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Structure of composite Higgs

quarks, leptons e —
& gauge bosons

Communicate via gauge (g,)
and (proto)-Yukawa (A))

Strong sector characterized by o @33 of resonances

g, coupling of resonances
Take 4, g,<< g, <4

In the limit 4, g, =0, strong sector contains
Higgs as Goldstone bosons

Ex. H=5SU(3)/SU(2)xU(1) or H=50(5)/SO(4)

o-model withf=m /g,



g,, & =0=V(H)=0

Higgs potential, EW breaking, Higgs mass = computable
in terms of SM couplings (in a model-dependent way)
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New theory addresses hierarchy problem = reduced

sensitivity of m,, to short distances (below m ;%)
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Kg (scaling of fermion couplings)
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Effective theory between the scales fand v
Higgs couplings modified by terms O (v? / f?)
Modifications to hgg and hyy (but not are hZy)
are suppressed

Present precision on H couplings 20-50 %

CMS Preliminary Vs=7TeV,L<5.1fb" Vs=8TeV,L<12.21b"

SM Higgs @ Fermiophobic ¢ Bkg. only

-KV (scaling of vector boson couplings)
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SUPERSYMMETRY



SUPERSYMMETRY BREAKING

Break susy, but keep UV behavior = soft breaking
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SUPERSYMMETRY
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moAA gaugino mass
2+ l
m;Q @ scalar mass

m.p’ A-term

* Soft susy breaking introduces a dimensionful parameter mgq
» Susy particles get masses of order mg

« SUSy mass terms are gauge invariant

* Treat soft terms as independent

* Different schemes make predictions for patterns of soft terms



ELECTROWEAK SYMMETRY BREAKING

f=YQU'H,+Y,0OD'H, +Y LE°H, + uH H,

Higgs potential

2 2

V = mi|HD? + m3 Y — m} (HPHS + he) + ST

(1HD1? - |HS %)
* m, ,5°~ mg? determined by soft terms

* quartic fixed by supersymmetry

e Stability along H, = H, = m2?+m,2? > 2|mJ?|

« EW breaking, origin unstable = m.? m,? < m;*



EW breaking induced by quantum corrections

Evolution of sparticle masses
800

RG running: 700 |

gauge effects w
Yukawa effects ¢

mass (GeV)

dM. 100 | = =
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* If A, large enough = SU(2)xU(1) spontaneously broken
* If a, large enough = SU(3) unbroken



HIGGS SECTOR
8 degrees of freedom - 3 Goldstones = 5 degrees of freedom
2 scalars (hY% H9), 1 pseudoscalar (A9, 1 charged (H?)
3 parameters (m, , ;) - M, = 2 free parameters
Usually m, and tanp taken as free parameters

Several interesting tree-level mass relations
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In the decoupling limit m,>>m_, hY is the SM Higgs



IMPORTANT RADIATIVE CORRECTIONS

Fermi 5F SM ‘ susy

Effective theory - >
my, m; Mg
2
Matching at ms.  h =cos BH, +sinfH, V %h g
2 12
A(ms) Y- SN 2B m’ =-cos2fcos’ /a’(mgtanzfa’—mf)
<h> =y = - m,f =20 = m, = ‘0082[3‘7}12
h-=7---r=-h h-;_f _-h
A, contribution trt PN
h--t---*--h h™ ¢ h
32 2(A, - ucot /3)2 (A, - ucot p)




Running the SM RG Fermi 5F‘ SM susy

equation for A : >
my, my Mg
n,m
m, = m; cos’ 2/3(1 - 3—\/gGFmt2tS + ty =In——=
47 m,
32 X, 1
- G.m, {7 it [3\/§Gme = 32310:5](Xt + tS)tS}
Important effect because:
1) small tree-level m,,
3 m

2) large 2, | m; =m, cos’ 2+ —— Ay In—-
3) heavy susy particles 27T m
4)

large loop factor

t
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SUSY makes two (fairly robust) predictions

3A° m
m, =m, cos’ 23 +—m; In—
2r m

t



SUSY makes two (fairly robust) predictions

Original success and present tension with data

2
;Afz m; 1n4 less than 10% tuning = (m, <300 GeV
JC m
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3A° m
m, =m, cos’ 23 +—m; In—

2r m

2’—
m, =

t

m, =125GeV = (m, >5TeV
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ATLAS SUSY Searches* -

95% CL Lower Limits (Status: Dec 2012)

MSUGRA/CMSSM : Olep +j's + E

MSUGRA/CMSSM : 1 lep +j's + E

Pheno model : O lep +j's + E.

