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Introduction

Standard Model:

» Fine-tuning problems:
cosmological constant problem; gauge hierarchy problem;
strong CP problem; SM fermion masses and mixings; ...
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Introduction

Standard Model:

» Fine-tuning problems:
cosmological constant problem; gauge hierarchy problem;
strong CP problem; SM fermion masses and mixings; ...

» Aesthetic problems: interaction and fermion unification; gauge
coupling unification; charge quantization; too many
parameters; ...
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Introduction

The Supersymmetric Standard Models:

v

Solving the gauge hierarchy problem

v

Gauge coupling unification

v

Radiatively electroweak symmetry breaking

v

Natural dark matter candidates

v

Electroweak baryogenesis

v

Electroweak precision: R parity
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Introduction

Problems in the MSSM:

>

(t problem: pH, Hy

v

Little hierarchy problem
CP violation and EDMs
FCNC

Dimension-5 proton decays

v

v

v
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Introduction

The Grand Unified Theories: SU(5), and SO(10)

» Unification of the gauge interactions, and unifications of the
SM fermions

» Charge quantization

» Gauge coupling unification in the MSSM, and Yukawa
unification

» Radiative electroweak symmetry breaking due to the large top
quark Yukawa coupling

» Weak mixing angle at weak scale Mz

> Neutrino masses and mixings by seesaw mechanism
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Introduction

Problems:

» Gauge symmetry breaking

» Doublet-triplet splitting problem
» Proton decay problem
» Fermion mass problem: me/m, = mg/m;s

Tianjun Li ITP-CAS



Introduction

String Models:

» Calabi-Yau compactification of heterotic string theory

» Orbifold compactification of heterotic string theory
Grand Unified Theory (GUT) can be realized naturally through the elegant Eg breaking chain:
Es D Es D SO(10) D SU(5)

» D-brane models on Type |l orientifolds

N stacks of D-branes gives us U(N) gauge symmetry: Pati-Salam Models

» Free fermionic string model builing
Realistic models with clean particle spectra can only be constructed at the Kac-Moody level one: the

Standard-like models, Pati-Salam models, and flipped SU(5) models.
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Introduction

F-Theory Model Building:

» The models are constructed locally, and then the gravity
should decoupled, i.e., MguT/Mpj is a small number.

» The SU(5) and SO(10) gauge symmetries can be broken by
the U(1)y and U(1)x/U(1)g— fluxes.

» Gauge mediated supersymmetry breaking can be realized via
instanton effects. Gravity mediated supersymmetry breaking
predicts the gaugino mass relation.

» All the SM fermion Yuakwa couplings can be generated in the
SU(5) and SO(10) models.

» The doublet-triplet splitting problem, proton decay problem, u
problem as well as the SM fermion masses and mixing
problem can be solved.
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The SUSY EW Fine-Tuning Problem

Higgs boson mass in the MSSM:

>

The SM-like Higgs boson mass is around 126 GeV.

The tree-level Higgs boson mass is smaller than M.

v

v

The Higgs boson mass is enhanced by the top quarks/squarks
loop corrections.

» The maximal stop mixing is needed to relax the fine-tuning.
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The SUSY EW Fine-Tuning Problem

The LHC Supersymmetry Search Contraints:

>

The gluino and squark mass low bounds are around 1.7 TeV in
the CMSSM/mSUGRA

The gluino mass low bound is around 1.3 TeV.

v

v

The stop/sbottom mass low bounds are around 600 GeV.

v

If the LSP is heavy enough, all the bounds will be gone.
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The SUSY EW Fine-Tuning Problem

