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Reduced fine tuning : nonuniversal gaugino masses

6
ot )20, )= 6g7 | M, P =gl | M,

. . . . . 2 2
New focus point: cancellation between M, and M, contributions if ‘M 2‘ = ‘M 3‘ at M ¢,

d
16%25m2u:3(2 13, P, +m

Natural ratios? e.g.:

GUT: SUS): @Y c(24x24), =1+24+75+200; SO(10): (45%x45)  =1+54+210+770
n,:L:n, 2.7m,:1:0.5n,
Representation | Ms: My : M, at Mayr M;: M, : M, at Mpwsp

1 1:1:1 6:2:1

24 2:(-3):(-1) 12:(-6):(-1)

75 1:3:(-5) 6:6:(-5)

200 1:2:10 6:4:10

] 33 . .

String: (3+865): (=14 855) 2| =5+ 8ss (OII, also mixed moduli anomaly)

M,=M[a+bg ]



Phenomenology

e (augino mass ratios

My (Q)
VI1/2 Clz(‘\[X) \/ (Q)
) 2.
M (Q)

. gauginos can be very heavy

e Light neutralino and 2 charginos nearly degenerate

2 r3
_ a2 3w Sw M
Mg = myg = Mz (Ml " MQ) o0
1o (sv | Civ 1oy cy M3
m .+ — Mo = 5]\: 7 ( M, + YA + §Z\JZ M, esin 253 + O( J\Iz)

+for [M||< u, Bino or Higgsino LSP candidate
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2-loop fine tuning in 75 case Ghilencea, Lee, Park



Muon g-2
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Needs light sleptons - anomaly/mirage spectrum?



Summar'y (before Higgs discovery)
® Hierarchy problem =— SUSY breaking structure and/or further states

® CMSSM m =M, Max|A,, . A,|=15(29), m, =114(116)+2GeV

Complementary DM & LHC searches
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700
P .3, ::-.. : ¥ ¢

o 0 A <100 Sensitivity X (10 —-100)

Q
S 308

£ 20 = LHC (Full region LHC 14TeV 1Ofb—1)

150 -

100 -

100 200 500 1000 2000 5000
mgy /GeV

(a) my > 111 GeV

(Gauge mediation A >>100)

® NMSSM Reduced A —=> GNMSSM = Z,,.Z;,
SUSY states can be (slightly)heavier
m, — 130GeV
® Gaugino focus point M.=nM,, Characteristic 1,
Light X"

§(b— sy) significant
6(g-2) Small(?)



Summar'y (after Higgs discovery)
® Hierarchy problem = SUSY breaking structure and/or further states

® CMSSM m =M, Max|A,, . A,|=15(29), m, =114(116)+2GeV

Complementary DM & LHC searches

> 500
o

A <100 Sensitivity X (10—100)  (Now achieved!)

Q

S 308

g 200
150

(Full region LHC 14TeV lOﬂfl)

100

100 200 500 1000 2000 5000

ma 1GeV A oy > 300 for my, =126GeV

(a) my > 111 GeV

® NMSSM Reduced A —=> GNMSSM —= Z,;,Zg, «

® Gaugino focus point
Mixed anomaly mediation, mirage mediation ... ‘
Light sleptons...g-2!

® Natural SUSY, SPLIT SUSY...
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LHC and BSM

(More) solutions to the hierarchy problem. A <17e) 29

® Cowposite: e.g. technicolowr

® Aﬁmdamental = 17eV! Xtra dimensions
Viy=— " podsd, r<R | M* =M (MR
M* td RA 7 Planck
(or WﬂY‘Pﬂd extra dLMCWSLOWS) c.f. Dudas lectures
® Symmetry protection Nambu - Goldstone H ( Z ) H
eg. SUQB)—> SU2) 8 =3 5 Goldstone modes Symmetry broken by gauge interactions -

o pseudo Goldstone bosons
H” ...addresses little hierarchy problem only

H H" . ...little Higgs



LHC and BSM

(More) solutions to the hierarchy problem. A <17e) 29

® Cowposite: e.g. technicolowr

o Afundamenml =~ [TeV'! Xtra dimensions
1 mm
V()= st D=dtd, r<R | M = M2(M.R)
’/' Planck

