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The (ren) Standard Model lagrangian
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—|->\Z]\IJZ\IJJH + h.c. few %

? (indirect)

An extremely successful synthesis of particle physics

in compact notations

i =1,2,3: family index
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+ neutfrinos mass operator: LLHH
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A nice property

The fermion content is chiral
L.e. no explicit (Gsm symmetric) fermion mass term is allowed
A puzzle or what expected?

Extra fermions should be vectorlike
(unless they get mass through EWSB)



Another nice property

@ Anomaly cancellation

& Is Tk =Tr (Ti{T), Tc}) = 0?

grav. anomaly

T b ola, Y.
vectorlike
Trioay =4
230 2 e ()
Tr(Aa) =0
Y3

2V 4+ 6Y +3Y,. +3Y + Y2 =0
2Y2 e 6Yq e 3Yuc =5 3ch e Yec Tt O

(nice, but why??)



Tree level tests of the gauge sector

@ Fermion gauge interactions:
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@ Gauge boson self-interactions: from 4W§,,WW“
We, =0,Ws— 0,We — gear W Wy
eRa Wt W, W\ 2o,
in ferms of mass eigenstates: Y

/i (25 L)% W, Zu, T
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(a+b+c)

YFSWW/RacoonWW
....no ZWW vertex (Gentle)
_...only v, exchange (Gentle)

(b)
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The flavour sector

ok 1
Ui gyl ZFSVF"’W gauge
]éel\r/} — —|—>\U\IJZ\IJJH —+ h.C. ﬂavor
+|D, H|* — V(H) symmetry breaking

family number

| 2 3 (horizontal)

not understood

| l1 |2 E

e¢  (ehr (e°)2 (e%)s The flavour sector allows to tell the
three families: gauge interactions are

q q: qz g3 U(3)> symmetric

us (U (U2 (u)3

d® (d) (d9)2 (d)s

gauge irreps
(vertical)
well understood



u(3)’

= |
I ieie /B ZFSVFQHV gauge
Jéel\r/} — +)\Z3\P1\I’3H - h.C. ﬂavor
+|D, H|*> — V(H) symmetry breaking

The flavour (Yukawa) lagrangian is is not U(3) invariant (unless A;=0)
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UiHUfﬁ; u$ Ay — UpAuUg (h) — (h)

J

c d° jc

1

Loaver — ZEeCl T + A\JdSq; HT + M ufq; H + h.c.
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Accidental symmetries (ren lagrangian)

The flavour lagrangian breaks U(3)> x U(1)4 to
U(1)e x U(1), x U(1)r x U(l)s x U(1)y

In an appropriate flavour basis (i.e. through U(5)° transformation)

o e B

Ad- O HE A de O H !

17 1

AuSQ,H —| Ay unC’Q H

s

Le Ly Lt individual lepton numbers
L = Le + Ly + Lt (total) lepton number - arises automatically! (at ren level)
B: Baryon number - arises automatically! (at ren level)

(neutrino masses and mixing are a source of LFV; here they are likely to be
associated to the NR part of the lagrangian)



No tree level FCNC

0

® Fermion masses: H = (v—l— h | (unitarity gauge)
V2

Lﬂavor )\E CL HT—F)\DCZCQ]HT—F)\U CQJH—FhC

1] 7, Vil )]
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@ In terms of mass eigenstates: i had — = (Jh had)/

]em had (]em ,had ) ,

V = U,U) | Cabibbo Kobayashi Maskawa (CKM) matrix



Experimental values

@ In an appropriate basis

0 Ot
A={0 0 0 |+small (U, D, FE)
0 0 Ass

(the top Yukawa coupling is O(1); the bottom and tau
Yukawas are also small but can be large in the MSSM)

@ In particular,

% >\1,2 « >\3

@ Vckm = -+ small

(- -
E =t
S



Approximate flavour symmetry

@ The flavour lagrangian is approximately U(2)° 0208
flavour symmetric (exactly symmetric in the limit A= [0 0 O
which also implies V = 13) O R

@ This (or equivalently the smallness of A1z and Vj; i#j) is the
origin of the anomalously small FCNC processes in the SM (and
the origin of the flavour problem)



Anomalously small loop-Ii

induced FCNC

@ Because of the approximate U(2)> (GIM)

1

94

T
\%74

(47‘_)2 i €

e 0 ;i thedU (2)Rdimit

KO - KO oscillations

e ~107° experiment

2 m?2

m U
o (= (Vi Vu) (Vi Vi, )f(MQ,M2
i=3:f= O(l), IV4Vis| <« 1

)

i = 1,2: [VigVisl = O(1), F <« 1)

Challenge for new physics at TeV

@ Same for CP-violating effects




Electroweak symmetry breaking

@ Indirect tests, hints from direct tests (but...)

o "Observed” fields:

o

D

d

Gauge bosons: g;? W reb,
Femions: Q); i, d. Ly" ée;

“3/4" of the Higgs field: G, (long. part of massive gauge bosons,
Goldstones of the spontanously broken gauge symmetry)

SM masses arise from the symmetry breaking scale v = 174 GeV
(Gq decay constant)

@ Mission #1 of the LHC: what is the mechanism underlying EWSB?
Or where do the G, and v = 174 GeV come from?