ATLAS SUSY Searches” - 95% CL Lower Limits

ATLAS Preliminary

Status: Moriond 201 [Ldi=(46-229) b7 V5=7,8TeV
Model emTY Jets ENS Reference
T
MSUGRACHSSH o 2eps s 23 |aE ATLAS conF 213047
MSUGRACHSSH Tew s e .3 |E ATLAS CoNF 013062
o | MSUGRACHSSM o Tioes we 203 |2
H o zses e 203 (@ ATLAS CONE 2013047
8 o zols e 203 [B TLAS CON 2013047
H tew 3o v 3 [E Sy | ATASGONE 0120682
3 20 osjes el Trs G20 e
e 20y o4l we 47 |m an s
3 12 o2es e 207 |2 ATLAS CONF 2013028
H 2 ws o 23 |8 ATLAS CONF 201401
£ Teusy Yes. 48 ATLAS-CONF-2012-144
)Y 4o | e
2en@ 03ps e 58 AmLASCONE 0121
o ciel v 105 HTLAS CONF 2012147
s% FET) w1 |z HAS ConF 013001
3 o Tiojes e 203 |2
: Gles 3b e 201 [B ATLAS CONF 013061
Ehad 01 ep 3b Yes 201 |& ATLAS-CONF-2013-081
oz we w1 [k 100620 Gov 002001
zeuss 03 s 27 |5 275430 Gov ATLAS CONF 201307
Vew 1ze e 47 |i TiomBTGa o om0 120
zei ozes e 23 |1 120210 Gev )0 30 G i) 53
2 26 e 23 |1 21553 Gov nirony Toness
v w21 i 150,590 Gov G iy oo 25
07 [0 200810 Gov i Ao 203007
s i 056 nitho ATLAS CONF 2013024
23 i 0200 Gov e osonr ATLAS CONF 013068
203 150580 Gov i
3 290500 GoV iy a0ey s 222
3 90325 Gov ey sz
A 203 140465 Gov P08 054 o a
=% 207 18033 Gov B
s 203 700 Gev. i i ] 140270:
3 e 1oaz0. 14027020
withit 3 205 cev ) )0, seporasocap | ATLAS GONF 2013003
voc T1T; prod g ved ] Osagp k1ol Yes 203 270.6ov -0 e i -0zne | ATLASGONF 212009
St sl Khaon 0 s v 220 a2 P0G opscrns | ATSCON 2013057
GMSB, s 7 e erie) 120 153 jiieten ATLAS CoNF 2013050
G 6 bl 27 o 47 200V o
0T g il e 23 10T 5 <erc1s . B8t - 108ov | ATAS CONE 2013052
LFV g+ Xobes 2en s
o0+ X5 Tedrr 8 1aTew
> sinearsrvouss Tew' 7es s 47 : ATLAS CONF 2012140
AP b s 207 760 cev ATLAS CONE 2013
Xk K] WH K rrsers, 3essT s 207 350 GeV MUAS ConF 013656
Fain o " a7 By 516 6oV ATLAS CONE 013001
i i 29 03h  wes 207 s80Gev ATLAS CONE 2013007
g Somwgunpaswor 0 g o | 100207 Gov o o 1102083
Sealr goonpa sgloni  2e4(SS) 26 Yes 143 | o  asos0cey ATLAS CONE 013081
g WIMP interaction (DS, Dirac ) o monodet  Yes 105 N m(y)<80 GeV, it of<687 Ge\ for D8 ATLAS-CONF-2012-147
L L
Vi=7TeV. Vi=8TeV 1
l data ol data Mass scale [TeV]




The SUSY EW Fine-Tun

Summary of CMS SUSY Results* in SMS framework SUSY 2013
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The SUSY EW Fine-Tuning Problem

MSUGRA/CMSSM: tan(B) = 30, A_= -2mq, 1 > 0

Status: SUSY 2013
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The SUSY EW Fine-Tuning Problem

g production, §— ), m(@ >>m(@), s =8TeV __Lepton & Photon 2013 f, production Status: Moriond 2014
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The SUSY EW Fine-Tuning Problem

g-g production, g- tt 5{2
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The SUSY EW Fine-Tuning Problem

Fine-Tuning Definition I:

» Electroweak symmetry breaking condition

1
2

2 2 2
My, — My, tan 15}
tan23 — 1

WP+ S Mz =
» Fine-tuning Definition | 1: the quantitative measure Apr for
fine-tuning is the maximum of the logarithmic derivative of
Mz with respect to all the fundamental parameters a; at the

GUT scale

81I1(Mz)

Apr = Max{AGUT AGUT — | L)
FT aX{ i }, i 81n(aiGUT)

1J. R. Ellis, K. Enqvist, D. V. Nanopoulos and F. Zwirner, Mod. Phys. Lett. A 1, 57 (1986); R. Barbieri and
G. F. Giudice, Nucl. Phys. B 306, 63 (1988).
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The SUSY EW Fine-Tuning Problem

Fine-Tuning Definition Il

» Higgs potential:
A
Vo= mplhP o+ Al

» Higgs boson mass

2 =2 =2 2 2 2
my, = —2mh , my = ’M’ + mHu’tree + mHu’rad .
» The fine-tuning measure 2:
2
A = 20my
FT = 2
h

2R. Kitano and Y. Nomura, Phys. Lett. B 631, 58 (2005) [hep-ph/0509039]; Phys. Rev. D 73, 095004 (2006)
[hep-ph,/0602096].
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The SUSY EW Fine-Tuning Problem

Fine-Tuning Definition Il

» The u term or effective p term is smaller than 400 GeV.

