SUSY-GUT

SUSY physically motivated by GUT: stability of the radiative corrections to W, Z, H masses.
Aim: resonstruction of the fundamental SUSY theory at the GUT /PLANCK scale.

MSSM: 124 free parameters ~~ constrained by unification at the GUT scale

(a) Unification of the gauge couplings

SM: %Q«w X QQM X QH vaﬂ %Q«m g3 go g1 — gs mwﬁw %S\ =3 at GUT
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SM: 0.2100 =+ 0.0026
sin® O (M%): MSSM:  0.2335 + 0.0017
exp: 0.2316 £ 0.0002

e SM couplings cannot be unified. SUSY couplings can
e SUSY predictions of sin? 0y within 2 permille. Independent of details of the M ~ 1 TeV
spectrum, only sensitive to particle spectrum.

(b) Proton decay:

SM-SU(5): gauge interactions between leptons and quarks:
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(c) Radiative symmetry breaking:

universal sGUT masses (mSUGRA): Gauginos: My, My, M3 = M, /o

Scalars: M3z — p? = Sw = Sw = M}

RGE: GUT — ELW
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Evolution: M7, (Q?) ~ Mg + p* mmw (3M¢E + p?) log i@qq Bagger
My=300 GeV, M, ;=100 GeV, Ay=0

M3, (M%) < 0 possible for m; ~ 100 — 200 GeV 400

— radiative symmetry breaking
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SUSY Breaking Mechanisms

Ferrara sum rule: no spontaneous symmetry breaking in eigenworld: > (—1)?/(2J + 1)M? # 0.

Mechanisms:  Supergravitation mSUGRA

Gauge-mediated SUSY breaking GMSB
Anomaly-mediated SUSY breaking AMSB
Scherk-Schwarz SUSY breaking SSSB ...

Minimal SUPERGRAVITATION:

Hidd t
e mlmn o GRAV. Eigenworld = | Msusybrear ~ 10M GeV
SUSY: (AA) £0 | s

Soft parameters “universal’: 5 parameters: Mg, M, 5, Ag, tan 3, sgnp
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Gaugino masses run like gauge couplings = M1 = M2 -tan® Oy ~ My (M;(Mgur) = My js)
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Reconstruction of the fundamental theory at GUT /Planck scale:

high-precision measurements of low-energy Lagrangian parameters (LHC+ILC)

= extrapolate to high scale: - symmetries/universal behaviour?
- impact of high-scale physics?

Evolution: RG equations

Evolution: gaugino and scalar mass parameters

Blair,Porod,Zerwas
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Gauge-mediated SUSY breaking (GMSB):

- flavor-blind SUSY-breaking mediating interactions are ordinary EW and QCD gauge interactions

- MSSM soft terms come from loop diagrams involving messenger particles

- messengers are new chiral supermultiplets coupling to a SUSY breaking VEV (F') and also have
SU(3)c x SU(2)r, x U(1)y interactions providing the necessary connection to the MSSM

e gaugino masses evolve like in mSUGRA but without unification
e scalar masses significantly different, determined by F', the messenger mass M,,.ss and the
number N of messenger fields

e 5 parameters: F, M,,css, N, tan 3, sgnu 800 Blair,Porod,Zerwas
e mz, = My, at u = F — exp. reconstr. of 1600 £ D U B L

I 1400 £
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SUSY Particle Production

(i) Hadron Collider

Large production cross sections for moderate squark/gluino masses through strong interactions in
pp/pp collisions

3 classes of SUSY pair production processes:

(i) Strongly interacting particle pairs
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1 1 L a
Ogg = bo dxq bo}: dzy g1, 1h)g(w2, 117) Ggg(8 = T1225)
with 79 = 4m?/s [m = (my + my)/2] and

Ggg(8 = m1228) = a2 (1R) fo(8 = T1725)

e leading order: large theoretical uncertainties (due to undefined renormalization scale u g,
factorisation scale pr)

e natural scale: ur = up = m; scale variation — estimate of theoretical uncertainties with respect
to scale choice (large logarithms in higher order):

2
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[parton densities in analogy]
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Effect reduced through SUSY QCD corrections:

- virtual 1-loop contributions
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= Q2(m?) {fo+ % fi + O(a?)}
[parton densities in analogy]

im < pip = pp < 2m: o ~ £10 %

= NLO corrections provide reliable predictions of cross sections at hadron colliders

central scale: K = 240 ~ 1.1 — 2.0
OLO
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Implications for exp. searches:

(7) Renorm. /factor. scale dep.
reduced by ~ 2.5 — 4 ~~ stable
theor. predictions for o

(4i) NLO corrs. large & positive
~+ to be included in analyses

(— masses)

(i7) pr and y distributions hardly
affected by NLO

(i)

NLO ~~ raise of Tev lower ¢, g
mass bounds by +10-30 GeV



Stop-antistop pairs

Beenakker,Kramer,Plehn,Spira,Zerwas
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Classical signatures (R-parity conserving SUSY, i.e. pair production/LSP stable):

Xy = q+ Epee
94 — qqXi = qq + EJ*s

l

e gluino > squark:

Ny
|

l

e squark > gluino: g qQvirt — 94X§ = @@@%am
¢ — qf — qqqx} = qqq + Epse

pp — n jets + @m“:.%

Discovery range:

500 GeV
2.5...3 TeV

Tevatron

S
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Mass reach of the LHC

75 <2510 3 GeV

Signature: EMISS 4 jets

A,=0, tanB=35, p>0
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(ii) Weakly interacting particle pairs

Signatures

~

[ — Nvmm

Xy — 1Ty etc

(iii) Associated production
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pp — T~ + EJss etc.

<



Slepton pair production at NLO
e Drell-Yan processes mediated by Z* or W*

e With QCD corrections at LHC onzo ~ (1.25 — 1.35)010

e Cross section is small < 1 fb at m; ~ 500 GeV

Baer et al., hep-ph/9712315: Cross section in [pb]
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Cascade decays

gluino/squark decays = rich source for non-colored (supersymmetric) particles

Mass determination: kinematic endpoint technique

Contruct lepton/quark upper/lower endpoints and relate them to the masses in the decay chain

Eg: §— X5q — FITq— XTI g=j+1" +1" + Ep's A
4 unknown masses: i@ivmw M, iz . p . e

4 endpoints: M (11)™** M (Il q)™**, iﬁwavs@@au M (llg)m™e*

= all masses can be determined
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Spin:

particle chain in SUSY equivalent to UED

~

SUSY: Gr —q+x9—q+ (1) = qg+1U+xY
UED: q¢1—q+ 21 —q+ (i) - qg+1U+

distinction by spin: ~ angular distributions / invariant masses

charge asymmetry in [¢l™] vs [l ]:

difficult analysis — A.J.Barr, hep-ph/0405052.
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(ii) eTe~ Collider

(i) Strongly interacting particle pairs

e

NLO QCD & SUSY-QCD corrections known

(ii) Weakly interacting particle pairs

1-loop analysis
[Freitas,Manteuffel,Zerwas]:
dominating QED, but =
genuine SUSY ~ few percent
experimentally relevant

O(several 10%)

2 classes of SUSY particle pair production processes:

...........................

complete O]

=== gepinge SUSY corrections

--—- QED + SM-like corrections

v QED egrpedetion s

500 B0 _700
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Masses at the ILC:

o Edge effects: jigp — ux}
mi = VAEE}/(E, + E)
mge = my[l —2(Ey +E_)/ /3]

precision on Y improved by ~ 10

e [ hreshold excitations:

— ~4 ~— —
ete” — HrHR — T+ Eiss
3 213
P-wave: slow 3% ~ [s —4m3]2 rise
e e — €pep —e e + Fye