@ The Higgs mechanism in the SM:

G-l-

G, YR s h+iG° || = (1,2,%)

s

V2
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The Higgs sector

Most general gauge invariant ren. lagrangian for H:

Lo={(D, H)NDIE V(H

VA(HH) = T H + %{(HTH)Q

>\H >0
U2 < 0 = <H> # 0 = electroweak symmetry breaking

(U2 > 0 = still electroweak symmetry breaking, but at A = my)



QED unbroken

@ Fix the Higgs quantum numbers from fermion masses. Then the
electric charge is automatically conserved

ih (S) e

T=aY +b,1,, a,b, real, Ta:%, Y
d _g bl—’ibz
()-T(H)-2 (a_bg):>To<Q

@ 3 broken generators < 3 massive vectors < 3 unphysical
Goldstone bosons < 1 real physical Higgs particle



Constraints on the Higgs mass I
Avoiding the strong coupling regime: my < O(TeV)

o A(WWL = WW\) = 3 ai A, a = partial wave amplitude

@ Unitarity bound: |ao| < 1
S

16702’

@ Tree level, no Higgs: ag ~ s = (pi+p2)%, v = 174 GeV

@ Unitarity bound saturated at s = (1.2 TeV)?

@ Bad behaviour of ap due to the longitudinal part of the W
propagator ~ pupv/(Mw)?, cancelled by Higgs exchange



Constraints on the Higgs mass II
Triviality and stability

@ Assume that the SM holds up to the scale A:

@ Au(A\) finite (perturbative) = upper limit on my

N

@ A4(A) > 0 = lower limit on my

/

V(h)| A(N)

o (if Au(A) < O, the absolute minimum of the effective potential
resides at or above A)



[Hambye, Riesselmann]

mt = 175 GeV
as(MZ) = 0.118

~—~
.AVA:‘V.:"'AvAv.v.v.v N S S S SN
e L ATAYS "A’A’A’AeAVA‘
A—A"vAv"-‘-A-A-A‘

1029 1012 1015 1018
A (GeV)

® The lower limit can be relaxed if we live in a metastable vacuum

@ A » v introduces a naturalness problem



Constraints on the Higgs mass III
Experiment

December 2011 M imi = 161 GeV

¥ Ry o Aaf,a)d =
@ Indirect upper limit from EW '\ — 0,02750:0.00033
precision tests (see below): 3 0.02749£0.00010
‘e 2
161 GeV @ 95% CL (assumes no new e

physics contributions)

@ Direct experimental limit (within SM):
115.5 GeV < my < 127 GeV @ 95% CL .
or my > 600 GeV (trivial combination) LEP '."-:. CMS

excluded 5 /o excluded

My (GeV)



Tests of the gauge (electroweak) sector

@ The gauge sector (fermion gauge interactions) is the best
tested part of the SM

@ Wide range of predictions:
g g,V < (), sw, Ve QED, W&Z masses, their self-

interactions and all fermion gauge interactions (tree level)

® Measurements at the %o level: sensitivity to quantum
corrections (m:, mu)

@ Good agreement with the experiment



High energy fests

At LEP II, LEP I, SLC, Tevatron
MZI er
& Z resonance in e+e-—ff

@ Ny = 2.9841+0.0083: 3 light neutrinos + anomaly
cancellation = 3 families

Mw, T'w from ete =W++W- at LEP II
Oh,l

WWY, WWZ couplings o e, gcw

af _ UZ ol S i)
IRET(ZS e TR

Arg ...




Measurement Fit

m, [GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4959
41540 +0.037  41.478
20.767+0.025  20.742

0.01714 £0.00095 0.01643
0.1465+0.0032  0.1480

0.21629 £ 0.00066 0.21579
0.1721£0.0030  0.1723

0.0992 £0.0016  0.1038

0.0707 £0.0035  0.0742

0.923 +0.020 0.935

0.670 +0.027 0.668

A(SLD) 0.1513£0.0021  0.1480
sin®0"(Q,) 0.2324+0.0012  0.2314
my [GeV]  80.399+0.025  80.378
I, [GeV]  2.098 +0.048 2.092
m, [GeV] 173.1£1.3 173.2

March 2009

LEP EW WG

@ Accuracy in most cases is at the %o
level — sensitivity to 1-loop corrections,
(070" o™ which involve

@ g, g,V
o mi, 0s(Mz), AGhad(Mz)
® mh
@ and bring together
@ the gauge sector: g?/(4m)?, g'2/(4m)?
& the flavour sector: A?/(41m)?2

@ the EW-breaking secftor:
g?/(4m)? log(mn/Mw)

@ The agreement works for relatively low
values of my



Custodial symmetry
My
M? cos? Oy

@ Not guaranteed by gauge invariance nor by the breaking
pattern

@ p = 1 (tree level)

@ Peculiar of EW breaking by a doublet (triplets ruled out)

® Reminder
/

AN e
D= ZgW“? 5 ZEBM
5 Wﬁ_ZWE 3 cw = cosbw = g/\/ g% + g'?
Wu = S S CWqu S S . :
V2 sw =sinfw =g /v/ g% + g2

