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Recap from the second lecture:
»= Chiral and anti-chiral superfields
D.S(z,0,8) =0. DaS(x,0,0) =0

D(y,0) = ¢(y) + V20 (y) + 6°F(y)
= ¢(z) + V20y(2) + 0°F (z)

o i 1
+ 00" 00,,¢(x) + ﬁe%m(x)aﬂe — 19292(9“0%(:1;)
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Recap from the second lecture:

= Vector (real) superfield

S*(z,0,0) = S(x,0,0)

* In the Wess-Zumino gauge

Vivz(z,0,0) = 00"0A,(z) + 020X + 620X + 0°0° D(x)

= Super-Yang-Mills

V —vVere
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Recap from the second lecture:

sStrength tensor superfields

1 _ _ 1
W, = —ZDQDQV, W, = —ZDQDQV

*"In the Wess-Zumino gauge

Wo = Ao + 0D + %(a“&”@)aFW +i0%(0" 9\

»SUSY invariant Lagrangians — F and D terms for chiral and
vector superfields, respectively.
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Nonrenormalisation theorems

M.T. Grisaru, W. Siegel and M. Rocek, ~"Improved Methods for
Supergraphs,” Nucl. Phys. B159 (1979) 429

L=K][dTel" D]
+ W(®)|g2 + hec.
+ f(@)W*Walge + hec.

‘92§2

=Kahler potential K [<I>+eg VCID} receives corrections order
by order in perturbation theory

*Only 1-loop corrections for  f(P)

: W((I)1)s not renormalised in the perturbation theory!
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Nonrenormalisation theorems

N. Seiberg, "Naturalness versus supersymmetric
nonrenormalization theorems,” Phys. Lett. B318 (1993) 469

- Consider just Wess-Zumino model:
m A

- R-symmetry and U(1) charges:

field [ @ | m | A
ua) |1 | —=2]-3
Ulr | 1| 0 | =1
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Nonrenormalisation theorems

N. Seiberg, "Naturalness versus supersymmetric
nonrenormalization theorems,” Phys. Lett. B318 (1993) 469

- Quantum corrected superpotential:
AP _
Wesr(®) = md*f (E) = z;()cnknml "
n_

= ConsideA - 0 —n >0
D Considénn — 0 — n < 1

c Hence,Weff((I)) p— W(@)
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Outline of part III: MSSM

= Standard Model. Great success and some problems
"  Building MSSM

= Soft supersymmetry  breaking. Spontaneous
supersymmetrty breaking

=  Sparticle spectra

"  Current data and future prospects
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Standard Model

= Standard Model of particle physics

is theoretically

consistent model of known elementary particles and
fundamental interactions which successfully describes
(almost) all observed phenomena in particle physics.
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Standard Model

The SM has been tested
with very high precision
(one part in a thousand)

Difference between

|Omeas = Olit| /gmeas

|

measurements and fit values Fit 0 1 2 3
Aapi(m5) 0.02758 + 0.00035 0.02768
m, (GeV) 911875 + 0.0021 911875
I;(GeV) 2.4952 +0.0023 2.4957
0. 4 (nb) 41.540 + 0.037 41.477
Ry 20.767 £0.025 20.744
AL 0.01714 + 0.00095 0.01645
A(P) 0.1465 + 0.0032 0.1481
R, 0.21629 = 0.00066 0.21586
R 0.1721+0.0030 0.1722
AR 0.0992 + 0.0016 0.1038
A 0.0707 £ 0.0035 0.0742
A, 0.923+0.020 0.935
A 0.670+0.027 0.668
A(SLD) 0.1513 £ 0.0021 0.1481
sin2fy; (Qpy) 0.2324+0.0012 0.2314
m,, (GeV) 80.398 + 0.025 80.374
Iy (GeV) 2.140 +0.060 2.091
m, (GeV) 1709+1.8 171.3

0 1 2 3
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Standard Model

* Theoretical foundation of the Standard Model is the
relativistic local quantum field theory (QFT) with local
gauge invariance. QFT is the wunique theory that
consistently merges quantum mechanics and relativity,
while local gauge invariance is the only known framework
which consistently describes force career spin 1 particles.

