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Of course:

One of the fathers
of supersymmetry

| J." Many crucial insights...

Spontaneous symmetry breaking in SUSY....

Supersymmetry breaking......
R-parity
N=?2 Fayet-lliopoulos terms......

SUSY phenomenology......
Light dark matter

ultra light U(l)’s.....
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What some of us had to study by 1980...

PHYSICS REPORT (Section C of Physics Letters) 32, No. § (1977) 249~ 334. NORTH-HOLLAND PUBLISHING COMPANY PHYSICS REPORTS

SUPERSYMMETRY

P. FAYET* and S. FERRARA**
Laboratoire de Physique Théorique de I'Ecole Normale Supérieure, 24 rue Lhomond, 75231 Peris Cedex 05, France

Recewed 2 July 1976

L |
Conrents:
1. Introduction 251 4.5. What about fermion number? 294
2 Supensymmetries and Graded Lie Algebras 253 4.6. Spontaneous supersymmetry breaking: a second
2.1. Graded Lie Algebeas 253 method 297
22 Supersymmetry aigebea in four-dimensions 254 4.7. A lamger slgebea 299
2.3. Supersymmetry with internal symmetres 257 4.8, Beyond the tree approximation 300
2.4 Particle supermultipicts 259 5. Models of weak and electromagnetic intesactions 302
2.5. All possible symmetrics of the S-matrix 262 5.1, Spontancous breaking of SU (2) X U(1) gauge
3. Superfields and Lagrangian models 263 invariance 303
3.1. Ficld representations and superficlds 263 5.2, A semirealistic model of weak and electromagnetic
3.2. The supersymmetric spinor-scalar interaction intetactions 305
(super-S' theory) 269 5.3, The problem of the neutrino as a Goldstone particle 310
3.3, Supergruph techniques and renormal zatlon 271 5.4. How 10 Include the muon sector? 312
3.4. Supersymmetric gauge theorles 274 6. Geometry of superspace, supergravity and strings 313
3.5 Perturbation theory and renormalization of 6.1. Gauge supessymmetries 313
supersymmetric gauge theories 279 6.2. Supergravity theory EL
3.6. Asymptotic freedom and infrared convergence 281 6.3 Local Graded Lic Algebras in two-dimensions 319
4, Spontancous symmetry breaking and conservation laws 283 6.4. Supersymmetric strings: the Neveu—Schwarz~Ramond
4.1. Generalities about spontaneous symmetry breaking 283 and the Colour- U(1) models 322
4.2. Spontancous breaking of internal symmeotry 286 Conventions and notations 327
"4.3. Spontancous breaking of gauge invanance 289 References 327
4.4. Spontancous supersymmetry breaking: the U(1) Note added (n proof 330
method 293
Abstract.

Supersymmetry transformations turn bosons into fermions and conversely. We discuss the algebraic aspects of the new structure,
its role in relativistic quantum field theory and its possible applications to particle physics.
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Suddenly 1981-1984 SUSY becomes popular !!

Emphasis on hierarchy problem

Gauge coupling unification

Coupling to supergravity induces soft terms: mSUGRA, CMSSM

Radiative SU(2)xU(1) breaking
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Suddenly 1981-1984 SUSY becomes popular !!

Emphasis on hierarchy problem

Gauge coupling unification

Coupling to supergravity induces soft terms: mSUGRA, CMSSM

Radiative SU(2)xU(1) breaking

Still Pierre remains the father of the SUSY SM!
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Later on, working in string theory, the
inspiration of Pierre’s work has been constant:

Two examples:

* Fayet-lliopoulos terms in string-theory: important role in
string compactification and D-brane physics and geometry

* R-parity appearing as a discrete gauge symmetry in string
compactifications
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| am going to talk about discrete shift symmetries:

o — ¢ + f

..... apparently unrelated to SUSY....

...we will see are related to SUSY auxiliary fields from the
point of view of string theory ...

Three-forms, and Axions: String
and Particle Physies Applications
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Nima’s argument for SUSY:

Poincaré in 4 dimensions:

Soin 01T 3/2, 2

T

Fermions and Gauge
bosons

8
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Nima’s argument for SUSY:

Soin (0, 10T 3/2,2

i

Gravity is there
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Nima’s argument for SUSY:

Soin {0) 1211 3/2,(2
[

Higgs tfound!!