» The squar root My = m%l + mi of the sum of the two stop
mass squares is smaller than 1.2 TeV.

» The gluino mass is lighter than 1.5 TeV.
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The SUSY EW Fine-Tuning Problem

Fine-Tuning Definition Il

» The minimization condition for electroweak symmetry

breaking
/\/]7% _ m%_,d + X9 — (m,2_,u + XY tan? B 2
2 tan23 -1
» The fine-tuning measure 3
2G;
AFT = Max{—'} .
M2

3H. Baer, V. Barger, P. Huang, D. Mickelson, A. Mustafayev and X. Tata, Phys. Rev. D 87, no. 11, 115028
(2013) [arXiv:1212.2655 [hep-ph]].
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The SUSY EW Fine-Tuning Problem

Comments on Fine-Tuning

» Fine-Tuning Definition Il is weak.
» Fine-Tuning Definition Il is medium.

» Fine-Tuning Definition | is strong.

Tianjun Li ITP-CAS



The SUSY EW Fine-Tuning Problem

Supersymmetric SMs:

» Natural supersymmetry 4.

» Supersymmetric models with a TeV-scale squarks that can
escape/relax the missing energy constraints: R parity
violation ®; compressed supersymmetry © ; stealth
supersymmetry ’; etc.

45. Dimopoulos and G. F. Giudice, Phys. Lett. B 357, 573 (1995) [hep-ph/9507282]; A. G. Cohen,
D. B. Kaplan and A. E. Nelson, Phys. Lett. B 388, 588 (1996) [hep-ph/9607394].

5R. Barbier, C. Berat, M. Besancon, M. Chemtob, A. Deandrea, E. Dudas, P. Fayet and S. Lavignac et al.,
Phys. Rept. 420, 1 (2005) [hep-ph/0406039].

T. J. LeCompte and S. P. Martin, Phys. Rev. D 84, 015004 (2011) [arXiv:1105.4304 [hep-ph]]; Phys. Rev. D
85, 035023 (2012) [arXiv:1111.6897 [hep-ph]].

7J. Fan, M. Reece and J. T. Ruderman, JHEP 1111, 012 (2011) [arXiv:1105.5135 [hep-ph]]; arXiv:1201.4875
[hep-ph].
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The SUSY EW Fine-Tuning Problem

Supersymmetric SMs:

» Supersymmetric models with sub-TeV squarks that decrease
the cross sections: supersoft supersymmetry &

» Displaced Supersymmetry °.

» Double Invisible Supersymmetry 10

8G. D. Kribs and A. Martin, arXiv:1203.4821 [hep-ph], and references therein.
9P. W. Graham, D. E. Kaplan, S. Rajendran and P. Saraswat, JHEP 1207, 149 (2012) [arXiv:1204.6038

[hep-ph]].

J. Guo, Z. Kang, J. Li, T. Li and Y. Liu, arXiv:1312.2821 [hep-ph]; D. S. M. Alves, J. Liu and N. Weiner,
arXiv:1312.4965 [hep-ph].
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The MSSM with Heavy LSP

Outline

The MSSM with Heavy LSP
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The MSSM with Heavy LSP

Why the LHC supersymmetry search constraints can be
relaxed for the heavy LSP?

> pn_rliss
» The energy scale of an event: hr

Nijet

hr = ZPIT :
i=1

» The effective mass of an event: megr

N ljet

meffZET+ZP9--

i=1
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The MSSM with Heavy LSP

- - - prlal --- hrld] --- mexlq]
pr(al --- hel@] --- melql

- . _ PPIEl — hrl@l — meglg]
profel — brlg] — meglg]

1500

1000

Misp M

.
GV 600 800 1000 Gev

Flng e . The behaviour of p’-,'—”.ss, ht and meg for §§ and gg pair production, with subsequent decay § — gX
and & — qqX, respectively. Left: mg,z = 800 GeV and scan over my in [0,700] GeV. Right: mg = 300 GeV and

scan over mg /z in [400,1000] GeV. The black dots are simulated number and fitted by corresponding color line.
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The MSSM with Heavy LSP

Parameter space scan

» The muon anomalous magnetic moment a, = (g — 2)/2
a, = (287+8)x10710.
» Higgs boson mass
123.0 GeV < my < 127.0 GeV .
» LHCb

Br(Bs — ptu™) = 32715 x107°.