(or warpeo extra dimensions)

® ngmetrg protectiom, Nambu - Goldstone H 4®_ H

eg. SUB)— SU(2) 8 =3 5 Goldstone modes Symmetry broken by gauge interactions -
o pseudo Goldstone bosons

. H” ...addresses little hierarchy problem only
H H° . ....little Higgs

® anthropic  e.g split SUSY, no SUSY



Xtra dimensions

Kaluza Klein Decomposition

/ d°z\/g { ~0y POM ® — 11\12@2} Z / d‘*x—{ i On0¥ b — MEQ2 )
Aly)

B(zh,y) = =Y dnlr")falv)

VL
Universal extra dimensions ds* = ndetdx” — dy?
1 for n=0 Flat
fibt 2 r2 2
V2cosmuy for n+0 my = M= + ('n’/ R)
f,(z-’—) = 1/2sin may ,
Warped extra dimensions ds® = ey, datdz” — dy?
fn — Nn eky {J (nz;n ky) + b Y ( Ln ky)} k is the spacetime curvature
UV brane ||~~~ IR brane AdSS
m" =kx e =0(TeV), J (x,)=0 V=1
9 1

L
0



/ % (graviton emission)

- Very large XDim accesible only to gravity
- Requires two or more XDim
- Black holes at colliders?

Some
bulk fields

XDim
Model
Universe

negligible
curvature

All bulk

- TeV scale XDim (several hundred GeV?)
- Pair production, ET (SUSY-like)

- Interesting DM candidate (non SUSY-like)
- Additional nice features in 6D
significant
curvature
Y Many bulk
) fislds
Bulk gravity only ‘\ _ Field localization
- Theories of flavor?
‘ | [New warped models]
- KK resonances at few TeV
Narrow spin-2 - Relatively broad resonances
resonances? Dynamical
EWSB
Y
Soft-wall
nggsless
models
Composite
Higgs




Large ED (ADD) : monojet + E; ;..
Large ED (ADD) : monophoton + E. .
Large ED (ADD) : diphoton, m,,
UED : diphoton + E .
RS1 with k/M_, = 0.1 : diphoton, m,,
RS1 with k/M_, = 0.1 : dilepton, m,,
RS1 with k/M, = 0.1 - ZZ resonance, my, ,;;
RS1 with k/Mg, = 0.1 : WW resonance, my,,,,
RSwithg /g =-0.20:1t— l+ets, m.
RS with BR(g_ —tf20'995 - tt — l+jets, m

ADD BH (M, /M,=3) : SS dimuon, ﬁd,_m

ADD BH (M., /M,=3) : leptons + jets, Zp

Extra dimensions

qqll Cl : ee, pp combined, rfl“
......................... uutt C1 - SS dilepton + Jets + v rygq

Z'(SSM) :m,,

Z' (SSM) : m_,

W' (SSM) :m,_,,

W'(—=1tq,g =1) om,

W' (= tb, S5M) :m
"""""""" Scalar LQ pairs (f=1) - kin_ vars_in eejj, evjj
Scalar LQ pairs (B=1) : kin. vars. in pjj, uvjj

g #generation : Q:U‘—> WqgWgq

4 ‘generation ‘u 4U — WbWb

4" generation : d 4&—) WiWt

New quark b’ : bB'— Zb+X, m

St AA, 2lep +jets + Ep . (M}

Vector-like quark : CC,m,,q

Vector-like quark : NC,m,,‘l

"""""""""" Excited quarks :y-jet resonance, me )
Excited quarks : dijet resonance, m;
Excited electron : e-y resonance, m
Excited muon : u-y resonance, m”"

.ITUP partne!

New quarks

L4

Excit. ferm.

