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Supersymmetry breaking at strong coupling
non-SUSY vacua of cascading gauge theories

Ward identities without UV fixed point

Holography and the goldstino



Conclusion (flash forward)

GGeneral derivation of Ward i1dentities with non-
trivial sources

Insensitivity to the IR

D-brane at the tip

1th te '
Vacua with spontaneous SUSY <« of the conifold

Successful, necessary check for the existence of SUSY
vacua in the Klebanov-Strassler cascading gauge
theory



(super)symmetry breaking at strong coupling

Klebanov Witten ||.:-|:.-1|| 0005104

¢ Dynamical SUSY breaking <+ hierarchy prob-
lem

|

|

|

|

- o Chiral symmetry in QCD

|

~ o High T, superconductors and strange metals
|

|

At strongly coupling, fields either responsible or
resulting from symmetry breaking are typically
composite



Goldstino at strong coupling

Goldstone theorem ensures the presence of a mass-
less mode in the spectrum

Spontaneously broken SUSY leads to a massless
fermion mode, the Goldstino

The Goldstino appears (e.g.) in the 2-point corre-
lator of the supercurrent. Its residue is proportional
to the SUSY order parameter

(0" Spa(0”Sy)g) = 2 €ap(T)

GOAL: Explicitly check the above framework
in holography



Two questions

¢ Is the solution gravitationally (meta)stable?

e Is the supergravity mode dual to the Goldstino
present?

» A positive answer to the first guarantees that the solution
is describing an actual QFT vacuum

» The second ensures that in such a vacuum SUSY is broken

spontaneously



One answer

In QF'T the two questions can be answered independently!

Consider the 2-pt function

(Suadyg)

The information regarding the Goldstino pole is en-
coded in the term implied (upon integration) by the

(0" S0 ()8, 4(0)) = =20" (T},)0" ()

Ward Identities depend on UV data only Qg
q [ L

Vacuum stability is an IR property

& 1



Need to break conformal symmetry

e Lorentz invariant theory and vacuum
Ly X Ny

e Spontaneous SUSY breaking only allowed when
conformal symmetry is broken explicitly.

<t

e Chase for SUSY-preserving terms which break con-
formality explicitly



Klebanov-Strassler theory

Klebanov, Strassler hep-th /0007191

: Gauge Group SU(N + M) x SU(N) |
I Global Symmetry SU(2) x SU(2) x U(1l)g X Zar |
Bifundamental (Chiral) Matter A, By (i,k=1,2)
: Superpotential W = X tr(A; By A;B;)e" e |

M # 0 = conformal symmetry is broken
(for M = 0 we have the Klebanov-Witten model)
Klebanov, Witten hep-th /9807080

non-trivial running = cascade
(two nodes oppositely) (sequence of Seiberg duality)

Lack of a UV fixed point (formally KW with winfinite rank)



Cascading theories from 5d supergravity

5d N =2 SUGRA from 10d type IIB SUGRA on T

(_assant ]'-:|-:'-4|4:- ||-:'-|:--] || 1008 ()88

e SU(2) x SU(2) truncation

e UV asymptotic analysis only (up to z%)

* KT solution describes the UV of
SUN+M)x SUN) KSmodel N =FkM Fkinteger
* SUSY deformed KT solution describes the UV of

SUIN+M)xSU(N) KSmodel N=EM-p p< M

Kachru, Pearson. Verlinde ||-:'-|:--1|| 0112197

p = # of D-branes
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Spectrum
and
dictionary

Tr(Wi2 + W2) + ...

Tr(W2 — W2)+ ...

1

~~

~~

e_q{)

b = e b?

N =2 multiplet  field fluctuations AdSmass A
A—2a m? =10 3
gravity L m = % %
g m? =0 4
bt — it m? = —3 3
universal hyper Co m = —% g
T =1ie "+ Cyy m? = 0 4
te' m? = —3 3
Betti hyper q m = —% g
he. ¢?® m? = 4
V m? =12 6
Cy m = g %
massive vector A e m =24 !
b + i Y m? = 21 T
Crr m = — 12_1 %
[ m? = 32 8
sum 1 1
> O ¢ 2 2
. 91 92
dim 4 operators
> Og —_— 1 1
difference g% gg

Klebanov. Nekrasov ||-:'-|:--] h/9911096




Domain wall ansatz and SUSY solution

1
ds® = ) (e P, datdz” + XD d2?) warped domain-wall geometry
e?V = h,%(z) e2X = h%(z) eV = h%(z}
9 :
b9(2) = ~29.M log (2/20) K'T solution

1 . . - : . '
(here obtained in a 5d formalism)

o(z)=1loggs, V=20

2o 1s a renormalization scale of the dual field theory

2 1
h(Z) = 477T (g@N + ZLG(Q@JJ)E — a(gsﬂff)zlog (Z/z[]})
gs

a = 3/2m



SUSY breakiﬂg SO]]]_tiOIlS DeWolfe, Kachru, Mulligan hep-th/0801.1520

2-parameter family of SUSY solutions

Y pE(2)hI(2)hI(2) € = hi(2)hI(2)
W _ pi(2)hi(z) egV:h-;é(Z)
b‘i’(z)—ggsﬂf log (z/z)

i v
9N 99 27 9
+ 2 + g M — —g,M1 S——gMp| +0(z°
2 !(4M 329" 7Y Dg(Z/zn)> 2 w] (%)