Friday, December 9, 16



Nima’s argument for SUSY:

Sein {0) L1211 872 (2

il

SUSY must exist!!
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Somewhat analogous:
Bosons:

Pt o Gl AT A

Higgs  Gravity

Vit gt G0 0N (el Dt

Axions (Gauge Axions

12
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Somewhat analogous:
Bosons:

Pt o Gl AT A

Higgs  Gravity

O e R IR (R O P

Axions (Gauge Axions

13
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Somewhat analogous:
Bosons:

Pt o Gl AT A

Higgs  Gravity

o T e LR OV et SO Ot
Axions (Gauge Axions
Usually ignored because it does not propagate but:

(Gives shift invariant masses to axions

Fy = dCs

Contributes to c.c.:
14
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Somewhat analogous:
Bosons:

Pt o Gl AT A

Higgs  Gravity

o T e LR OV et SO Ot
Axions (Gauge Axions

Usually ignored because it does not propagate but:

(Gives shift invariant masses to axions
el Landscape
Contributes to c.C.: ——>» must exist !
19
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Summary

* The physics of Minkowski 3-forms
* Minkowski 3-forms in String Theory

* Applications:
String Inflation
Relaxion
Higgs mass landscape
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The physics of Minkowski 3-forms

Bosonic action of a 3-form field in 4d:
1
S - = /d4z\/jg4_8Fp,1/p0F“Upa '

Eqgs. of motion: Fluvps = f(‘f/wm fo is constant

no propagation...

...but contributes to the c.c... bAce = Y |Fif?

If embedded in string theory:  Bousso, Polchinski '00

Jo = ng , n€Z quantized in units of the membrane charge

Ly
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But 3-forms also couple to membranes:

Brown, Tectelbocm 19857

AXH oOXY 0XP
Smem — / d3 6abc C , ( )
q Da 5 Hvp 85“ 3§b agc

membranes induce jumps i Fy value

AFy = q, when crossing the membrane wall

18
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Axions:

1) Pseudoscalars invariant under shifts

griimii

2) Perturbatively massless

3) Mass from non-perturbative instanton effects

Y

Friday, December 9, 16



Coupling axions to 3-forms

: : il UV po
L:——-—Ff—l-,uq')F4—l—... F4—€w/paF
Deale 05
1 2
Egs. of Motion Vo = 5 (¢ + 19) Raloper, Serbo 05,
yield:
V(o)
n=_() n =1 n=32
i ] QY / | /
Discrete gauge shift symmetry:  \ \ \ / / /
6= ¢ + do, ¢ q— o \ [\ g
\\\ /\></\ %\ //
2w f ; ¢

[t is a family (landscape) of
potentials parametrized by ¢, U
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Coupling axions to 3-forms

L = — Ff + upuoFy + ... Hlll== GWPJFWW
1 _ Axion mass consistent
Egs. of Motion Yo = 5(¢ + £9)" [ich shift symmetry !
yield:
V(o)

n =1

Discrete gauge shift symmetry: \\ \\-\ \\ // / /

/
\\ "/'/
é— & + do, q—q— pdo ,;f' \ /
\ \ / /
4 /
.
< 27:{ » G)

[t is a family (landscape) of
potentials parametrized by ¢, U
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One can formulate the same system in terms of a 2-form B wv

L =-F - E14B, - &2 +...| *dBs=d¢

5 I

('3 eatsBs and becomes massive
Luevedo, Tragenberger 96

Invariant under the gauge transformation: Dudas 14

By =5 By + Ay . C5 = C5+dA,

These gauge invariances protect potential
from uncontrolled corrections

: ~
VO TL
5V =V,
0 ( ML, )

- .

-
d’)n
OV = c,;—

A rn—4
1\[ [/ ‘ 7

Ralopern, Sonbe 08

22
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Minkowski 3-forms in String Theory

Type I1TIA OI‘iGIltifOldS' Grimm et al, Louis et al,Villadoro et al, DeWolf et al,...

1 1 ' =4

§ : —2¢
SRR = —Skz GP/\*10GP+. «ie g S_,VS = —4’{2 e - H3/\*10H3
10 JRYIXY p0,2,4,6,8,10 10.J RISxY

democratic formulation Bergshoeft etal (later Poincare duality impossed)

(Gauge invariant field strengths:

G = de—l —_ H3 A Cp_g +f€B H3 = dB-z, Fp = dcp_l

p

4-forms come from dimensionally reducing higher dimensional
RR and NS p-forms:

E,=Fy Awp—4g4 + (F) w,
¥ R

Minkowski 4-form Internal flux

23

Friday, December 9, 16



(2h7; +2) Fys from RR sector :
Fo = —m , F2 = Zqz-wi ; F4 - Ff + Zeid)z-

Y Fiw; + eodvols , Fy=) Fi@,, Fio= F}*dvols

eo, €i, ¢, m RR quantized fluzes

(h3; +1) His from NS sector :

hs 4
Hr; = ZI:H_i/\ aj Hy = Z h; By hr NS quantized fluxes

A:I;/I:Ons :B) wadt. ‘_ZC{}OI '/Yu-a/\w —() ”’-f"fE{l...h:_l’“}
I

/wa/\d":éfj. a;be ... A"}
NS RR Y
/ ak AB =6k, K, Le{l...h®Y 41}
£
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(2h7,; +2) Fys from RR sector :
Fo=-me Fr=) quwi, FBsF+) e

y a

i

FG = :Fifﬁ:—l— Eg®TUO0Llg . Fg ZF;J)G : Fl() ;)F[lmd’UOl(;

-

: eo, €i, ¢, m RR quantized fluzes

(hi; +1) Hjs from NS sector :

hs 4
Hr; = ZI:H_i/\ aj Hy = Z h; By hr NS quantized fluxes
I=0

° Y “"a /\;:".j — ).l.j ) 2 “1 € l L. h(l.l)
AxlOnS By = § :b,:w, , C3= E Cglgal /} Yo a.B € { + '}
RR y

/(),\-/\d" =0k, K,Le{l...h®Y41}
£

Friday, December 9, 16



Blcleman, L. 9. . Valewsuela 15,

Full scalar potential in terms of 4-forms+local terms:

y k y i J 1 a mi: 1
— §|FE|2+2ngz‘jF4F£1]+g ZQabF4Ff+k|F4 |2+2? Z C]JH,{H4J+‘/IOC
]  ab

1J

Sort of generalized Kaloper-Sorbo structure: Viee = > / Tuo/=g e

*4F0 - g((i() -+ (%‘bl -+ §ki,jk(]zbjbk - %kijkbzbjbk - h'ch - h’ic.’ls)

g9 - m &
*4F3 = J—(ej + k.ijkquk — gkijkb]bk)

4k
x4 I = 4kg®®(qy — mby)
¥ [ = —m
x4 H = h!

All axion dependence goes through 3-forms

4-forms act as auxiliary fields

26
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Generalized shift symmetries

Axion shifts...
NS: b, — b, + n; RR:cé%cé—l—nI

m —m eqg — €9+ hyng
q; —> q; + n;m

k

e;i = e; — kijxg’n ...compensated by flux shifts...

€p — €0 — €Ny

trans formations leave all 4 — forms

invartant for any I[IA CY orientifold

Ver Vg tnvariant

27
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Some lessons:

(T

he flux-induced scalar potential of Type IIA and IIB can be written as

V = Y Zj(ReM,) FiF] +) F; ©;,(ImMa) + Viocat(ReM,)

where all the dependence on axionic fields comes through couplings
to Minkowski 3-form fields.

Ecs. motion: *4Fj = 270’ (ReM,,ImM,)

Bieleman, L. 9., Valewsuela 15; V4—f0TmS - Z Zij F/;’Fi + Vlocal
]

Shift symmetries force potential axion dependence
only through 4-forms

A N=1sugra formulation where auxiliary fields are 4-
forms seems appropriate...not much studied....

Gates et al. ‘81
Ovrut et al. '97
28 Louisetal.'l3
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Applications
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1) Application to large field inflation

Chaotic Inflation Linde 88

i o e Vot

N, ~ Ps — trans — Planckian
2p M,

Is there a consistent string embeding?

Siluenstein, Westphal O
e tlester, Silvenstein, Westphal

Ratoper, Sndo 05 Monodromy inflation

Moarnctesans, Sthin, Unanga . 14 30
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Simplest:

31
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Simplest: !

Vo = 5 (g + ;U,(;"))‘2 Chaotic
n VO n
oV ~ \%4 il il V() <> il V()
Mph\ M;l

Quadratic potential is probably ruled out by Planck+BICEP !

There are however in general flattening effects:  ¢..0n upiar o8,

| ) { e tlister, Silvenstein, Westphal
E.g.if inflaton is aD — brane modulus :

Lopr = —[1+aV(¢)|0,00"¢ — V(¢)

G-, 13 V ~ ¢n A t/l i (¢/)2n/(n—|—2) OK with

2.9, Wanchesans Valensucla Planck-BICEP!
Bleleman, L. 9. , Pedno Valensuela , Weeek 16, 32
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2) Cosmological Relaxation

V = V(up) + (—M? + pg)|h|? + A*(h) cos (?) .
V(ud) = uM26 + 122 + ... M-=cut-oft
Vio Slow roll dictated by V (o)
4 Higgs becomes massless
\ Higgs stopped by A(h)* cos (?> !