Pheno model : Olep +j's + E

Gluino med. ¥ X (G—qty) :1lep +js+E

GMSB (I NLSP) 2lep (OS) + j 'S+E

GMSB (T NLSP) : 1-2t+0-1lep +J's + Eo e
GGM (bino NLSP) :vyy + E

GGM (wino NLSP) :y + lep + ET™

GGM (higgsino-bino NLSP) :y + b + E: miss

GGM (higgsino NLSP) : Z + jets + E >0

T,miss
, Gravitino .'7.3.'?. 3 .r.“.f?'.‘.o.l.e.t. *Eqpmiss .

L=5.81b", 8 TIeV [ATLAS-C(:NFI-Z(:1 ":-1L9]
L=5.8 fb™, 8 TeV [ATLAS-CONF-2012-104]
L=5.8 fb™, 8 TeV [ATLAS-CONF-2012-109]
L=5.8 fb™, 8 TeV [ATLAS-CONF-2012-109]

T,miss
T,miss
T,miss
T,miss
T,miss

T,miss

Inclusive searches

L=5.8 fb™", 8 TeV [ATLAS-CONF-2012-152]
L=10.5 fb", 8 TeV [ATLAS-CONF-2012-147]
L=12.8 fb", 8 TeV [ATLAS-CONF-2012-145]
L=5.8 fb", 8 TeV [ATLAS-CONF-2012-105]
L=13.0 fb”, 8 TeV [ATLAS-CONF-2012-151]
L=5.8 fb", 8 TeV [ATLAS-CONF-2012-103]
L=12.8 fb", 8 TeV [ATLAS-CONF-2012-145]
L=12.8 fb”, 8 TeV [ATLAS-CONF-2012-165]
L=13.0 fb", 8 TeV [ATLAS-CONF-2012-151]

T,miss

g—>tf~ (V|rtualt) 2 lep (SS) +1s +E

(SRS
c E

T,miss
§a_§ —>tr (virtual 1:3lep+js+E
JSS)
5>

T,miss

g—>tf~ gwrtual t) 0 lep + multl-j s+E

T,miss

------------------- T miss -

0 Iep + 2-b-jets + E
S bb, b~ :3lep +j's +E
S tt (light), t—>QX 1/2'lep (+ b-jet) + E
g it (medium), t—>bx 1lep + b-jet + E
Q.
i3]
o
IS

bb b,—by

T,miss

T,miss

L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-166]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-167]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-166]

it (medlum) t—>bX 2lep + ET mee

tt) t—>tx 1 Iep +b-jet+ E

Tt : 072 lep (+ b-jets) + E

i (natural GMSB) Z(—>II) +b-jet+ E

T,miss
T,miss
T,miss

L=4.7 fb™, 7 TeV [1208.2884]
L=4.7 fb", 7 TeV [1208.2884]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-154]

L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-154]

- I,_IL, I—>IXm 2lep+E
—>Iv(|'\7)—>lvx 2 lep + E

T,miss
T miss

Tm|

gs
é’ & Stabled g R-hadrons : Iow[3 By (fuII detector)
gy% Stable T R-hadrons : low B, By (full detector)
sg GMSB : stable T
CLF 'v'"pid;;ﬁ'X”v —>e+y resonance
LFV : pp—v_+X,Vv —>e(u)+r resonance

> Bilinear RPV CMéSM Tlep +7§'s + E e
o X % ﬂxw Wx % —eev euv_:4lep+ ET miss |L=13.01b", 8 TeV [ATLAS-CONF-2012-153]
11 —>|X %m—>ee\/ etW 4lep +E i, |L=13.0",8TeV [ATLAS-CONF-2012-153]

....................... Q —> qqqg.: 3-Jet resonance palr.
Scalar Iuon 2-jet resonance pair
WIMP interaction (D5, Dirac X) 'monojet’ + E

................................................... T miss .