» The basic lesson one can draw from the success the
Standard Model is that symmetry principle plays a
defining role in our understanding of microworld.
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Problems of the Standard Model

Empirical evidence for BSM physics:
*SM can’t explain massive neutrinos
*No candidate for dark matter particle

sCurrent measurements of the Higgs and top quark masses
indicate that the Higgs vacuum is unstable

200

150

100~ Stability

Top mass M, in GeV

G.Degrassi, et al., “Higgs
mass and vacuum stability in
the Standard Model at
NNLO”, JHEP 1208 (2012)
098
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Problems of the Standard Model

Theoretical evidence for BSM physics:

The very existence of 125 GeV elementary Higgs boson is
somewhat puzzling. Scalar masses do receive quantum
correction from UV physics, which is proportional to the
UV scale:

2 2

Quadratic sensitivity of the Higgs mass to high energy
mass scale is known as the hierarchy problem.

However, from Part II we know that quadratic divergences
cancel out in supersymmetric theories. Thus,
supersymmetric extension of the Standard Model provides
natural framework for the solution of the hierarchy
problem.
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Problems of the Standard Model

Theoretical evidence for BSM physics:
=Other hierarchies: strong CP problem, CC problem

"Too many free parameters...more symmetries, e.g. GUTs?

Supersymmetry also provides more {riendly framework
(gauge coupling unification) for GUTs and incorporates dark
matter candidate.
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Minimal Supersymmetric Standard Model

(MSSM)

Recall from Part I and II that superalgebra implies equal
number of bosonic and fermionic degrees of freedom.

PARTICLES THAT PARTICLES THAT
MAKE UP MATTER MEDIATE FORCES
QUARK ELECTRON PHOTON GLUON HIGGS
KNOWN
PARTICLES
THEORETICAL i |
PLANE DIVIDING
TWO AEALMS
THEIR
SPARIN:I.! “SQUARK" “SELECTRON" NO" “GLUINOG™ “Wwi NG HMSIM

The superalgebra also implies that particle and sparticle
are degenerate in mass. We do not observe this. SUSY
must be broken symmetry!
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MSSM

= Matter fields and their superpartners are residing in
chiral superfields:

qu( 3 )L%QN(&?J/@)

€

I = ( Ve )L — L ~(1,2,-1/2)

u; — U~ (3%,1,-2/3), di - D ~ (3",1,1/3), e; — E (1,1,1)
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MSSM

= SU(3), SU((2) and U(l) gauge fields and their
superpartners are residing in vector superfields:

VSU(S) ™~ (87 1, 1)7 VSU(Q) ™~ (1737 1)7 VU(l) ™~ (17 170)
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MSSM

» The electroweak Higgs doublet can be placed in chiral
superfield:

Hd ™~ (17 27 _1/2)
= However, the above superfield contains also a fermionic
partner (Higgsino) with quantum numbers of the lepton

doublet. Gauge anomaly cancellation than requires to
introduce another Higgs superfield:

H, ~ (1,2,1/2)
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MSSM

» The Lagrangian of the supersymmetric Standard Model:

LSUSY SM = /d92d§2 Z (I);_GZG gava¢i

1=all chiral super fields

1
—|— /dQQTr ( 4—92W5Waa> —|— h.C.

| / 40% jH o Hy + §uQU Hy + §aQDHy + §iLEHy + h.c.

= The power of SUSY: no new parameter has been
introduced! Moreover, Higgs self-coupling is defined by
electroweak gauge couplings!
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MSSM

= Higgs potential (neutral components):

1 2
Vo= ul* (1Hl” + [Hal”) + 2 (9% + ™) (1H,” — [Ha|”)
= No EWSB without SUSY breaking

O\ __ O\ _
(Hy) = (Hg) =0
= Since self-inteaction ~g, we expect a light Higgs,

mp ~ my ~ 100 GeV
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MSSM

= Gauge invariance alone does not forbid lepton and baryon
# violating interactions:

NLLE +)X'L.QD+XN"UDD .

