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LVS SUSY breaking

W, ~ O(1) natural SUSY breaking

Va~e'% >>1  for g, <<1 trust approximations

W,M _
Generate hierarchies naturally: ~ m,, ~ ——=~M_e "% <<M,

m
Moduli masses of O(mg,) except for volume mode: M, = \/3‘/72 <<My,

2 2
Miso M

Spontaneous SUSY breaking Fb ~

Soft-terms depend on location and type of MSSM D-brane model
1) D7-branes in geometric regime
Unsequestered models: Msoﬂ ~M;,, (up to loop factors)
i) D3-branes at singularities
Sequestered models: M.« <<M,,, (more than loop-suppressed)

dS vacua without anti-branes
1) non-zero F-terms of hidden matter fields induced by D-terms
i) non-perturbative effects at singularities



Visible sector

® D7sin geometric regime:
_ .32 _3I2 3/2
V= ty —T5 — (az-vsl + IBTVSZ)

1) D-terms fiX T,q; ~ Tysp ~ Tys
i) NP + o’ effects fix t, and 1, at

312 __ AT o 1
Tb Ne TS ~ gS

i) g effects fix 1,

® Da3s at singularities:

_3/2 3/2 3/2 3/2
V_Tb —Ts — Ty Ty

) T,e1 «—> Tysp Orientifold projection
get U(N) groups
i) D-terms fiX T, ~ T, > O
i) NP + o’ effects fix T, and 1 at
3/2

T ~ 1
Tb ~ e TS ~ gs
NB1 Non-perturbative effects for rigid cycles!
NB2 t, fixed by D-terms or g effects
compatible with chirality!
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Unsequestered models

D7s in geometric regime

Soft-terms and volume mode: M oft ¥ —

F-term of t,¢ is non-zero: F¥S ~ m;, Mp+ 0

M

- =
V= 4,312
v

Set either M_;, ~ O(1) TeV (hierarchy problem) or m, > O(50) TeV (cosm mod problem)

Energy scales for vV ~10%:

M, ~10"° GeV

Energy scales for v ~10%

M, ~10' GeV

M. ~m ~m. ~M.VY%x10" GeV
S Tus1 Aysq P

M,~m_ ~m_ ~10"° GeV
vsl vs1

M, = M V72" 210° GeV
m_~m, ~M V7NV =100 TeV

Ts

m,, ~M_ V=10 TeV

M, =10 GeV
m_~m, ~5.10" GeV

Ts

m,,, ~10" GeV

Mer~M, M,V (InV)" ~1TeV

M =M, = 10*° GeV

m, ~M,V>?~1MeV
m, ~Ayepf.. =1meV for f, =M

a

1312
m, ~M.e" =0

m, ~10" GeV
m, ~1neV for f, ~M

ay s

m. ~0

a




Sequestered models

® D3s at singularties

F-term of 7, IS zero: F'S « & oc 1,0 — O

¢ Soft-terms (depending on matter Kahler metric and dS(mechanism):

M, ~ e

12~ 7
® SetV~10"togetM,, ~O(1) TeV:
M, ~10'° GeV
Mour ® MSV”6 ~10" GeV
~m, = 10"° GeV

2

M S ~ mTvsl ~ mavsl ~ mTvs
M, ~10" GeV
m,_~m, ~10" GeV

m,,, ~10" GeV

2

m, ~10" GeV MSSM

A

Mo

m0z<

1) TeV scale SUSY

2) Standard GUTs

3) Right inflationary scale

4) No CMP for 1,

5) QCD axion from open string modes

6) Reheating driven by the decay of 1,

7T, ~1GeV

8) Non-thermal dark matter —— Aparicio’s talk
9) Axionic dark radiation —> Muia’s talk

m, ~m, ~10" GeV  spiit susy

T

M,,~m,~M_V?*~1TeV

m, . =1lmeV for f, =~ M. \/7, <<M,

Qopen

m, ~0

v

M,,, ~1TeV




EFT for sequestered models

® Kahler moduli (trading t,; and 1, for 15, and b)
Ty =1 +ity, Ts=7s+iths, Tsy=7Tsm +isn, G=0b+ic
® Superpotential (moduli denoted as M and MSSM superfields as C)
W = Wauw (U, S) 4+ Ag(U, S) e=%T= + Wis + Winatter
Winatter = pu(M)H, Hq + %}faﬁT(JWJ)Cﬂ'C-ﬁcT e