Ow = Weinberg angle
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p = 1 & custodial SU(2)

The vector boson masses arise from (Du<H>) (DH<H>)

D, () = @ g(W . sl (B Ol
% 2 ng —g¢'B, 92 7 +9%Z,

Same mass term for W!?3 because of a custodial O(3) = SU(2)
symmetry. Which is a remnant of a O(4) = SU(2). x SU(2)r
symmetry, spontaneously broken to the diagonal SU(2) = O(3):

|H|?> = h2p + k%, + hi2p + h3; = V(H) is symmetric under
O(4) = SU(2). x SU(2)r, broken by <H> to the diagonal SU(2)

B el VU U UL, H'H = Tr(0'®)/2
ha) A\a

The symmetry is exact in the limit g' = 0, Ay = Ao — loop
corrections to p =1

An indication of a fundamental symmetry? (SU(2). x SU(2)r)
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Direct limits

\s=7TeV

L
LNC WGGS XS WG 2010
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Atlas (Gianotti 13.12.2011)

> L | T T T T

8 800 Inclusive diphoton sample % 10 '. b A-l'. A SR R S T - S LSRR
v .' R g - gy 2=
S D G | mmBackground ATLAS Preliminary
'q&; ........ SM Higgs boson m_ = 120 GeV (MC) LL) - Slgnal (mH=1 25 GeV) -
g 600 @ [ Signal (m =150 GeV) 7
, 5 C 8|~ @ Signal (m =190 GeV) -
\s=7TeV.det=4.9fb o "} H 4
t w - ") .
# H-ZZ —4l )
» 6 |[Ldt=4.81b" ]
2 \[g =7 TeV )
4 ¢ |+
ATLAS Preliminary - :
) 'IKIK R

0
100 150 200 250
m,, [GeV]

Data - Bkg model

In the region my < 141 GeV (not excluded at

95% C.L.) 3 events are observed: two 2e2u

events (m=123.6 GeV, m=124.3 GeV) and one
4 event (m=124.6 GeV)

Significance:

2.80 (local)
1.50 (anywhere)



H>vy, H> 17
H> WWwW®OS>  vly

H> zzZ® > 4, H> ZZ-> llw
H> ZZ-> llgg, H> WW->lvqq
W/ZH-> |bb+X not included

115.5 GeV < my < 131 GeV
237 GeV < my < 251 GeV allowed 95%
my > 453 GeV

Maximum deviation from background-only
expectation observed for m,~126 GeV

Local py-value: 1.9 104

3 Preliminary
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0
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Ye)
5]

110 115 120 125

2 local significance of the excess: 3.60

~280H>vyy,2lo0H> 4], 140 H>

Iviv

Expected from SM Higgs: ~2.40 local (~1.40 per channel)

Global py-value : 0.6% >2.50 LEE over 110-146 GeV
Global p,y-value : 1.4% >2.20 LEE over 110-600 GeV

130

ATLAS+CMS [
Combination

140 145 150
M, [GeV]
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ATLAS Prelnm-nary ‘ H—yy

~ Best fit f Ldt=4.91"
B0

Signal strength

1s=7TeV

2011 Data

I e
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M, [GeV]

ATLAS Preliminary H-—=ZZ-llIl

—~- Best fit f Ldt=481M"
B0
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ATLAS Preliminary 2011 Data

~=- Best fit -
Ldt=1.0-491b
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M, [GeV]

. 110 115 120 125 130 135 140 145 150
ATLAS Preliminary H-WW-shv M, [GeV]

~ Best fit f Lt = 2.05 fb”

D:lu
1s=7TeV

Signal strength

2011 Data
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CMS (Tonelli 13.12.2011)

CMS Preliminary 2011 Ns=7TeV L=4.711"
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- CMIS Preliminary,\s =7TeV [+ opsenved
Combined, Lint =4.6-4.7 fb1 | . Expectedt 16

n
[

- CMS Preliminary,\s =7 TeV. L
[]+1c from fit

- Combined, L =4.6-4.7 fb
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Higgs boson mass (GeV/c)
mH < 127 GeV or my > 600 GeV @ 95% CL

Maximum local significance 2.60.
LEE-corrected significance (full mass range: 110-600GeV)= 0.60
LEE-corrected significance (low mass range: 110-145GeV)=1.90




Preliminary defails

my, = 125 GeV

observed rate

= 5+ 0. 'S V4 Z
SM rate 0.5+ 0.3 vectors: W and

2.0£0.5 photons
1.3+ 0.5 fermions: b and 7
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Many reasons to go beyond the SM

Experimental “problems” of the SM

@ Gravity

® Dark matter

@ Baryon asymmeitry

Experimental “hints” of physics beyond the SM

® Neutrino masses

@ Quantum number unification

Theoretical puzzles of the SM

o <H> « Mp

o Family replication

@ Small Yukawa couplings, pattern of masses and mlxmgs
® Gauge group, no anomaly, charge quantization, quantum numbers
Theorefical problems of the SM

o Na’ruralness/unl’rarl’ry pr’aﬁeﬂr;n_

@ Cosmological constant problem

@ Strong CP problem

@ Landau poles



The unitarity/naturalness argument

Known fields: ¢y, W/ B* Q; wuj d;

@ Claim

o (Either physics becomes Strongly interacting lagain) at TeV or

@ Physics is weakly interacting up to well beyond the TeV scale
in this case the Higgs h exists and
m2, = (m%,)o + (115GeV)? (Qnp/0.5TeV)?