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

Major. neutr. (LRSM, no mixing) : 2-lep +Tj'gtzs
Wy (LRSM, no mixing) : 2-lep + jets

H* (DY prod., BR(H*—pp)=1) : SS dimuon, m.
Color octet scalar : dijet resonance, m,

ATLAS Exotics Searches”* - 95% CL Lower Limits (Status: ICHEP 2012)

IM:: (5I=2)
ATLAS
Preliminary

M, (8=2)
M, (GRW cut-off, NLO)
Compact. scale 1/R
Graviton mass
Graviton mass
Graviton mass
Graviton mass
KK gluon mass
KK glUOI’l mass
M, (3=6)
M, (3=6)

ILdt =(1.0-58) b’
{s=7.8TeV

M,, (5=6)
A
A (constructive int.)
A
221TeV Z'mass
13Tev Z'mass

L=4950 b‘, 7 TeV [ATLAS-CONF-2012-0071
L=47 fb", 7 TeV [ATLAS-CONF-2012-067]

L=47 b, 7 TeV [ATLAS-CONF-2012-0861 255Tev. W' mass
L=47 ", 7 TeV [CONF-2012-0961 350Gev. W' mass
L=1.0", 7 TeV [1205.1016] 113Tev. W'mass

s60Gev T gen. LQ mass
685Gev 2™ gen. LQ mass

L=1.0b", 7 TeV [1112.4828]
L=1.0", 7 TeV [1203.31721

L=1.0 ", 7 TeV [1202.3389] 350GeV. Q, mass

L=1.0 ™, 7 TeV [1202.30761 404 GeV U, mass

L=1.0 ", 7 TeV [1202.65401 480 GeV d, mass

L=2.0 ™, 7 TeV [1204.1265] 400GeV D' mass

L=10", 7 TeV [ATLAS-CONF-2012-0711  483GeV | mass (m(A ) <100 GeV)
L=1.0 ", 7 TeV [1112.5755] 900GeV Q mass (coupling Ko =v/m,)

L=10", 7 TeV [1112.5755] 760GeV. Q mass (coupling kg =v/mg)
q* mass
q* mass
e* mass (A = m(e”))
* mass (A = m(u*))
p,Jo, mass (m(p fw;) - m(r;) = 100 GeV)
p, mass (m(p,) = m(n;) + my,, m@ ) =1.1m(p ))
N mass (m(WH) =2TeV)
W, mass (m(N) < 1.4 GeV)

H: mass

Scalar resonance m
L1 1 1 111 | |

10

10°
Mass scale [TeV]

1

*Only a selection of the available mass limits on new states or phenomena shown



CMS bounds on exotics

Z’SSMl b’ = tW, (31, 20 + bjet
Z', tibar, hadroni widmt—a:’;: ', b'/t" degenerate, Vtb=1
Z', dijet b’ = tW, l+jets 4Th
Z', ttbar, lep+jet, width=1.2% B' = b2 (100%) :
Z'SSM Il (fob=0.2) Resonances -2 100% Generation
G, dijet
@, Sbes; hadronio t' = bW (100%), I+jets
G jet+MET /M = 0.2 '
Gyy kWM =0.1 t' = bW (100%), I+
G, Z(IhZ(aa), k/M=0.1 1 2 3 4 5 8
,W‘. W gluino, Stopped Gluino
il stop, HSCP
W = td ,
e ot S tach ows
WR' = tb ' )
WR, MNR=MWR/2 hyper-K, hyper-p=1.2 TeV
WKKu=10TeV fractional charge, q=2/3e

fractional charge, q=1/3e
multiple charge, g=2e

pTC, nTC > 700 GeV
String Ball M, MD=2.1, Ms=1.7, gs=0.4

String Resonances (qg) multiple charge, g=3e
s8 Resonance (gg) neutralino, ctau=25cm, ECAL time
s8 Resonance (gg/bb), fob=1
E6 diquarks (qq)
Axigluon/Coloron (qgbar)
gluino, 3jet, RPV LQ1, B=0.5
0 1 2 3 4 5 6 LQ1, B=1.0
et 02,01
q. W) LQ3, (bbnunu) Br(LQ = bvt) = 1
a2 LQ3, (btau) B=1.0
q", dijet pair stop (btau)
Q" , boosted Z