= The above terms are forbidden due to R-parity:

( 1) (B-L)+2S

Ordinary particles R-even (+), sparticles R-odd (-).
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MSSM

=Conservations of R-parity implies:

i.Sparticles produce in pairs;

ii.The lighest supersymmetric particle, the LSP, is stable and
may be a dark matter particle (usually neutralino);

iii.Large missing energy signature at colliders.
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Soft supersymmetry breaking

i1.

11i.

We would like to break supersymmetry without
introducing undesired quadratic divergences in scalar
masses. There are three types of explicit soft-breaking
terms:

Mass terms for scalar components of chiral superfields

Mass terms for fermionic component of vector
superfields

Trilinear couplings for scalar components of chiral
superfields

L. Girardello, M.T. Grisaru, ~“Soft Breaking of Supersymmetry,” Nucl.

Phys. B 194 (1982) 65.
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Soft supersymmetry breaking

1 o .
Loost = —5 (Mggg + M,WW + M,BB + c.c.)

—@Tmééj — °m2at — d°m3d°T — LTL — m2ecect
—mij; HiH, —my HjHg — (BH,Hy + c.c)
Sparticles must be within the reach of LHC, if SUSY is

indeed responsible for the solution of the hierarchy
problem!
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Spontaneous supersymmetry breaking

i1.

11i.

ii.

Explicit soft SUSY breaking is problematic nevertheless:

Introduces ~100 new a priory unknown parameters

Unacceptably large contribution to flavour changing neutral
processes (SUSY flavour problem)

Unacceptably large CP-violating effects (SUSY CP problem)

[t is more desirable to have spontaneous SUSY breaking:
Fayet-Iliopoulos mechanism — D-term breaking

O’ Raifeartaigh mechanism — F-term breaking

Note that upon the spontaneous SUSY breaking, Str M?=0
still holds!
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Supersymmetry mediation scenarios

11.

Standard approach to realistic SUSY breaking:

Break SUSY spontaneously in the “hidden sector” at
high energy scale

Find the interactions that mediate “hidden sector”’
breaking to the visible sector

(a) Gravity mediation

(b) Gauge mediation

(c) Anomaly mediation
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RG evolution and REWSB
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‘Typical’ sparticle spectra

Example of SUSY mass spectrum

Generic features: mSUGRA GMSB AMSB
. Coloured particles are heavy 4o9 | i : .
: Uncoloured particles are ligh I L f ==
I I Pp—
— by
Overall SUSY breaking scale > 00T
IS a free parameter k " qr =t T
= B L by
= q 7
E400fF 1 ¥ s
- —q N
- b | v
o B { 7
g ., = . =()
:. 200 [ (] Xo — \i i o Ay
5 [ i Wi i =—— 4,
¥ § it