¢ Kabhler potential

: 2 2
K=-2In (V 4+ %) — 111(25') + )\SM% + )\b% + Kas + I{CS(U) + Kmatter

Kmatter = Ko(M,M)C C* + [Z(M,M)H,Hy + h.c.

- U, S E
K, = % (1_cs%+ffa’ds—|—csm’rgm—|—cbbp) . p>0

® Gauge kinetic functions
fﬂ. = 6@8 — Ka TEI‘-.—'I



D-term stabilisation

Each del Pezzo singularity has 2 anomalous U(1)s
Tsy and G get charged under these U(1)s
D-term potential

Z IC}_E:'!L
zRe IRe(f2) \ &~ 1 3Ca

£ = iy K _ _Q’1)\5L-1 Tsm
! At 9Ty, iV’
g2 OK @Ay b

fg = ———m = ————

A1 OG At V-

D = 0 fixes tg, and b in terms of visible matter fields

2
C* — 52)

Subleading F-terms from SUSY breaking fix C = O if scalars are non-tachyonic

&1 =& =0 Tsy = b =0

Axions yg,, and c eaten up by anomalous U(1)s



F-term stabilisation

® Leading order: V-2

1 2 T 2 F{.-'Tﬁ T Ti7
DSI.II(.J*ﬂU.Xl&:D — () : D[IF[; A ‘EZD —0 ? (Lﬁfﬁux> — IHFD
® Subleading order: V-3
1|8 - E_ERSTS i e AsTs 3 AH:_;*‘E
Voo = o= |3(asde) Vi — daaaWor, 7 4 ivf]

® AdS minimum which breaks SUSY

Caere 3y/TsWo (1 — 4ey) 1 O( 1 ) <1

, — itl = —
‘ das AV (1 —€) Wi e 4a,.T, InVy

.

32 = %[1 + fas(€s)]

Subleading correction f g depends on dS mechanism



U and S shift

Potential at O(V-3) depends on U and S
—— shift of U and S minimum

DsW =~ DsWixle—o — 34‘5"’;” 1+ €.50. In A, (U, S)
3EW,
D[JTI‘II’I ~ DL.'_ I’{fﬂux |£:D — %Esaﬂ: [I{TCE(U) —l_ ]I]. AS(EJT._. S)]

Parametrisation of the S-shift in terms of og defined as

3wg(U, S) EW,
4 sV

DsW = —
Parametrisation of the U-shift in terms of o, defined as

w, (U, S)
Wy (L’: S )

Sw‘r_._ri (LT._, S ) é I"][';D
4

Dy, W = — oy

Dy W = DsW ~ O(V™1)

Also S and U-moduli break SUSY!



dS case 1: hidden F-terms

FW anomaly cancellation — non-zero fluxon T, ——> T,gets a U(1)-charge
D-term potential

1 145, - | @ 0K  3q 1
Y7 9Re(fy) \s Fasl” = & fo="T v P el VOTE

Total scalar potential

1 S 3¢ \2 1 o, .
Viet = Vp + Vi = (q_mmdslz_ L ) _I_E?néJXQl@dSF_'_V@(V_S)

2V2/3 \ s 8w2/3
2 2/3
Minimum for ¢ at 9o\, 2 _ o "M3/2
5 |¢’ds| fb o
Substitute in V,,
3, W3 my , V3 .
Viet = Vp,o + 67, Svegfa +Vow-3) Vpo = 3;{2 ~ O (V_m”) negligible
¢
Minimising with respect to T, and V
/2 1 E;E E,XQ
(View) = —0— (513~ (O’?) §=—2"% o022
83&-;{ (V)3 Wo 18T gy de