e A=2TeV .
- Am2 T Compositeness

0 1 2 3 - 5 6



LHC and BSM

Higgs discovery and exclusion - LHC July 2012

12_5-|T||[|T||[|‘|Y[|l'Y[ll"Ill"]ll"—
% r CMS Prelimina ‘ 68% CL band|
\b 20: \S=7Tev,|_=5.1 fb1 ]
© " |Vs=8TeV,L=531fb" ]
-t' -
= C
- 15? l ]
] N
Q o
@ 4 of
0.5F T N
0.0F <
-0.5F -
llIl llll [lll Illl

- —lllllllll 1 1 1 llllll_
19107115 120 125 130 135 140 145
Higgs boson mass (GeV)

Excluded at 95% CL
110-122.7 129-B57 GeV



Higgs branching ratios

Atlas

CMS

[
m,, = 125 GeV |

H — bb
H— 1t
H— vy
H— WW

H > ZZ

CMS Preliminary
\e=7TeV,L=5.11b"
\s=8TeV,.L=53f1b"

12 3 a
Best fit o/c

SMH

-2InA(u)<1 Intervals

2011+2012 Data

T T 17T 1T 1

1 1
ATLAS Preliminary my=119 GeV

m, = 126.5 GeV

my = 130 GeV

W,ZH — bb
Vs=7TeV:|Ldt=46471"
H- 1t
V=7ToV: Lat= 470"
H— WW” = iviv
Vs=7TeV:Ldt=47 1"
H—- vy

Vs=8TeV: [Ldt=591"
Ve-7Tev: [Lat-48"

*)
H—oZZ  — Il
Vs-8TeV: [Ldt-581"
Vs=7TeV:|Ldt=481"

—0

_O_

}'"'T

¢

|

¢

@

Combined
(s=8TeV: JLdt=58-591b"
(5=7TeV: [Ldt=46-481b"

1 1 1 1 |

(o

Apeccnnndmnn

'
e
o

- ...‘.......+.

g T L L L

(@]

Signal strength (1)







Effective Field Theory description ...

H:(H,E) _ h,+ih, —h,+ih,
h,+ih, h,—ih,

nonlinear SU(2), xU(1)

V(H)=-1*H'H+A(H'H)
SO04)~SUQ2), xSU(2),

S(x)—= U, (U

“custodial” symm

2
my,

=1
2 2
m, cos” 6,

A
SO(4)——>S0(3) W*.Z

u

/
n‘cS0O(4)/SO(3) Goldstone bosons



Effective Field Theory description ... nonlinear SU(2), xU(1)

BSM
=M SO(4)/50(3) » % H

e.g.
SO5)/S0O4):W .,Z,h

SO(6)/SO(5):W.,Z,h,a



Effective Field Theory description .. nonlinear SU(2), xU(1)

General parameterisation of composite models of Higgs:

Z(x): eicaﬂ“/v’ h
SM: (h+v)
/
/
1 . 2 2 3
Lerr = §(dﬂh)2 — V(h) + ITI‘(DuZT DHY) !l + Qai—2 + b% + b3 h—3 + - ] ;
) v v
v .- h h? Y
__.("zl~2612)2 1+Cj_—|-62—+"°] Tk + h.c.---
V2 v V2 yzdj (lg% ’

(SM :a=b=(c;=c)=1, by=c,=..=0)
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Chiral Lagrangian for a light Higgs @ LHC

L= %(@uh)2 =

— Z My OO,

L9

_|_

(m%v W, W, + §m22 ZuZ,

(

Y=u,d,l

2

1672

92

1672

1
Em%h? —

1

d3

6

Bm% B3 _
v

% ?’m% h4
24 \ v? o

2
) <1+2aﬁ+bh—2 +)
v v

h h?
1+C¢;+Cg¢ﬁ+

h

W W 72 Zyu Y ) = + -
(CWW uv p,u—*_CZZ p,V—I_CZ’Y pv Yp ’U+

h
V(cW;Jr...)Jrwa(

g

®

GQ(

d,h)?