@ In the latter case, Qne » TeV needs delicate cancellations, so that

o —and the electroweak scale is “natural”, or

@ the electroweak scale is accidentally smaller than its radiative

corrections, or the naturalness argument is not relevant at all







More on renormalizability and naturalness

k2dk 1 t-oft 3GF
Qi % A N —'19 )\2/ o cut-o 2 2
v 5mh 5mh(top) h Q h ; 8712 k’2 \/§7l2th
t

3GF
bk

® Renormalization: (m%)phys ~ (m}%)tree i

@ The naturalness problem arises if Q corresponds to a physical
threshold



Another caveat: the cosmological constant problem

dmi; < Qrp — Qnp ~ mpy SA x Q5 — Qp ~107°%eV?7?
SUSY: dm?% oc m?log Wsusy SUSY: A o m2Q3uay
m

@ ;

41






The SM as an effective theory

?

S
\

Analogously..

; ngkdﬁa: eff.
i ) ctions EeEH<<A L Lg‘i\% s LIS\IAP/}
<t ¢
\ (in the limit A » M)
QED + QCP + eff.

interactions




The SM as an effective theory

LE<<A T ren _|_ Z O4—|—n

Consistent renormalization at each order in (E/A)

Low E effects suppressed by (E/A)"
(ren.bility not fundamental in 4D QFT?)

Allows a general parameterization of any new physics at A » E in
terms of light fields only (“indirect effects”)

Identification of O™ allows to understand the underlying physics
(example: from Fermi theory to SM)

No clear hint of O™ from the TeV scale (only hint: neutrino masses)



@ Best chance for indirect NP effects to emerge is if they violate

ren

symmetries £}, also called “accidental symmetries”: L;, B

@ NP effects can also emerge if are suppressed in the presence
of L&y only, e.g. if they contribute fo

@ Flavour Changing Neutral Current (FCNC) processes

@ CP-violating (CPV) processes

@ Electroweak precision tests (EWPT)









Renormalizable origin of neutrino masses

ren Cij
£E<<A: St e R

2A
h h
See-saw type I
~ (1,1,0) M
l : X : ¥ R oo ...
NE N &
See-saw type II Ah A = (1,3,1)
li : [
h h
See-saw type III
(1,3,0) M
li x lJ
Th Tk

(Any number of Nn, Th, An)



SU(3) su(2) u(1)

Li 1
e’ 1
Qi 3
uSi 3
N 3

2

1

2

1

1

-1/2

1

1/6

-2/3

1/3

Unification

SO(10)

16

+ MguT predic’rion: Ag < MguT < Mp|




Bounds on NR terms

C

B number e.g. pqqql (proton decay)
L number e.g. %llhh (neutrino masses)
Li numbers e.g. p,uccf‘“/ler,h (L — ey)

Quark FCNC, CP e.g. éEa“d 50,d (g, Amg)

\hTD hles —ea“eeiauei (EWPTs)

A > c210!° GeV

A = ¢ 0.5 10®> GeV

Y
SM accidental
symmetries

A>c2103TeV

1/2 csm = 1078
A>c 500 TeV (IOOP + U(Z)S)

A > c2 5 TeV



106 GeV |

TeV

< unification
«<atm osc
(coupling = 1)

« haturalness
« <H>

>~

o

Q

Q

s

[

Fene (LFv) |



The landscape of theory models
and its consequences

Lack of signals, also indirect, from the TeV scale — proliferation of
theory models

Higgsless: TC, ETC, walking-TC, EWSB in 5D or more, efc

TeV cutoff for dm?2,:

@ Fundamental scale (large, TeV, susy, flat, warped, etc)

@ Higgs compositeness (plain, various Little, etc)

@& Supersymmetry breaking scale (MSSM, xMSSM;, etc)
Fine-tuned models (SM, SpS, SuperSpS, etc)

The experiment provides an interesting perspective

® the LEP&C heritage: EWPTs and the “little hierarchy” problem
@ quantum number and gauge coupling unification

@ the flavour problem



SM

A

o

- Qe

Qne \’
} g o i g (1TOGEV) (0 5 TeV
7"- .
- < =174 GeV

The little residual hierarchy

B, L-violating NP: Qnp > c210'2 TeV

B, Li, CP-violating NP: Qup > c¥210° TeV

B, L, Fl, CP conserving: Qnp > c¥2 5 TeV

([ 50 TeV composite e
Qnp 2 /¢ -5 TeV = ¢ 5TeV composite G,, h

| 0.5 TeV 1-loop perturbative

Vs, p-decay,
GUTs (4D, 5D)

why is TeV

flavour violation
“small”?