6(2) = log g, + 2" (38 log (2/2) + ¢) + O(2%)

27T o1 ‘ ‘
h(z) = 10 (g,‘,.ﬁ" + L—La(gn,.ﬂff)2 — a(gsM)? log (z/z{]))

zt bdmg, N 8113 81 81
— ‘ M) — — (gsM)°1 2 (g M
L [( i T 1Y )’ W )’ Dg(Z/ZU))S AL ) ]+O( )

9 |
ho(z) =1+ 5834 + O(z°) hs(2) = 1+ O(2°)

We need to focus just on up to z* order, however the parameterization allows
for a deeper solution



Comments on the solutions

e Correct parameter associated to D perturbation

@ ~ » o Determined by IR conditions

e Total mass proportional (only!) to it

In the confromal case (M = 0) it corresponds to an
Y independent fluctuation of the dilaton (in spirit sim-
ilar to dilaton driven confinement)
Gubser hep-th/9902155; Kuperstein, Truijen, Van Riet hep-th/1411.3358
e KS and KT differ at order z° by terms proportional
to the conifold deformation parameter e

e ¢ terms dominate over z* SUSY terms, however it

does not affect the SUSY pattern




1-point functions

Functional variation of the renormalized action w.r.t. a source at a time

o\ 2 aSI‘BI] —— o _23 aSren
<T > — \/? aa/‘_, N o o ¥ <S > o _,.._, ((_){‘I}_i_
v OV loF0,0,9+.¢; 8.8 VT 9% 5ep0, 0,658 .8
(0, = 1 O0Sien <@+> _ 1 i 95
¢) = = VU Sof T & n
2y/—y 09 362,09+ (5 .6 o V2 % F.00%. 0.9+ .C, o
(0> B 1 'aSren (_i_> B 1 7 3Sren
Ll — ~ o - ! CYA =~ -
2v/—~ Ob® 5.6.0,9+.¢; Gy Cp V_"/\/i G, 5.0.6%,0,9+.C (g

7 1s the field theory metric

‘ Sten = reg T St renormalized action at finite cut-off ‘

boundary /bulk coupling sources identified with
at finite radial cut-off P induced fields on cut-off shell



Supersymmetry transformations

SUGR{% transformations Axial gauge (radial) T, =0
in the bulk

' 1
¢! =~ L (e - GMo,W) (7,4 ) =
50, — (VA + %wm) ; —

I Y
Ocp" = §€C + h.c. asymptotic large radii

1 analysis
0y = §EF“111A + h.c.

e =€t + €

. E"‘(Z?I) — Z—lf‘zh(z)lfl?‘ga—(:ﬁ) + 0(24)
parameters of the boundary

SUSY and Superconformal — _ J1/2 —-1/12 _— 4
transformations respectively ¢ (Z’ :I:) = h(z) €0 (I) + O(Z )




Supersymmetry Ward identities

Invariance of S,., under a generic SUSY transformation

U | N | _
I6{."“91'{.:1'1 — fdi LY _ﬁ" (; <S ‘ >5f.+lIJ: + §<T#LU>5{-+ f:‘“.,!u; + 2<OU>5E+¢ + 2<OE>(S{+EJ¢)

el

I 1 _ 2y 1 o —
:fddm - (_%E FO.5 ) §<TW>IIJHF”+"’5<O¢>C¢A +'i<OE)Cb) € =0

/

1 —+ _ . =~ “operator identity”
T, 4+i(0 iO;
I + £< ¢’>C¢= ™ £< 5>Cb at the cut-off

further functional
e HU(9,5 " (2)S7(0)) = 20 T, (TH) 6*(2,0)  differentiation, then

sources put to zero

‘ Fventual zero cut-off limit

j SUSY
<8#Spa($) SUB(ODQFT = _2025<TMF>QFT 54(37) Ward identity




Closing the circle: the goldstino mode

Actual evaluation of the bosonic
1-point functions on the SUGSY
background

(T} )qrr = —128

3S + 4
(Oshqer = 22119
4
(O5)qrr = 31 {S
(Spa () Sy;_’;* (0)) =---— ) (T) (J”E‘DJE)&B:}:—Z

corresponding (upon Fourier transforming) to the presence of a massless pole
whose residue is proportional to (1) ...

...THE GOLDSTINO!



Conclusion

General derivation of Ward i1dentities with non-
trivial sources

Insensitivity to the IR

D-brane at the tip

ith te '
Vacua with spontaneous SUSY <« of the conifold

Successful, necessary check for the existence of SUSY
vacua in the Klebanov-Strassler cascading gauge
theory



Outlook

On with the program of holographic renormalization!
(fx.Edrﬂx.r-:“r—pr.rf."n_f. functions, systematic derivation of counter-terms and rela-
tion with Hamilton-Jacobi formalism)

Extension to SUSY deformation of full KS

F vs. D breaking toy models
(D-term version of hep-th/1502.02631)

Induced fields and derivation of SUSY-respecting counter-terms in

generic setups
(‘r'-'?fﬂ renormalization of SUSY theories on curved -,r”_”-;;_{/ﬂff!-*‘)

Bottom-up and effective field theories for strongly coupled Goldstones
(and Goldstinos!)