Tune W, so that <V,,> =0

Solutions for W, ~ O(1) and v ~ 10° — 107 as needed to get TeV scale SUSY!



dS case 2: non-perturbative effects

New W from non-perturbative effects at singularites ~ W, = A,5(U, S) ¢ as(SthasTas)

2
: . T
New Kahler modulus Ty with  Kus = )\ds$
Hidden D-term potential
2
1 L2 qas OK (as Tas
Vp = i Phil” — &n — S - —— = ———
2Re(fi) (Z ot o 51) o =5 T 4m Y
Total scalar potential
2
: 2 ,—2a4s(8+kKasTas)
q 5 (Kasas A e <%
tn:rt (Z Gh, 2|(|Dh z |2 = ds) + = dg dS) V + V@{V—3]
.. "-}‘ds Td‘: . 9 , Qgshas 2 —2agss
Mlnlmum fOI' TdS at Z Q‘h i |C|)h ?‘ ( Ldsa-dSAdS) e

s=9. =7, —— e‘zadssz AT m Y for a, =a,
T R|g VHVIevTi<l for |g|<v?

Substitute in V ] ; (Kas@us Ags)? e~ 20458
Viet = Vb p Y

Tune fluxes so that <V,,>=0 (Edsad5Ad5>2 s _ 9 €&

+ Vo oV-3) Vpo ~ OV %) negligible

Wo 3212



F-terms

General expression of F-terms
I — K2 KIF DTW'

Relevant F-terms

P T FTs
= —2mgy | 1+ 77— o2 — ~ —6m3,9€s
" V€ Te
FS N 3w (U, S) mgyo FU _};{-Uiﬁ? wﬁ?(Uj S)
S 8{1?[2 EEKQ - 232 w;—:"\.(U‘ 5')
F& = FTsm —
dS case 1 s
™~ 11
Pas 3/2
dS case 2
FTas ~ 3 msy/2

1/2a*



| ocal and ultra-local scenarios

Physical Yukawa couplings

V. = K2 Yapy (U, S)
N Ko KsK,
Locality constraint
R = ho(U, 5) k13 o U S) e ¢ L Ly =b=C"=
(o = ha(U,5) ™" ~ (25)173)273 1 - 3V + 3 3 s Tem = 0=0C"=0
Same volume scaling as matter Kahler metric
-E—{-CI — % (l - % _F!Lda_-,) = fQ(L'I._, S)IK IKdS — CdS-ﬁLdS Tsyg — b — D

Soft-term computation depends on subleading corrections
2 limits:
1) Local limit: locality constraint holds only at leading order
c,#=1/3 and c, #1/3

i) Ultra-local limit: locality constraint holds exactly

e, (U, S) eHKes/3
(25)1/3

f&‘(U! S) —

and Ce = Cys =



Gaugino masses

General expression for gaugino masses

1
Mo = sraig e fo = 08 + Ko Toy
Flsv =0 universal gaugino masses generated by FS
FS  3uW.(U,S) ma In))>/?
J'Il 9 = ~ U-’,S'( .-,} ) 3;; ~ () 'ﬂl-g;‘g(nL < My/o
T2 16ad? Vel R 4 |

Loop-suppressed anomaly mediation contributions because of no-scale cancellation

2
anom g
My, = 6.2 My, <<My,



Scalar masses
* Fermcontributions 2 [ =m— FIT 5, o+In Ko

® Local limit: universal scalar masses generated by F™
: : FT\? -~ 5(c—3 , (InV)3?
Sr

® Ultra-local limit: vanishing contribution from F™ for c;=1/3 —* m, generated by FY and FS

m2 |, = —M3,s (32 + BY8,,8, + BUi U auiauj) In ho(U, S) ~ O (Ml : 2)

® D-term contributions
m'i\D = R’;l Z QED@_SE,EDE- —Vbo

® dScasel
2

21 _ el 7 M3/2 o _ beg > VInV dominant effect
mo|p = 21, (U, S) DasiOnKa ==, [as]” = wh o "e/2Majz ~ O (mm Y in ultra-local limit