L=4.6 fb™', 7 TeV [1210.4826]

L=10.5 fb™, 8 TeV [ATLAS-CONF-20124147]
| | 11 1 111

T iear 7 Tov [1208.0005, 1209 2102067 Gev T mass im(y)

L=4.7 b, 7 TeV [1208.1447,1208.2590,1209.4186]

— Tmass (115 <m(’) <230 Gev)

--------------- T ,miss - 0, 1
[WgEHgsGe | mass (mGx,)=0)
IOA0GE ) mass

140-295 GeV x1 mass

1.24 Tev
148TeV! G mass (m@ <2 TeV, light,) ATLAS
1.38 TeV q mass (m{@) <2 TeV, Ilghtx ) Preliminary
g mass (m(x %) <200 GeV, m(Z") = rn °)+m(@)

g mass (tang < 15)

g mass (tang > 20)

IE G mass (my)>50 Gev) f Ldt = (2.1 - 13.0) fo”
g mass

gmass (m@ )>220GeV) Vs=7,8TeV
690 GeV g mass (m(H )>2oo GeV)
645Gev F scale (m(G) > 10" eV)
1.24 Tev g mass (m(x <200 GeV)
850 GeV g mass (m@x. )<3oo GeV)
8 TeV results

860GeV g mass (m(x,) <soo GeV)
1.00TeV. g mass (m (X )<3oo GeV)
1.15TeV g mass (m(x <200 GeV)
620 GeV b mass (mx )<1zo GeV)
405GeV. b mass (m %) =2m ‘1’))
=55 GeV)
160-350 GeV tmass (m(, 1) OGeV m(y}) = 150 GeV)
160-440 GeV 1 mass (mix ) o GeV m{b)- m(y(;) = 10 GeV)
230-560 GeV_ t mass (m( ) 0)

230-465 GeV | tmass (m(j) 0)

(m (x ) <10 GeV,m(iv) —E(m(z)( )+ (XJ)))
580 GeV X mass (m) = m(x ), m(y, 1) 0, m(lv) as above)
(m(ij):m(ii),m( 0) 0, sleptons decoupled)
X mass (1<t(})<10 ns)
G g mass
t mass
T mass (5<tanp <20)
a mass (0. 3x10 <A, <1 5x10 1Tmm<cr<i m,§ decoupled)

211
V. Mass (4,=0.10, 4,,,=0.05)
v mass (A31=0.10, A, 5,,:=0.05)
q g mass (et gp<1mm)
700 GeV X1 mass (m(x ) > 300 GeV }\121 or hyyy, >0)
1 mass (m(x )>100 Gev m{le)=m(i,)=m(L)., &, or i, > 0)

g mass

430 GeV

00"287GeVl sgluon mass (incl. limit from 1110.2693)

704Gev. M* gcale (m, <80 Gev, I|m|tof<687GerorF8
] L1 1 1111 ] ] L 111

10

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 10 theoretical signal cross section uncertainty.

1 10
Mass scale [TeV]
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Tt production

Status: December 2012

| ity
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Ly = 13 b7 Vs=8 TeV

1L ATLAS-CONF-2012-166
OL ATLAS-CONF-2013-001

1L ATLAS-CONF-2012-166

2L ATLAS-CONF-2012-167
1L ATLAS-CONF-2012-166

400

Loy =4.7 b Vs=7 TeV

OL [1208.1447], 1L [1208.2590], 2L [1209.4186] _ |

2L [1208.4305], 1-2L [1209.2102]

1-2L[1209.2102]




In weakly-interacting BSM (like SUSY),

deviations are expected in y and g couplings.
The more natural the Higgs is,

the more its properties deviate from SM.

h

<h>




['(h < gg) 2 ['(h — vy)
14+ A,)?
['(h < gg)sm ( ) I'(h — y7)sm
2 2
omg | 1 1 A7
Ay~ 4 m%l + m%z mg
2
ST(h —yy) (500 GeV
~ 2%
L(7 = 77)ey m;

A posteriori: deviations in Higgs BR
larger than 10% are rather special.