J

| pfM? = A%(h =)

[Graham,Kaplan,Rajendran’| 5]

A? L1s (101°GeV \ [ Mw \?
I g L
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Consistency problems for relaxation

Hierarchy traded for a tiny value of w

Technically natural due to axion ¢ shift symmetry

® Enormous trans-Planckian excursions of the axion:
Is the potential stable? A global shift symmetry not
Immune to gravitational corrections.

e If it is gauged, a non-vanishing axion potential V (1.¢)

explicitly breaks the gauge shift symmetry, which is
inconsistent. [Gupta,Komargodski,Perez,Ubaldi’ | 5]

Problems analogous to those of large field inflation:

Can one build a consistent monodromy-like

relaxionsfnodel?
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A minimal 3-form relaxion model

L. 9. Montero, thanga Valensuela , 15
(no string theory needed here)

- | , , >
V. = Vepm + Vks —nFy|H|" + Veos

Vomrr = —m2|H|? + MH|*  Vig = F? — uoF,

V = AH|* + (¢ + po)” + 2n(—=M? + ud) |[H|* + Veos

\ /

V(,ugb) relaxion — Higgs coupling

m2

Cut —of f : M2:2——q
Ui

35
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Features of relaxion monodromy

L. 9.  Montero, Uhanga Valenguela . 15
® Shift gauge symmetry is respected by the relaxion potential.

® Potential protected against Planck-supressed and loop
corrections:

i i AN
5V ~ Vq (ﬁ) ~ Vi (W) < Vi
® Scales: A2
Fy =nA2 i

gllsSI O el L AL~ 10T eV
Anything to do with the c.c.?

36
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3) A Higgs landscape .« wme 226

Use 4-forms to construct a landscape of Higgss masses

I 3 | | .
L = —5(F)? —5(Fa)? + ¢(uaFa+ pnFn) + nFalHI
N H
AN
AN
AN
. AN
(no string theory N - ;
assumed here) S S
s N H
/
/
7/
/ ‘ ‘
/ |H|? = o
s H
L ra g2, Lin h 2,9 2 9 1
V=35l + pel” + 5lfo + p'¢ + no”|” — mo” + Ao

Different from Relaxion: NO cosmological rolling of the
axion herel
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Can fine-tune the Higgs vev in steps: My, Mg € Z

Ga = pf
or 9y nif Gaqh | X
oWl = (2)\ + n2cos?0) g2 +<]2(ma = ) ™= p]
4 9 V) Ya h
cos 0 = (1n)”

6(02) ~ T T = NGa < m?,

EW fine-tuning connected to 4-form quanta and coupling 7

Large family of SM vacua with different Higgs
masses and vevs

Antropic selection of correct EW vacua

38
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Prediction: a Hierarxion

Pseudoscalar with a mass:

3/ : 101°GeV m 3/2 . 10°GeV
AT -3/2 10—3 oV ) < ‘arion < 9 103 14
/ : 7 (foogey) S mamiem S 07" 10% F
(3.29)

For n =~ 1 and f = m = 10'° GeV one has 102V < mgrion < 103V
one can have ultralight axions with mgzion = 10717 eV

Difhicult to identify with QCD axion though...
Couplings to photons model dependent...

Possible to construct SUSY versions: the 4-forms are

now part of the SUSY auxiliary fields

39
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Conclusions

e 3-forms appear naturaly as new degrees of freedom in field theory.
The field-strength is a 4-form which contributes to vacuum energy.

e 3-forms couple to membranes. Values of 4-forms change discretely
while going through a membrane in units of the membrane charge.

e 3-forms can couple to axions and can give them a mass while
mantaining the axion discrete shift symmetry. The scalar potential is
necesarily a power expansion in 4-forms. Makes the axion potential
stable.

* The field strength 4-forms appear naturally in String Theory from
reduction of RR and NS higher dimensional antisymmetric tensors.
The 4-forms are in bijection with internal fluxes and are quantized in
units of membrane charges.

40
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 The full NS and RR axion potential can be written in terms of 4-
forms that act as auxiliary fields. In SUSY compactifications the 4-
forms behave like SUSY auxiliary fields of Kahler and c.s. chiral
multiplets. SIS Vpo

P Fauaz i G,LWPUFM i
e AXxions In string theory are ‘monodromy axions’ with associated 3-
forms. This makes the scalar potentials for axions stable even upon
trans-Planckian trips. And makes string axions to be promising
inflatons in large field.

e One can construct consistent ‘relaxion models’ involving 3-forms.
They address some of the problems....
First attempts to embed in string theory, challenging.

One can also
construct a Higgs mass landscape from quantized 4-forms.

41
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