2

h h?

B — & — - -
99 " 99 " 2

)

Slides from
Grojean

SM
a:bzc:d3=d4:1

Cop =CWW =C€zZ =Czy =Cyqy =...=0

A few (reasonable)
assumptions:
@ spin-0 & CP-even

N

W O WW&ZZ
& custodial symmetry

R EWPD

& no Higgs FCNC

R Flavor
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Chiral Lagrangian for a light Higgs @ LHC

L= %(@uh)2 =

— Z My OO,

L9

_|_

(m%v W, W, + §m22 Z“ZM> <1 + 2a

1,

Y=u,d,l

2

1672

92

1672

1

Em%h? —

1

d3

6

(

3m;‘i 3 d4 Bm% 4
(B - (3 .

B R
. AR
v

v
2

h
1+C¢; +Cg¢ﬁ+>

h

W W 72 Zyu Y ) = + -
(CWW uv p,u—*_CZZ p,V—I_CZ’Y pv Yp ’U+

h
(c.y,y;—l—...) —I—wa (cg

g

uv

GQ(

d,h)?

2

h h?

— 4+ Cogg — - .-
9 99 "2

)

SM
a:bzc:d3=d4:1

Cop =CWW =C€zZ =Czy =Cyqy =...=0

A few (reasonable)
assumptions:
@ spin-0 & CP-even

N

W O WW&ZZ
& custodial symmetry

R EWPD

& no Higgs FCNC

R Flavor




Electroweak precision tests

d e’
— 2 2 —
asS=—4e e A3(q )quzo oT 2

—(1 — a?) mp
AS = log (—)
6 AW

3(1 — a?) mp
AT =~ log (—)
8 cos? Oy 95 A
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Chiral Lagrangian for a light Higgs @ LHC

L= %(@uh)2 =

— Z My OO,
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1
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(m%v W, W, + §m22 Z“ZM> <1 + 2a
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SM
a:bzc:d3=d4:1

Cop =CWW =C€zZ =Czy =Cyqy =...=0

A few (reasonable)
assumptions:
@ spin-0 & CP-even

N

W O WW&ZZ
& custodial symmetry

R EWPD

& no Higgs FCNC

R Flavor




Higgs signal strength data

[Zj Uj—>h X Br(h — i)]observed
[Zj Oj—h X BI‘(h — i)]SM

i =

Interference term o< —qcC

.......
3 2 4 0 1_2 3 4 5
Best fit 6/c,,,,

¢ negative?



7&8 TeV LHC data & Tevatron 7&8 TeV LHC data & Tevatron + EWPD

-2k sy 15k
06 08 10 12 14 095 1.00 105 1.10
a a
Standard Model Bad news for the Higgs impostors
(a,c) = (1,1) is ~ 20 (C.L. of 0.95) @ dilaton with f~1TeV: a=v/f~0.25

will require new (light) dof to get
back to the EW ellipses






h— 7y y enhancement in the MSSM




h— 7y y enhancement in the MSSM

(M

h
V2

o =0 fine tuned

51)12 =—(m} + M})sin Bcos B+ Loop,, =0

8Y =88 Yy elc

Oh/0hgy |FT (v =0) (@ =0.06)| CMS[2] ATLAS[1] Tevatron[11]

VV =717 Vr 0 0.60

@G—Vb| g |0 0.60 1255 08T1F 20407
g1+ gr |0 0.74 0.637198  0.0+£1.7

g—=vv | g |31 1.9 1.6240.68 16507  3.4+31
g9 — WW*| oW 3.1 2.0 0.4040.55 0.204£0.62  0.070:0
g0—2Z7*| ¢z |31 2.0 0587088 1.4703

VV sy | VA |27 1.6 3.8%18[2]

Y(Z)
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W+
t
See Djouadi review h o > h__ s __
o060
Y g

New heavy particle contributions:

4 2 : :
2 2 bij2 = §NQ Q7 fora Dirac fermion ,
1 y b;e A '
[:A” = F#U F’l - log 5 —+ .- by = -7 for the W boson ,
4 ~ 167 m; 1
1 by = § Q 5 for a charged scalar .