Tianjun Li ITP-CAS



The MSSM with Heavy LSP

Input parameters

tan 3 : [15,40], p :[500,1000] GeV, My : [200,2500] GeV,

My : [1200,2500] GeV, Ms, : [600,1200] GeV, Ms; : [330,600] GeV,

A: : [-2500,2500] GeV, my,, : [400,1000] GeV, e, : [400,1000] Ge'
maq, : [200,1400] GeV, my, : [200,1700] GeV, mp, : [100,1900] GeV,
Ap : [-2000,2000] GeV, A; =0 GeV, mq,u,n, : [1500,3000] GeV .
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The MSSM with Heavy LSP

M3 /(GeV)
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The MSSM with Heavy LSP

MSSM(AIl Constraints)

mrsp/(GeV)
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The MSSM with Heavy LSP

MSSM(AIl Constraints)

mprsp/(GeV.
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The MSSM with Heavy LSP

X0 | 620.2 e 630.2 || /g | 9292 || & 754.1 UR/Cr | 2227.2 [ 127.0
x5 | 7333 5 817.6 e /h. | 759.8 || % | 1125.9 U/ | 22723 A% /HO 1581

X3 | 7982 || 7., | 755.8 7 7221 || By | 799.2 dr/3r | 2227.2 HE 1583.0
X5 | 8272 P 720.9 7 874.0 || b, | 2036.7 d /5 | 22723 z 1228.9

QX0h2 =0.017, Aa,, = 5.27 x 10710, BR(B? — ptp™) =3.35 x 1079, Rypax = 0.35, App = 161
1
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No-Scale F-SU(5)

Outline

No-Scale F-SU(5)
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No-Scale F-SU(5)

Flipped SU(5) x U(1)x Models: '3

» Doublet-triplet splitting via missing partner mechanism 11.
» No dimension-five proton decay problem.
» Little hierarchy problem in string models:
MString ~ 20 X MGUT
Msiring = &string X 5.27 x 1017 GeV .
» Testable flipped SU(5) x U(1)x models: TeV-scale vector-like

particles 12,

HI. Antoniadis, J. R. Ellis, J. S. Hagelin and D. V. Nanopoulos, Phys. Lett. B 194, 231 (1987).
12J. Jiang, T. Li and D. V. Nanopoulos, Nucl. Phys. B 772, 49 (2007).

135. M. Barr, Phys. Lett. B 112, 219 (1982); J. P. Derendinger, J. E. Kim and D. V. Nanopoulos, Phys. Lett.
B 139, 170 (1984).
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No-Scale F-SU(5)

Flipped SU(5) x U(1)x Models:

» Free-fermionic string construction 4.

» F-theory model building 5.

» Heterotic String Constructions: Calabi-Yau 16. Orbifold 17.
» Orbifold GUTs '8,

14J. L. Lopez, D. V. Nanopoulos and K. j. Yuan, Nucl. Phys. B 399, 654 (1993).

15C. Beasley, J. J. Heckman and C. Vafa, JHEP 0901, 059 (2009); J. Jiang, T. Li, D. V. Nanopoulos and
D. Xie, Phys. Lett. B 677, 322 (2009); Nucl. Phys. B 830, 195 (2010).

16A. E. Faraggi, R. S. Garavuso and J. M. Isidro, Nucl. Phys. B 641, 111 (2002)
17J. E. Kim and B. Kyae, Nucl. Phys. B 770, 47 (2007).
185. M. Barr and . Dorsner, Phys. Rev. D 66, 065013 (2002).
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No-Scale F-SU(5)

F-SU(5) Models

» The gauge group SU(5) x U(1)x can be embedded into
S0O(10) model.

» Generator U(1)y+ in SU(5)

) 11 111
Tuq),, = diag <_3a 3073y 2) :
» Hypercharge
1
5

Qv == (Qx — Qy/) .
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No-Scale F-5U(5)

» SM fermions

Fi = (Qi, DS, NF), Fi = (US, L), T; = EF .
» Higgs particles:
H=(10,1), H= (10,-1), h=(5,-2), h=(5,2),

Uss D, Nes E, Hy<s H, .



No-Scale F-SU(5)

Symmetry breaking:

» Superpotential
Waur = MHHh + MoHHh + O(HH — M3) .
> There is only one F-flat and D-flat direction along the Nj; and
N7 directions: < Nf >=< Nf >= My.

» The doublet-triplet splitting due to the missing partner
mechanism

» No dimension-5 proton decay problem.
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No-Scale F-SU(5)

F-SU(5) Models

» To achieve the string scale gauge coupling unification, we
introduce sets of vector-like particles in complete
SU(5) x U(1)x multiplets, whose contributions to the
one-loop beta functions of the U(1)y, SU(2), and SU(3)c¢
gauge symmetries, Aby, Aby and Abs respectively, satisfy
Ab; < Aby, = Abs.