A. Kobakhidze (U. of Sydney)



ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: March 2016 \s=7,8,13TeV
miss _ PO
Model €Ty Jets ET [Ldqm) Mass limit V5=7,8TeV | {§=13TeV | Reference
MSUGRA/CMSSM 0-3epu/l-27 2-10jets/3h Yes 20.3 1.85 TeV m{g)=m(z) 1507.05525
. §—a¥y 0 . -;Eg Jjeis Yes 3.2 mu‘f‘hﬂfev. m(1* gen.g)=m(2™ gen.q) | ATLAS-CONF-2015-062
§4q. G—q¥) (compressed) mono-je -3jets  Yes 32 mig)-mi¥))<5GeV To appear
Eﬁ 44, qﬂquf{[{ivfmf? 2ep(off-Z) 2jets  Yes 203 m(E])=0GeV 1503.03290
9 Z&.2—qdly 0 26jets  Yes 3.2 mii})=0GaV ATLAS-CONF-2015-062
c§ 2, 1—qql) —gqW* ,f‘l’ Tep 26jets  Yes 3.3 m(,i}i)c:isu GeV, m(F")=0.5(m(¥)+m(z)) | ATLAS-CONF-2015-076
88 Eoqqlljly/ vt 2ep 0-3jets - 20 m(i!)=0GeV 1501.03555
L 7 goggWZ 0 7-10jets  Yes 32 m(E]) =100 GeV 1602.06194
g, GMSB ({ NLSP) 1-27+0-1¢ 0-2jets Yes 203 tang »20 1407.0603
| GGM (bino NLSP) 2y - Yes 20.3 r(NLSP)<0.1 mm 1507.05493
= ggm g:iggsino-:!no :I[g g; 14 21. b Yes 203 rng;":)dsu GeV, er(NLSP}<0.1 mm, y<0 1507.05493
iggsino-bino ¥ jets  Yes 203 m(i})<850 GeV, cr(NLSP)<0.1 mm, u>0 1507.05493
GGM (higgsino NLSP) 2e,pu(7) 2 jets Yes 20.3 m{NLSP)=>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 m(G)=1.8 x 107" eV, m(z)=m(g)=1.5TeV 1502.01518
EE B8, B bbY" 0 3b Yes 33 m(?“gksoueev ATLAS-CONF-2015-067
£ iz ,éar?X] 0-1e.p 3b Yes 33 m(E))=0 GeV To appear
.gn 8o 32, bt 0-1ep 3k Yes 201 |& 1.37 TeV m(i!)<300 GeV 1407.0600
< bbb bi—bT) 0 26 Yes 32 [ sG] m(E})<100 GV ATLAS-CONF-2015-086
‘g % biby, by =ik} 2e,u(S8) 03bh  Yes 32 |k | 325-540 GeV m{F|)=50 GeV, m(¥1)= m{¥})+100 GeV 1602.09058
23 iy, h—=b¥] 1-2ep 1-2b Yes 4.7/20.3 | 71117-170 GeV 200-500 GeV m(Et) = 2m(E}), m(¥7)=55 GeV 1209.2102, 1407.0583
a A, ._>wbx, or iF] 0-2ep 0-2jets/1-2b Yes 203 | § 90-198 GeV 205-715 GeV  745-785 GeV miE})=1GeV 1506{08616, ATLAS-CONF-2016-007
qr.-; g. fify, i —el) 0  mono-jet/e-tag Yes 20.3 a 90-245 GeV mif)-m(¥})<85 GeV 1407.0608
o ‘g fif {natura\ GMSB) 2ep(7) 1h Yes 203 |7 150-600 GeV m(i!)>150 GeV 1403.5222
TS hhhoh+Z 3e,u(d) 1b Yes 20.3 s 290-610 GeV m(i!)<200 GeV 1403.5222
By, =i +h lep Glets+2b Yes 20.3 i 320-620 GeV mii!)=0 Gev 1506.08616
r,_Rf,_ R, ?_.fx] 2ep 1} Yes 203 |F 90-335 GeV mii})=0GeV 1403.5294
x.x‘ ,x. — vl 2ep 0 Yes 203 |.A; 140-475 GeV m(E])=0 GeV, m(Z, #)=0.5(m{E} J+m(¥])) 1403.5294
o, X,X K= 27 - Yes 203 | 355 GeV miE!)=0 GeV, m(#,7)=0.5(m(¥} }+m(i')) 1407.0350
= § X. Fooliv (). vl E(Pv) 3ep 0 Yes 203 |&5LiS 715 GeV m{Et)=m(T5), m(¥")=0, m(f, $=0.5(m(¥} )+m(T})) 1402.7029
w 5 ;(I oowdz) 23epu 0-2jets  Yes 20.3 ij 425 GeV miiE)=m(i3), mp‘r”)-u sleptons decoupled | 1403.5294, 1402.7029
xdx —hWXﬁ:Xl,h—»bbfWW,frrfyy : LY 0-2h Yes 203 | F..A, 270 GeV ) n]%f’f}:n:l::i’?). m(i =0, sleptons decoupled 1501.07110
BOES, B5 3 —lal e 0 Yes 203 e 635 GeV m(ky)=m(ts), mif})=0, m(Z, 1405.5086
GGM (wino NLSP) weak prod. Tepu+y - Yes 203 W 115-370 GeV er<imm 1507.05483
Direct.¥| ¥, prod., long-lived ¥}  Disapp. trk 1 jet Yes 203 | &} 270 GeV miEE)miEl)~ 160 MeV, r(¥¥)=0.2 ns 1310.3675
Direct 1| prod., long-lived ¥;  dE/dx trk - Yes 184 | i 495 GeV miE} -miE))~160 MeV, (¥} )<15 ns 1506.05332
E @ Stable, stopped g R-hadron 0 15jets  Yes 279 |z 850 GeV miE!)=100 GeV, 10 us<r($)<1000 s 1310.6584
= -[.3_ Metastable 3 R-| hadmn dE/dx trk - - 32 m@ﬂ’)=1oo GeV, r=10ns To appear
2% aMmsB, stable , [{—#@.a)+r(e.n) 124 - - 191 | ¥ 537 GeV 10<tan<50 1411.6795
3 g. GMSB, Xla){i long-lived Y" 2y - Yes 20.3 I‘: 440 GeV 1<1(¥)<3 ne, SPSB model 1409,5542
28, X?—teev epv/upv displ. eefep/pp - - 203 | X 1.0 TeV 7 <er(E))< 740 mm, m(g)=1.3 TeV 1504.05162
GGM 33, ¥ —2G displ. vix + jets - - 203 | &) 1.0 TeV & <cr(F))< 480 mm, m(g)=1.1 TeV 1504.05162
LFV pp—ie + X vr—epfet/ur eHLET T - - 203 | % 1.7TeV  4,=0.11, diszpin24:=0.07 1503.04430
Bilinear RPV CMSSM 2e,u(SS)  03h Yes 203 |@.& 1.45TeV mig)=mg), cTpgp<t mm 1404.2500
x.x‘ x. —iWX],XL—neev,_, eu, dep - Yes 203 | ¥y 760 GeV miE)>0.2xm{¥7 ), 42 #0 1405.5086
= EiEE| Wil v, et Bep+t - Yes 203 |i 450 GeV miE)=0.2xmiF7 ), 43340 1405.5086
- 0 6-7 jets - 20.3 917 GeV BR(t)=BR(k)=BR(c)=0% 1502.05686
& 22, 8—4qqq
28 §—qq¥1 R 0 6-7 jets - 203 |2 980 GeV miE) }=600 GeV 1502.05686
88,8~ h—obs 2e(88) 03bh Yes 203 |& 880 GeV 1404.,2500
iy, ij—bs 0 2jets+2bh - 20.3 i 320 GeV 1601.07453
0y, [ —=bf 2ep 2b - 20.3 0 0.4-1.0 TeV BRI —he/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, &—ct| 0 2¢ Yes 20.3 é 510 GeV mi¥})<200 GeV 1501.01325
L L X L X MR | L L " N "
*Only a selection of the available mass limits on new 10! 1