EWPTs,
conservative
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SUsY

TR

SM

A

- Mp

unification
? neutrino masses
baryogenesis

- Que

- <H> =174 GeV

QNP z \/a -5TeV. =0.9TeV

> 5m,%~

3G
V212

mi Qe — (115GeV)” (

QNP
0.5 TeV
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The “established” lagrangian

@ Most general gauge invariant lagrangian for the observed fields
@ Lsm = Lew + Lewss
@ Lew = Gauge bosons, fermions, gauge interactions

@ Lewss = Goldstone effective lagrangian and interactions

Callan Coleman Wess
Zumino PRD 177 1969

Manohar 9606222
Colangelo Isidori 0101264
Ecker 9501357

Contino 1005.4269




1 1 1 i |
Lo=— Wi, W™ = 2B B" — -GG + > Dipyl)
j=1

> (z) = exp(ic?x*(z) /v) > — Up(z) S UL (2)

Lonass = UZQTr [(DMZ) (D) } v Z ( ) <id Zé;) the

i

+ a7 v®Tr [21D, % 6% p=| = ar=0

+



2 problems:

|) The theory is strongly interacting at TeV

1
Wi X

(while EWPT seem to indicate that strong interactions
can appear only above about 5 TeV)

2) Hints of a Higgs



Add scalar h, SU(2) . xSU(2)r singlet

1 v? h h?
L =5 (0uh) +V(h) + - Tr {(DME)T (D 2)] <1+@5+@U—2+...)
—LZ(ag)d?)z(1+@é+---> (Au R)>+hc
d
V24> v 2 d
a = I //)(\ /; <\\ I
+, - +.,— 1 , S
AXTXT =2 xXXT) = S [s—a—5 (st
h
s+t 9 ms
- <1—a>+0<ﬁ)




Add scalar h, SU(2) . xSU(2)r singlet

Lo :% (0,h)° + V() + UZQTr [(DME)T (DMZ)} <1 L oq +@§ ¥ .. )

U U

U (i) (i) h ) [Aiu
_EZ(%%)E<1+65+ )(}\dd)>+hc
1,]




Ly :% (0,h)2 + V (R) + UZQTI‘ [(DMZ)T (DMZ)} (

Add scalar h, SU(2) . xSU(2)r singlet

v (i) (i) h o\ (AU
—ﬂ;(%%)2<1+@;+ )(}\dd(3>+h.a

1+2aé+bh—2
v v

2




Ly = SM Higgs + Yukawa lagrangian



The “established” lagrangian

Callan Coleman Wess
Zumino PRD 177 1969

Manohar 9606222
Colangelo Isidori 0101264
Ecker 9501357

Contino 1005.4269

@ The SM Higgs is a special, especially appealing case,

with
@ VY exact unitarization
@ Y agreement with EWPT

@ ¥ understanding of custodial symmetry as
accidental symmetry

@ X hierarchy problem




o

Higgs as a pseudo-NGB

a+1l b#1 c#1are asign of composite Higgs:
Astrong just pushed higher than TeV (better for EWPT)

Composite Higgs welcome as a solution of the hierarchy problem
(trade-off between HP and EWPT)

Why my <« Astrong?

Perhaps for the same reason why my; « Aqco
H pseudo-NGB of approximate global symmetry
of strong dynamics at Astrong > My
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Realization in Extra Dimensions | soeowse

Fixed points Boundaries



Z, parity (boundary conditions)

® Can be used to break symmetries in a novel way
® Gauge symmetries can be broken “on the boundaries”
@ Boundary conditions for

@ 5D fermions: chirality

@ 5D vectors: massless (tree level) 4D scalars < broken
generators < pseudo Goldstone bosons



RS

S!/Z, 5D model with curved 5™ dimension: ds? = e 2 dx? + dy?
IR redshift of energies: y = MR (IR brane) wrt y = O (UV brane)
All scales are O(Mp)), including k,1/R, within O(10) factor

Fields localized near UV see O(Mg), near IR see O(Mp()e-2mkR

kR = 12 = O(Mp))e2™R = TeV

Solution of hierarchy problem if the graviton is near UV, the
Higgs is near IR

SM in the bulk (instead of on the IR brane as in original RS)
@ eases FCNC problem
@ gives (very) hierarchical fermion masses

Dual description: fields near IR are mostly composite



CFT
(dval to
AdS)

a few weakly]
coupled KK

(

SM

= strong = A

- Qup = mkk

- <t =174 GeV

IR (TeV)

UV (M,) IR (TeV)

my, ~ Mze ™8

k = curvature

Extra-dims accessible at LHC and
compositeness together with high
scale extrapolation

RS + bulk fermions + H as (As)o +
deconstruction = Little Higgs + UV
completion

Flavour, 4D dual
UV brane: elementary dofs
IR brane: composite dofs (H, tr)

Qstrong > 5 TeV as usual
mkx > TeV, watch Z — bb

Gauge coupling unification in a
novel way (but limited calculability)



k/Mp| = 0.1:
mec > 1.85 TeV (yy only)
me > 1.95 TeV (combined)

ATLAS --- Expected limit

_ " Expected = 1o
\s=7TeV Expected + 20

— Observed limit
= /M, = 0.1
k/M,, = 0.05
— k/M,, = 0.03
— k/M,, = 0.01

o)
=
f=
+
=
=3
+
o)
0}
S
m
)

yy:det=2.12fb"
ee:fL dt = 1.08 fb!
W:fL dt=1.21fo"

