 0 0
00 0-100 00
001 00O0O0 O )
=10 000 0-10 0] m=-
00001000
000 0O0O0 0 —1
\0 000 0001 0)

However: 7 not in SU(8) =K (E;) = mismatch can not
be fixed within N = 8 supergravity — requires going all
the way to K(Em) (and thus ElO ') [Kleinschmidt,HN: PLB747(2015)]

Idea: N =8 supergravity not quite but ‘almost’ right...



Curious Gravitinos

Gravitinos are the telltale signature of supergravity!

Under SU(3). x U(1)., gravitinos transform as

(o 2) (3o (1o ()

Unusual features: [« veissner,mn:pPro100(2019)035001]
e Spurion shift of electric charges must be included

e strong and electromagnetic interactions

— very different from N=1 MSSM gravitinos!

e stable against decay into SM matter because of peculiar quan-
tum numbers = (superheavy) Dark Matter candidates?

e Possibly interesting (real physics!) applications: UHECRs
and seeds for primordial black holes?



Explaining UHECRSs?
[K.Meissner, HN: JCAP1909(2019)041]

New mechanism: color triplet gravitinos could explain
observed UHECR events via gravitino-antigravitino an-
nihilation in the ‘skin’ of neutron stars, provided

e Gravitinos (or ‘gravimesons’) get absorbed into stars ...

e ... and get ‘compressed’ in neutron stars so as to enable them

to annihilate in appreciable rates

New features:
e Annihilation of Planck mass particles into 10° (mostly hadronic)
particles — 107% x 10'®* GeV ~ 10?' eV per ejectum

e Ejection from ‘skin’ of neutron star could explain observed
dominant appearance of ions towards very highest energies

e with some ‘reasonable’ assumptions calculated event rates come
close to the ones observed at Pierre Auger Observatory (in Ar-
gentina) ~ one UHECR event per month and per 3000 km?.



Hints of supergravity from neutron

outer
T crust
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[Diagram from: R.N.Wolf et al., PRL110(2013)041101]

stars?



Outlook

e Supergravity is a beautiful theoretical framework —
it is hard to believe that Nature would not make
use of it (cf. Yang-Mills theory in the 50ies.)

e But ultimate framework not clear: I1IA, IIB and
heterotic superstrings not the most symmetric (max-
imally extended) worldsheet theories

— is supermembrane theory a better ansatz?
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Caro Pietro: grazie per 1 tanti anni di
amicizia e di inspirazione — ti auguro
ogni bene per il futuro!