Mass scale [TeV]

states or phenomena is shown.

A. Kobakhidze (U. of Sydney)



[s fine-tuning back?

3000

1000

gluino mass in GeV

10
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excluded by LHC

naturalness probability

A.Strumia JHEP 1104 (2011) 073
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Beyond MSSM?

ii.

Tensions: Higgs mass vs naturalness. To bring the tree
level Higgs mass up to 125 GeV via radiative
corrections we need massive superparticles (stop,
gluino), but this results in increased fine-tuning

Two ways to resolve the tension:

Extensions of MSSM with larger tree level Higgs mass —
e.g., NMSSM

Extra protection for the Higgs mass, e.g. Higgs as a
PGB (e.g., Z. Berezhiani et al., "Double protection of the Higgs
potential in a supersymmetric little Higgs model,” Phys. Rev. Lett.
96 (2006) 031801)

Maybe weak scale fine-tuning (little hierarchy) is
irrelevant, if an underlying UV theory is natural

A. Kobakhidze (U. of Sydney)



Summary

- SUSY is an attractive framework for beyond the
Standard Model physics:

- Low energy softly broken SUSY stabilizes the
electroweak scale against radiative corrections.

- In SUSY models with R-parity the LSP may play the
role of dark matter.

- Low-energy SUSY provides wunification of gauge
couplings and hence a framework for GUTs.

- No empirical evidence of SUSY so far. The discovery of
SUSY (if it there) undoubtedly will be the major
breakthrough in fundamental physics.
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