The SUGRA Model

Sy = M Pz V=g [R = Gri(¢) 0:p"0'¢” = V()]
U Cu £ 0 0 0
1% ; Cv 0 32 0 0
— bcI: ) C Cb ) ng({fQ) — 0 8 P_%{U_{_V)_ﬁb 0
¢ b 0 0 0 L
C

pr)z—éaquaﬂj Ut 3e mRU-3Y) 4 g s(4U+IV)

1

wng“mwwwwww—quf

x o-model description and superpotential — efficient account of the action
and its SUSY structure

(e8) 6L = —5(@p =G 9,W)e

x M and N continuous in SUGRA but in type 1IB

1 1
A2/ /Ss ’ (4m2a)? /Tl,l °




SUSY field theories and string theory

e A large class of SQFT (admitting SUSY wvacua) can be constructed in
string theory

— e.q. quiver gauge theories arising from stacks of D-branes at Calabi-
Yau singularities

e Relying on the holographic conjecture, in the decoupling limit one
can describe SUSY vacua by means of dual gravitational backgrounds
(further effort typically needed to acquire full conirol on stability prop-
erties, dynamazacs and spectrum)

e Kachru-Pearson-Verlinde proposal to put D on the Klebanov-Strassler
conifold KKachru, Pearson, Verlinde hep-th/0112197

— Likely to be a mechanism with more general relevance (i.e. beyond
the KS setting)

Argurio, Bertolini, Franco, Kachru hep-th/0610212 hep-th/0703236



U(1) breaking (holographic toy model)

Prototypical example of the occurrence of Goldstone bosons in holography:
5D vector with an axton-like scalar.

1 1 ,
q — / Px VG !L—lFMNFﬂ_fN + 5 m(z)? (Oprax — App)(0M o — AM)]

1 Bianchi, Freedman, Skenderis hep-th /0105276
d = ——m {jim: Argurio, Musso, Redigolo hep-th/1411.2658
2
\/ AMF — Aﬂ,{+8ﬂ,{)\ a— a+ A
Higgs mechanism for
the minimally-coupled & Gauge transformation

| Bulk: a non-trivial profile for m(z)
(Ao,, =3) m(z)=mgz+mz"+... breaks spontaneously the gauge

’/ x symmetry
EXPLICIT SPONTANEOUS

Boundary: the breaking of the global U(1)
depends on the details of the profile of m(z)



Spontaneous vs Explicit: expectations

The transverse and longitudinal parts of A, are dual respectively
to the transverse and longitudinal parts of the boundary current .J,

, ko ke

(Ju(k)J, (k) = —(kg(iw, — kuk,) C(kz) — m;-} % F(kg)

The longitudinal part of A, mixes with o which is dual to
the imaginary part of the operator breaking the symmetry, Im O,,

/ d*z &, 0, + c.c. = V2 / d*z (mo ReO,,, —my ap ImO,,)

e SPONTANEOUS: F(k*) = 0 (purely transverse), massless pole in C'(k?),
massless pole in the correlator (.J,(k)ImO,,(—k)) = V21, (k,/k?)

e EXPLICT: F(k*) # 0, no massless pole in C'(k?), Ward identity
O J* = moIm Oy,



Spontaneous vs Explicit: outcome

SPONTANEOUS

Sren = — / d*k [af}#&.gﬂ +m” ag(dg + ah) + local]

e 15 agal term leads to (9,J*Im O,,) ~ m> t —> transverse

[ — longitudinal

EXPLICIT
Sren = — /d% [afm&;“ + m{ (g — ag)dy + local]

e The Ward identity (coming from S,.,) depends
only on the combination g — a), (bulk gauge symmetry)

The massless pole appears in ag,a;, because of bulk dynamics
and in the explicit case it cancels from the full correlator (J,.J,)
(and it could be canceled by local terms o< m?).



Lessons from the toy model

In general the UV analysis does not commute with the zero-
source limit

When the breaking is spontaneous we have a Goldstone in
(JuJy) (which is transverse) and in (ImQO,,ImO,,) arising from
bulk dynamics and insensitive to the UV details (renormaliza-
tion)

The Goldstone appears also in (J, (k) ImO,,(—=k)) = V21, (k,/k?)
because the VEV of ReQ,, o m, produces a Schwinger term
whose holographic manifestation depends only on the renormal-
1zation

Same kind of reasoning (modulo technicalities) can be adopted
for other symmetries, e.g. R-symmetry, conformal, ...



Computation of the 7' 1-point function

'_|.b-

/ 2 0S5
.5I,= EX (_2 (K,}/Iw . Kuu) 4 ct)
V=7

" EZY
h‘u,y = Eﬁ/ﬁy — —52'(‘.3_ dz (32) m

Y

(1)) = -2 {3253 log (P—) + E;Xw} 5
z
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