02 04 06 08 1 12 14 16 18 2
Mg [TeV]

Expected and observed 95% CL limits from the combination of G; — yy/ee/pu
channels on the product of the RS graviton production cross section and the
branching ratio for graviton decay via G; = yy/ee/pp



RS 95% CL Exclusion

ATLAS yy+ee+uu
vy =2.12 b

—Observed

-- Expected ' 7
W Expected = 1o

- -ATLAS yy
— ATLAS ee+uu

Expected + 20
\s=7TeV

— CDF yy+ee
---DOyy+ee

8.5 0.6 0.7 0.8 1.2 141618 2 24
mg [TeV]
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Motivations

* Phenomenological
* Solves the naturalness (hierarchy) problem
* Precisely predicts gauge coupling unification
e Provides a natural DM candidate (needs Rp)
e See below...
* Theoretical
* Unification of fermions and bosons
* Local supersymmetry = supergravity + crucial in string theory
e Completes the list of possible symmetries of S (under hypotheses)

e Powerful technical tool
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How supersymmetry solves the hierarchy problem

5 i

212 2

o T
t b e

* Note that it is crucial that the coupling are exactly equal. Supersymmetry
breaking, if it is not to spoil the solution of the hierarchy problem should
maintain this equality
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* ¥ N ¥

Properties and N=1

Supersymmetry generators: b < f; #b = #f
[P%, Qi =0 = mp = ms : supersymmetry must be broken
<QIHIQ> « Six (IQixQ2I? + |Qix2I?) 2 0 : SSSB & vacuum energy > O
N supersymmetries: massive 1P states contain j > N/2
massless 1P states contain |jl > N/4 (if odd, N—N+1)
js2=N<8
19 =N €54
chiral gauge theory =>-
(chiral & not all the fermions can have a gauge invariant mass term

SM is very chiral = its extensions must be chiral)
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N=1 supersymmeitry algebra

%* G = Poincaré + Internal group generators + Qu, Qu

* Qu = LaP Qg , [Py, Qal = 0
Qu = e® Qu ("R-symmetry”) or invariant under internal symmetries
{Qa,Qp} =2043P, {Qa,Qp}=0

* 1 particle supersymmetry multiplets:
m#0

1P multiplets

#B = #F

(Ijl > 1/2)
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Field multiplets

(* (A, @) “scalar” (“chiral”) multiplet 2 m#0
A scalar, P left-handed Weyl spinor
DOFs: 2B+2F (on shell)

[A] = 1, [p] = 3/2

"

* (V", A) massless “vector” (“real”) multiplet
vH real vector, A left-handed Weyl spinor
DOFs: 2B+2F (on shell)

V] = 1, [A] = 3/2

* (V, A, X, C) massive vector multiplet

X Weyl, C complex scalar
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Defining a global N=1 renormalizable supersymmetric gauge theory
% Specify the gauge group G

% Specify the chiral superfield content ®; = (A, Yi) and quantum numbers
under G

% Associate a massless vector superfield to each generator of G:
1'A =2 (VAHI >\A)

%* Specify a gauge invariant holomorphic function W(®) (“superpotential”)
[W] =13 renormalizabili’ry =5Wa ()\ijk/3)q)i¢jq)k + (Hij/Z)(Di(DJ' + mzi (0
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The supersymmetric lagrangian (WZ gauge)

% In terms of F =9, W(A) Dy = gaAlTY A,
% Omitting FY and 0 term:

4 )
Lsusy = Kinetic 4+ gauge for A;, ¥;, v'y, Aa

— (%&@W(A)%% + ﬂgAAIlejAij + hC) B V(A>

1
V(A)=F'F,+-D% >0
N 2 Y

% Continuous symmetries (commuting with gauge):
* commuting with supersymmetry: Q(A) = Q(Y), Qvy) = QA) =0, Q(W) =0
* R-symmetries: R(Y) = R(A)-1, R(vy) =0, RAA) =1, R(W) = 2
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Non renormalization theorem
and the solution of the hierarchy problem
* Second line in Lsusy does not get perturbative radiative corrections
% First line does, but it is (logarithmic) wave function renormalization

% Example: W 2 -pi; AiA; = V 2 (UTH); ATiAj, quadratically divergent?