Can we increase the Higgs mass
prediction of minimal supersymmetry?

1) Add W =ANH H,+kN’

)\.,2
At tree level : mi <M ; (00822[3’ + —zsin22[3’)
8
NMSSM Higgs Mass

140} 1=06,07
3 m; = 1200, 500 GeV |

130 = 124-126 GeV
If A perturbative up
to the GUT scale




2) Add triplets
W=ATHH,+ATH,H,+ MTT

Mass increase at large tanf3
Gauge coupling unification can be preserved (with new states)

25

[ Maximal mixing
201

151

Am, [GeV]

101 No mixing

S5F

02 3 4 56 7 8 9 10
x1-'2




3) Add new vectorlike particles (loop effect)

No mixing

4) Add new gauge interactions: Higgs mass from D-term

Strong new gauge group broken close to the TeV scale



Can we improve naturalness?

2
om, =

(4m -2m,, —m, —m,f)A2 <m;

4\/_Jt

= A, <500 GeV
= A, <14 TeV
= A, <1.8 TeV

(TeV)
[e)}

AN

m >

10* 108 1012

Msusy (Gev)



An alternative approach

Motivations for supersymmetry

Underlying symmetry: relation with gauge-gravity unification
and superstrings

Naturalness problem: link with the weak scale

Gauge-coupling unification: motivated by theory that addresses
fundamental structure of SM and by measurements on o,

Dark matter: connection between weak scale and new particle
masses

0.1pb
Q h’ =~
rel <O'V>



Higgs mass m, in GeV

High-scale susy

Decouple susy = SM + boundary condition on A

160

150

140

130

120

110

I I I I I I I I I I

= tanfi = 50 Split SUSY

104 106 108 1010 1012 1014

Supersymmetry breaking scale in GeV

1016



Gauge coupling unification

dg” _ b “"“‘@V‘M bs==7, b,==19/6, b,;=41/6
1 4
dinQ 4xn mm\@vm b=-3, b,=1, b,=11

3 equations, 2 unknowns
(agyr Mgyr): predict ag
in terms of a and sin?6,,

-1
oL

S  does not strongly
{ depend on details of soft
terms

2 4 6 8 10 12 14 16 18 .
Log,o(Q/1 GeV) * remarkable that M, is
predicted below M, and

above p-decay limit



Matter in a complete GUT representation = equal contribution to b,

(bl “bz)
sin” 6y, (b, - by) + %cos2 6, (b,-b,)

a =a

A

+ higher orders

0.13

0.125
§ 0.12 M, = 300 GeV
= e

0.115

M, =1TeV
0.11
10° 10° 10° 10'? 10"

m (GeV)

Gauge-coupling unification as successful (or better) than in ordinary SUSY



Split Supersymmetry
(Decouple squarks and sleptons)

Give up naturalness

Maintain gauge-coupling unification
Maintain DM (under some conditions)
Alleviate flavor problem

Increases Higgs mass prediction



Higgs mass m, in GeV

160

150

140
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120

110

Split Supersymmetry
s {213 = 50
tanB = 4
tan = 2

Split SUSY

1010 1012 1014

Supersymmetry breaking scale in GeV

Relatively low-scale of susy breaking

10"

10'8



Fairly generic situation: susy breaking is not directly communicated
by gauge-singlet R-breaking fields to gauginos
= gaugino masses determined by anomaly mediation

M, @

) 471 cos’ 0, Mo [1 ' f(/ﬁ /mj)]

~ a

2 = Azsin O V) [l_f(ﬂz /mj)]
W

M, =—m,, M, 30

__ %
= ms,

8 47
Flx) = 2xInx

x-1



Will we be able to tell?

TevY( m
Gluino lifetime ¢r =| — ( m ) 10° um
M, ) \1000 TeV

decay inside detector (¢t <10 m) m <10*> TeV

measurable displacement (ct > 100 um) /i >10°" TeV



Conclusions