S-wave: fast 3 ~ [s — 4m2]z rise

e voids filled: LHC and LC complementarity

e accuracy increased by 1 to 2 orders of magnitude: Am ~ 50 MeV ~ 0.2 per mille
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e coherent [LHC@LC] analysis superior to incoherent sum of individual analyses
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m:_\sgm_\vn Mass, ideal “LHC” “ILC” “LHCHILC”
X5 179.7 0.55 0.55
LHC+ILC i
X5 382.3 - 3.0 3.0
Coherent LHCHILC Yol 97.2 4.8 0.05 0.05
analyses complete % 180.7 4.7 1.2 0.08
and increase éRr 143.9 4.8 0.05 0.05
resolution of SUSY ér 207.1 5.0 0.2 0.2
picture significantly De 191.3 - 1.2 1.2
UR 143.9 4.8 0.2 0.2
1 134.8 5-8 0.3 0.3
T2 210.7 - 1.1 1.1
qr, 570.6 8.7 - 4.9
t1 399.5 2.0 2.0
to 586.3 -
g 604.0 8.0 - 6.5
RO 110.8 0.25 0.05 0.05
AO 399.4 1.5 1.5

Spin at the ILC:
l@+m|l:+t|+vm§

production axis can be reconstructed

ete

up to 2-fold ambiguity
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ete” — qqg, 449,449

R e s

Possibility to test equality of couplings, needs NLO!

ESH

e"e” — qqq Brandenburg,Maniatis,\Weber, Zerwas
= oF T l2p
= m; = 400 GeV = + m; = 200 GeV
s NLO m; = 300 GeV ° [ m: =500 GeV
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R-Parity Violation

e Superpotential

2

ow
tw = -2 |5 -3 h.
w MsU %%s Mgsb@@s@@bgbhl_l C.
W = S\mn_uﬁ\m
E\\w = MU MU mS N\mmmnnT\/?ﬁw &ﬁ@umbm %3@8@@@@
t,J=17,8,t=1

(r,s,t: generation indices)

e SU(2)-invariance: A,z = — A

1/

e SU(3)c-invariance: A, = —\

rst = rts

= 9+27+9= 45 new couplings

e Lagrangian of the 1st term:

~r —t ~t
hhhm“v/%.wﬂT\MQNQNkl_l @NTN\I_IQmN\MO@M'AQ\.A'vmle\S.Q.

= Arst, A\, lepton number violating

12

Aot baryon number violating



e R-Parity

+1  SM particle

R = A|H_.vwm+h+wm —
—1  SUSY partner

= Wp violates R-parity.

124
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my,

T(p —etn?) > 1.6 x10%a

. 1 - e\
= AN S B x 10727 Agv
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= AlAg ~ 0



e Symmetries
(i) R-Parity = Wy =0
(ii)) Matter-Parity

(Les B2, QU D7) = (L, BT, Qn, UF, D)

(Hy,Hz) — (Hi, H)
= Wrp =0
(iii) Baryon-Parity
QU5 D) — —(Qr Uy, D)
(Ly, B, Hy, Hy)  —  (Ly, B, Hy, Ho)
= Apgy =0
(iv) Lepton-Parity
(Le, B7) = —(Lr, E7)

(@r,Uf, Dy, Hy, Hy)  — (Qr, U, D, Hy, Ho)

= Apst = Argy = 0

M, < Msp = proton stable



RPV: low energy limits

H.Dreiner, Perspectives on Supersymmetry,

ed. G.Kane, World Scientific, Singapore (hep-ph/9707435)

Bounds on RPV Yukawa couplings, assuming m = 100GeV :
itk Nijk ik N ik N ik N ik N
121  0.05¢ 111  0.001¢ | 211  0.09" | 311 0.16% || 112 10~6!
122  0.05@ 112 0.02¢ 212  0.09" | 312 0.16F 113 10—5m™
123 0.05° 113  0.02¢ 213  0.09" | 313 0.16F || 123 1.25™
131  0.06° 121 0.035¢ | 221 0.18" | 321 0.20f || 212 1.25™
132  0.06° 122 0.06¢ 222  0.18" | 322 0.20f || 213 1.25™
133 0.004¢ || 123 0.20f 223  0.18" | 323 0.20f || 223 1.25™
231 0.06° 131  0.035¢ | 231 0.227 | 331 0.269 || 312 0.439
232 0.06° 132 0.339 232 0.399 | 332 0.269 || 313 0.439
233 0.06° 133 0.002¢ | 233 0.399 | 333 0.269 || 323 0.439

Dependence of the bounds on m :

Mgk mé ., /100GeV M | (mq /100GeV)2(mg/1TeV)1/2
A1k s Ao1k Sﬂwmx\wooﬂma\ Alj1 | M, /100GeV

Mas s Ay | me g /100GeV)V2 1l Xipy | (mg, /100GeV)!/?