» To avoid the Landau pole problem for the gauge couplings, we
can only introduce the following two sets of vector-like
particles around the TeV scale, which could be observed at
the LHC

Z1: XF = (10,1) = (XQ, XD°, XN°) , XF = (10, 1) ;
Z2:XF , XF , Xl = (1,-5) , XI = (1,5) = XE* .
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No-Scale F-SU(5)

60 Model TA
M, = 1000 GeV
M = 800 GeV

40

20

FIgU e . Gauge coupling unification in the Type IA model.
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No-Scale F-SU(5)

No-Scale Supergravity °:

» The vacuum energy vanishes automatically due to the suitable
Kahler potential.

> At the minimum of the scalar potential, there are flat
directions which leave the gravitino mass M3/, undertermined.

» The super-trace quantity StrM? is zero at the minimum.

K = =3(T+T-> o).

19E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 133, 61 (1983); A. B. Lahanas
and D. V. Nanopoulos, Phys. Rept. 145, 1 (1987).
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No-Scale F-SU(5)

No-Scale Supergravity:

» mSUGRA/CMSSM: M /5, Mo, A, tan 3, sign(yu).
» No-scale boundary condition: My, #0, Mo =A=B,, =0
» Natural solution to CP violation and FCNC problem.

» Disfavored by phenomenology: My = 0 at traditional GUT
scale.

» No-scale F-SU(5)
No-scale supergravity can be realized in the compactification of the

weakly coupled heterotic string theory 20 and the compactification
of M-theory on S'/Z, at the leading order 1.

20E. Witten, Phys. Lett. B 155, 151 (1985).

1T. Li, J. L. Lopez and D. V. Nanopoulos, Phys. Rev. D 56, 2602 (1997).
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No-Scale F-SU(5)

» These models can be realized in heterotic string constructions,
free fermionic string constructions, and F-theory model
building.

» These models may be tested in the next LHC run.

» The Higgs boson mass can be around 126 GeV.

» The proton decay p — et ¥ from the heavy gauge boson
exchange is within the reach of the future DUSEL and
Hyper-Kamiokande experiments for a majority of the most
plausible parameter space.

» The dark matter is within the reach of the XENON1T
experiment.
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No-Scale F-SU(5)

Miracle of Vector-Like Particles

v

String scale gauge coupling unification.

v

Dimension-six proton decay.

v

Lifting the lightest CP-even Higgs boson mass.

v

Special sparticle spectra.
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Question: Super-Natural Supersymmetry

Can we propose the Super-Natural Supersymmetric SMs whose
EENZ or BG fine-tuning measure will be automatically 1 or order 1

(O(1))?
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No-Scale F-SU(5)

No-Scale Supergravity

» Scalar Potential
V = X ((K‘l)JiD,- WDIW — 3| W|2> .
where (K—1)§ is the inverse of the K&hler metric

Ki = 2K /09'0%;, and DiW = W, + K;W.

» Automatically vanishing scalar potential

K = =3In(T+T-)_ &%).

1
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Natural Solution to the Fine-Tuning Problem

» Fine-Tuning Definition:

Oln(M
AFT = MaX{AiGUT}, AI-GUT = ‘81n(‘(3G[JZg)
» Natural Solution:
Mz
YR () 0
Z My 2 1/2
om(Mp)  Mip oMy 1. ~ 0(1)
am(My ) ML oM, T fy
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No-Scale F-SU(5)

» 1 problem 22

B M1/2 X M3/2 .

> All the mass parameters are proportional to M

» Natural solution 23

My

22G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988).
3T. Leggett, T. Li, J. A. Maxin, D. V. Nanopoulos and J. W. Walker, arXiv:1403.3099 [hep-ph].
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General Super-Natural Supersymmetry Conditions

Outline

General Super-Natural Supersymmetry Conditions
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General Super-Natural Supersymmetry Conditions

» One and only one chiral superfield or modulus breaks
supersymmetry.

> All the supersymmetry breaking soft terms are proportional to
gravitino mass.

> 1 term is generated via the GM mechanism after
supersymmetry breaking in the MSSM, or NMSSM.

» No-scale supergravity or M-theory on S1/Z, 2%,

247 Li, Phys. Rev. D 59, 107002 (1999) [hep-ph/9804243].
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General Super-Natural Supersymmetry Conditions

The MSSM with No-Scale Supergravity

> =~ 1.13My )

» Fine-tuning measure is less than 15.
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General Super-Natural Supersymmetry Conditions
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Conclusion

Outline

Conclusion
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Conclusion

Super-Natural Supersymmetry: the EENZ or BG fine-tuning
measure is automatically O(1).
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Thank You Very Much
for Your Attention!
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