® dScase?
2| _ gds];ﬁf?‘
D= 25,(U. 5)

subdominant effect

in local limit since
VD,o ~0O(WV 4

1 c T ‘
DdSzaTdSB VD,D = %Ddsﬁ'ds§ - VD._D = (2"3.:15 —1) VD,D

1 1
my|p = 2 (Cds — —) Vbo=0 for css= 3 vanishing in ultra-local limit



A-terms

Vanishing D-term contributions for C =0
F-term contribution

Y5+ (U, S
K +1n mﬁ'g - ]

Ansy = F1o;

. Yo(U, S)
— 1y {Kv—Slnff—l—ln( il )]
! fally

Local limit

i 6 1 Yr:t"ﬁ’"f
Appy = — |1 —sBY%0, Ko — — (cS — -> — 804, In ( 8 )] My 5 ~ O (M,
B [ 1 o 3 wln | 7 )| My (M2)

s = 05+ Y10,

® Ultra-local limit

Yasy (U, S




u and Bu from K

Contributions from K
. —T - . T2 R R R
ji=(mypZ —TF a&z) (BHE Hd) and Bji= Bji| + Bjl,

Bji|p = {ngﬂz — mg/gFI@TZ + mg/QFI [312 — Z0rIn (R'Hu Her)]

Ny 0,057 — 9, Z07In (K‘Huf’{'Hdﬂ} (&, ~,Hd)—1/2 |

.\ L 12 . -
Bji|p = (ﬁHu Hd) (ZQ?DiaHu@HdDz‘VD.OZ) : Z =+(U,S)K
Local limit
= — O (eo— 1) —sa,ulnn| M ~ O (M)
,U- - \/m 3@1’5 s 3 S, U nﬁj' 1;@ lfﬂ

3
ma oMy ~ O | ms,.

Ultra-local limit 7 = 2(U, S) K /3

P 1 Gl ) : (mwm)

2 80 5, In7y

e Ve, b,

Bla|D = ; m%lD = - 61‘:;.9 ﬂlg;’gi‘.ﬂ]{lf'g ~ QO T?Igf'gﬂ
\/ h-Huth ‘\/hHuh'Hd Wg V

Z

Ve, hH,

My o ~ O (Mys)

dS case 1:

dScase 2: Bj = a(U,S) Mfﬂ ~ 0 (Mfm)



u and Bu from W

® Contributions from W
v o~ =~ —1/2
j= pel/? (KHEKHC{) :
» - - N
Bji = K /2 [FI (K; +drInp—9rIn (Ix’HuI{Hd)) — mgﬁ} (Ix’HuI{Hd)
® Non-perturbative effects (u=0 from reduction of D3-brane action)
al

Woe TH,Hy = jpeg=¢e"

W o e—b(S—r-:T]Hqu - [loff = B—b[S—I—r&T]

T =T a = na, with n > 0 b = nag
—_— [i ~ M and Bji ~ M model-dependent
V?H—g V-n—|—§

® Higgs bilinear forbidden by anomalous U(1)s
® Gauge invariant operators from T-moduli or open string scalars ¢

. (I} m i (I)m
Ko (T) HuHa, WS Am—1 H,Hg model-dependent




Summary of soft terms

M 3/2
M,, = Cy, V—zp (an)

Aaﬂy ~ Caﬂ}/MUZ
( %
2 2
CoMy), >>My,
(Inv)3/2
v
2 2 2
my = § ¢,M/, >>My,
(Inv )2
2
COI\/Il/Z
c,M,, from K
H C P fromW
M vn+1/3
c,m’ from K
B~ M
“ Co—— fromW
vn+l/3

c’s are flux-dependent coefficients
n>0 is a model-dependent parameter

Local limit Split SUSY
Ultra - local dS, Split SUSY
Ultra- local dS, Standard MSSM

RG running down to LHC scale, SUSY phenomenology,
cosmological implications from dark matter and dark radiation
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