PV my., , /100GeV Nyop, | (mg_ /100GeV)!/?

Experimental inputs :

-(@):
- (b) :

-(0)

-(d)
-(e):

- () : DY — D mixing
@) : R =Tha(2)/T0(Z)
-(h):T(m — ev) /T (m — pv)

-(): B(DT = K*u*v,)/B(Dt — K*%ty,
BV

charged current universality
[(r — evw) /T (1T — uvo)

: bound on v, mass

neutrinoless double-beta decay
atomic parity violation

- () : v, deep inelastic scattering
- (k) : B(T = 7v,)

- () : heavy nucleon decay
- (m) : n — n oscillations

- (n) : Yukawas remain within unitarity bound up to GUT scale




e Phenomenological consequences of R
(i) L- or B-Violation
(ii) LSP not stable:

3ar2, M?
- — 121 B 5 — o0 LSP
Y meﬁ.w &\QM AJ\ X1 v

Decay within detector: cyr < 1m

5
Me 100 GeV

N 1.4 x 107° <
= Mo > LAY | 565y M;

= no natural candidate for Dark Matter

(iii) LSP € (X9, X%, 3, d,t,1,7)

need not be charge- and color neutral (+— cosmology)



(iv) Production of single SUSY particles:

e Collider phenomenology:

Pair production:

m <

Y

Vs

2

A

VLj
drk
Ur,j
CLi
DLi
d i

UR;

(L1 L, EY)
(L1Q;Dg)
(L1Q;Dg)
(L;Q; D)
(L:Q,;Dg)
(U:DsDy)
(UsDsDy)

= cinematical limitation

LEP

HERA

HERA
Tevatron,LHC
Tevatron,LHC
Tevatron,LHC
Tevatron,LHC

Single production: small coupling A, A", A", but i < /s



Example: Resonant squark production at HERA

[QCD ~ +20 — 30%)

Gaugino decays:

~ ~0 ~
mn_.&w — QulA®+&§XH\QQgXM_.&Qv

_ 1 . _ 7 ~07
m+§. — &wlAij:%tm&?XH&wv

13 A B B BN B B BN AR B ]

Foep - LQIG+ X E
128 [
126 [

124 [ ]

Vs=3 3

- Mg = H ]

K[u]
”_.N ”...._...._...._...._...._...._...._...._...._....-
150 160 170 180 190 200 210 220 230 240 250
M [GeV]

Plehn et al
Kunszt,Stirling



e Limits from H1
Constraints in the mSUGRA model
Assuming a fixed value for RPV couplings ymﬁ
— searches can be expressed in terms of mMSUGRA parameters, e.g. in the (mg,m;/2) plane

L 0 e B B L L B L s s s B By B

& 160 I“_....x mSUGRA, j=1,2 | @ & 1601 H1 mSUGRA, j=1,2 | ®-
Y140k \ tanB=2,u<0,A;=0 ] Y40 tanB=6,u<0,A =0 ]
£ i : o 1 £
I D _.u.x.m_.cama by H1for A" ;;; =0.3 ) ol _H_ Excluded by H1for \';; =0.3 |
| 0.1
100 N L ] 100 ]
80 f 80|\ e .
60 | 60 ]
i ‘ D0 limit
40 ¢ 40 ¢ 1
20 F 20 F T 1
0 T : Ve . ST R SR 0 . : e A NG
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
m , (GeV) m , (GeV)

Dotted lines: isolines for @} masses

REWSB .. Radiative Electroweak Symmetry Breaking

Remarks: LEP and Tevatron bounds do not depend on the value of the Yukawa coupling

Similar results from ZEUS



e RPV: Reach at the LHC
CMS reach for 10 fb—1!

m,, (GeV)

1200

1000

200

0 200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)

A121 = 0.05: squark mass reach ~ 2.2 TeV, gluino mass reach ~ 1.8 TeV
Ao33 = 0.06: squark mass reach ~ 1.7 TeV, gluino mass reach ~ 1.5 TeV

= Reach compatible to Rp conserving mSUGRA scenario