Carena et al

SUSY: Iigh’r% (LEP :m. >100GeV)

m., m.,
ASM+AA o<—]3——2|]-——H
6m., m.,

T1 T2



b [== A.=1500 GeV .
2E = A20GeV YY
—= A.=—1500 GeV

o(gg = h)Br(h - VV)
o(gg—= h)Br(h = VVigy
o0

-

me, (GeV)

Ratio of the o(gg — h)x BR(h — VV) to its SM value, for both V =~ and V = Z as
a function of m., = mp,, for tan 8 = 60 varying p such that mz = 90 GeV for different

values of A;. The Higgs mass varies with m,,, but remains ~ 125 GeV. (a): my = 1.5
TeV, Ay = 2 TeV, mg, = 2.5 TeV, m,, = 100 GeV leading to m; ~ 140 GeV. (b):

Carena et al



Y
W=
t
See Djouadi review h o > h__ > _
o060
Y Yy

New heavy particle contributions:

4 2 ) .
1 b 62 .\2 bij = §Nc_ Q7 fora Dirac fermion ,
E.!.,.!. = _._FI“’ F’“/ z' ‘ 5 log — —+ .- { bp = -7 for the W boson .
4 — 167 m; _ L1y o 2 charcod scalar
'] by = 3]\.6_5Q5 for a charged scalar .
Carena et al

SUSY: Iigh’r% (LEP :m. >100GeV)

m. m.

SM 75 T
AW +AAW0<:—13—— 1—

6m., m.,

T1 T2

/ anomaly/mirage..?

requires tanf ~60, u=>300GeV, m.~100GeV

maximally mixed stau, heavy higgsinos, LSP light Bino

With slepton universality - g-2 SUSY correction plausibly correct! Giudice et al



h — v v enhancement in the GNMSSM (ANMSSM)

New interaction allows sizeable correction at small tanp:

=ASH H, =VD> AZ‘Hqu‘z
JhH+H- = i{v C085[2(®— g3) + (97 + 95 — @) Cos 25] A
—vsmﬁ[ ®+ (g5 + 95 — @)COSQﬂ]Zg

(A + ps) + vshi) sin 25] Zz’f}

Sl

—4/\[v3)\+\/_u+(

150 [ \&
RN

T T
e
“ 5}
[ 2 5 N
145 ¢ g
140 |
~< 135}
130 f

125

1 1 1 I 1.20 B L i 1 fu
1.1 12 1.3 1.4 1.5 1.1 12 1.3 1.4 1.5

tan 3 tan 8

Higgsino (and chargino) enhancement in large A limit

Schmidt-Hoberg, Staub






Future tests of compositeness:

I

C2)

g

t . h W

®
» h
04
'l
‘>
‘Q

* h

v s ’

R R ]

= OTher couplings are very interesting as they are directly e
testing non-linearities/strong interactions of the Higgs |

W+

7\
b3
l\h
= h
5
*h

but they are not on agenda of the current LHC run



A tension between LHC and EW data?

0.009

0.008

0.007

1 0.006

0.004

0.0030.0040.0050.0060.0070.008

€3

EW fit strongly suggests custodial symmetry

Goldstone of

S =€ SU2)xSUR)/ U@

’U2 A

Z’I&"(DMETD“E) >p=1iee=T=0
v

also = L7z = UWW

2 A40(i = h) xBr(h — i)
M S A o(j — h) X Br(h — 1) [su



A tension between LHC and EW data?

€1

0.009

0.008
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