W 2L £
A'I f k 4 A’J + + A| f AJ
Aink A jhk A‘“A >\ith*pk "
7 Wh | 1 An
% Aink A e
From —(1/2)0n0kW(A) WnPk LA + gauge contributions
W(A) 2 (Nink/3) AiAnAx it
From F'Fp, Proof at all orders uses superfields formalism
Ffh = 0nW(A) or Seiberg argument (hep-ph/9309335)

% Interpretation: supersymmetry relates scalar masses to fermion masses,
which are protected by chiral symmetry
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Explicit (soft) supersymmetry breaking

Me > 100 GeV, not = 0.5 MeV

Most mechanisms of supersymmetry breaking take place at Q » TeV, give
rise to effective, explicit, soft supersymmetry breaking terms at Q = TeV

"Soft” = do not give rise to quadratic divergences

t t -

P T AR .f 7? >
0 0 ’ \ - !
A(m) = - T B S S NP
yt yt \s__/, ytg
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Explicit (soft) supersymmetry breaking

% Me 2 100 GeV, not = 0.5 MeV

% Most mechanisms of supersymmetry breaking take place at Q » TeV, give
rise to effective, explicit, soft supersymmetry breaking terms at Q = TeV

* “Soft” = do not give rise to quadratic divergences

g L= Lsusy + Lsoft o

2 T MAB [Girardello Grisaru , NPB 194 (1982)]
— Lot = ngAz Aj + 9 AAAB + w(A) + h.c.
- y,

e w(A) olomorphic, w = (aijk/3) AiAjAx + (b%;/2) AiAj + c3 A
e All terms in Lsft proportional to a (supersymmetry breaking) mass scale

e (My)/2 Wiw; can be reabsorbed, w(A,A"), Mai AaWi give quadratic
divergences in the presence of gauge singlets (and very suppressed in
explicit models)

Back to Rp
83 ST S



Spontaneous supersymmetry breaking (SSSB)

% SSSBeV>0<F£00rD#0 VA B R ipei

(if Vmin = O, there could still be SSSB in false vacua) FE =W (A) Da=gaAlTYA;
% SSSB should not couple to the SM fields at the renormalizable + free level:

e Tr(M3%.0) - 2 Tr(M3s.12) + 3 Tr(M3.;) = O (tree level, canonical kinetic term)

* no gaugino masses (Ferrara Girardello Palumbo, PRD20 (1979)]

* Typically: SSSB in hidden sector at Qsssg » TeV, communicated to the SM
fields by "messengers” at Qmess » Qssss (gravity, heavy charged fields, etc)
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The MSSM



The Minimal Supersymmetric extension of the
Standard Model (MSSM) ..., ... ssss. e sutme o

A e e 77 s Haber Kane, Phys Rept 117 (1985)]
% “"Minimal” = minimal number of fields

%k G = SU(3):xSU(2).xU(1)y = Gsm
% Embedding of the SM fields [in (A,Wp) (chiral) or (vy,A) (vector) multiplets]:

3
1 3 1 2 1 1 2 1 2
O S0 20 P67 <2/ /3 =12 < 512

* Gauge bosons C vector multiplets (with gauginos)

g;‘ L= (g;l, §A) (with “gluinos”)

Wi W= (W/ff : W“) (with “Winos”)
Bera B (BB (with “Binos”)
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The Minimal Supersymmetric extension of the
Standard Model (MSSM) ..., ... ssss. e sutme o

A e e 77 s Haber Kane, Phys Rept 117 (1985)]
% “"Minimal” = minimal number of fields

%k G = SU(3):xSU(2).xU(1)y = Gsm
% Embedding of the SM fields [in (A,Wp) (chiral) or (vy,A) (vector) multiplets]:

3
1 3 1 2 1 1 2 1 2
O S0 20 P67 <2/ /3 =12 < 512

* Fermions C chiral multiplets (with sfermions, s for “scalar”)

: ; ([ : Giorrtia= A qr)
. — ;= (;,
B0k i sleptons™)  uf — 8 = (,u)  (with “squarks”)
c 1 g S
B ey dierier) dc—mic—(cic d°)
i RN SR 4 e
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The Minimal Supersymmetric extension of the
Standard Model (N\SSM) BITLA S e ok T 2
* “Minimal” = minimal number of fields
%k G = SU(3)xSU(2).xU(1l)y = Gsm
% Embedding of the SM fields [in (A,Wp) (chiral) or (vy,A) (vector) multiplets]:

2 1 1 2
O S0 20 P67 <2/ /3 =12 < 512

* Higgs < chiral multiplets (with Higgsinos)
lepton number conservation: h # I;
anomaly cancellation + fermion masses: h — hy, = (hy, hy) + hg = (hq, ha)

Apuqh™ + Apdqh — AypuSqh, + Apd°qhy
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The MSSM superfield content

1/6 -2/3 1/3 -1/2 1 1/2 -1/2

vector chiral

“sparticles” , s for “supersymmetric”

Gauge rep not (fully) chiral, unlike in the SM — p problem
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@ SUSY: fermion < scalars; SUSY partners much heavier

VV.

@@ '.

5 ()

(1) (2



The SM Yukawas and the superpotential

% Must identify the SM Yukawa interactions, e.g. A u°q h

% Candidate Yukawa interactions:

Lqusy = Kinetic + gauge for A;, 1;, vy, Aa
1
= (587:33‘W(A)¢z‘¢j ke ﬂgAAITAj)\ij o h.c.) —V(A)

1
V(A) = FF, + §D?4 >0

% The SM Yukawa interactions must come from superpotential terms

[WDAUW ha + A0 d5G;ha + AL é51hg ]

zgz 17 1
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R-parity

The most general renormalizable gauge invariant superpotential:

U 5 D4 5 B oaeh 2 —— g SM Yukawas
2o T - = Coe s + more interactions
3 ., C > Crd] Com] C
+ Alijlklilier + Apjili@idy + At d5d, + pilihe, Pt
& L and B violation:

In the SM: L, B accidentally conserved (welcome) proton decay,
neutrino masses

In the MSSM: L, B accidentally conserved once matter parity (Pwm) or
equivalently R-parity (Pr or Rp) is imposed

Pm = +1 on hy, hq (scalar component € SM)

Pm = -1 on §, G¢, d<, 1, & (Fermion component € SM)

Pm = (-1)3B-Y (remnant of B-L gauge symmetry?), commutes with SUSY
Re = +1 on q, uS, d5, |, e, hy, hg (SM fields + additional Higgs)

Rp = -1 on @, T, d¢, 1, &, hy, ha (supersymmetric partners)

Rp = (-1)3B-L+2s discrete R-symmetry
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Consequences of Rp

% Constrains the form of W, Lot (B, L accidentally conserved)

4 )
W = N0asq,hy + APd¢G;hg + NEeSlihg + puhuha

zyz ’LjZ ’L]Z

—Leote = AV UG hy + AR dSGihg + AEEEL hg + m? jhyhg + hec.

1) ’L 17 1 1) 2
+ (M2)id1 Gy + (M2 (@) S 4+ (M2 )i (d9) S + (1)l
+ (m2.)i;(é )TeC+mh hihy, +m3 hihg

M- M M ~ ~

\ ’ ’ J

[

% MSSM = Gsw + field content above + most general Rp-invariant W, Lot
% Sparticles are produced in pairs
% The Lightest Supersymmetric Particle (LSP) is stable

* Processes with SM external states only get susy corrections through loops
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Parameter counting

%* 3 gauge couplings, quantum numbers, Bqcp

* Lsusy: (3x18+2) - (9x5+2-5) = 14 = 9 fermion masses + 4 CKM parameters +
1 Higgs/ino mass = SM - 1 (Higgs coupling predicted)

* Lsusy + Lsort: [3x18+2 (W) + 3x2 (gaugino masses) + 3x18+2 (w) + 5x9+2
(scalar masses)] - [9x5+2 (U(3)°xU(1)?) + 1 (R-symmetry) - 3 (B, L, Y)] = 120 =
SM + 105 = 14 + 3 gaugino masses + 3x6+3 sfermion masses + v, tanf, ma +
79 mixing and phases

% Too large FCNC and CPV processes in most of the parameter space
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Flavour violation

* Lsysy

e The only sources of U(3)> breaking are the Yukawa matrices in W:
>\u, >\D, >\E (ClS in the SM)

e New flavour-violating interactions but controlled by the same parameters
(“Mimimal Flavour Violation” MFV). Expect new effects but of the same
order of magnitude as in the SM

i
A33

oA
QT ED
CEANED

e U(2)° still approximate symmetry (exact in the limit A = (
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Flavour violation

* Lsusy + Lsoft

* New sources of U(3)> violation:

e Under a U(3)> transformation

ASLAD

BT

E

() o e i e (e (00t o ook

Ay = UL AGU,

25 )
mq—>ququ...

e New effects controlled by new parameters unrelated to SM Yukawas:
potentially unsuppressed: € = 10-¢ = O(1)

e Unless the soft terms are also approximately U(2)> symmetric:

R e
A=10 0 0 | 4 “small”
0O O A33

m>=1 0 mZ 0

el 0
+ “small”
0 077 mis
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Flavour violation: examples

* KO(ds) - KO(ds) oscillations (adds to the SM)

i 20r 5 B P R
B g
X X
S A

$ < > d

24



The Constrained MSSM (CMSSM)

* Assume that at some scale Mo » TeV the soft term satisfy (tree level):
e M; = Mz = M3 = My2 (universal gaugino masses)
* Aupe = Ao Aupe (A-term proportionality)

(M2 = (M2 = (M%) = (M4); = (M%) = m% O M%hu = Mg = M
(universality of scalar masses)

* Motivation:
e Benchmark model with few parameters and FCNCs under control

e Minimal supergravity (msugra) gives the CMSSM (with model-dependent
Ao-Bo relation)

% Parameter counting: 106 — 4 dimensionful pars + 2 phases (no new mixing
pars, all mixing can be expressed in terms of CKM: an example of Minimal
Flavour violation)
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Phase convention

Complex
P H Mi/2 Ao méud
parameters:
R-symmetry: v Mz e®®| Ao e®® | m?y
Peccei-Quinn I o My i 2., oo
symmetry
R-symmetry: Ly invariant, R[AA] = 2, R[W] = 2 = R[w] = 2

Peccey-Quinn: hyg = hug e® PQ(ugh.) = PQ(d°ghd) = PQ(eclhd) = O
Standard phase convention: My2 > O, méu4 > O, phases in U, Ao
also used in the MSSM (provided that the gaugino phases differ by )

Constraints from EDMs: [sin@,l, Isinal = 10-2 (supersymmetric CP “problem”)
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CP-conserving CMSSM
% Physical parameters (besides gauge, fermion masses and mixings)

—00 < M2g < 00, —00 < Ag < 0, |u|l > 0, My2 > 0, m?u4 > O, sign(m) = 1
% Trade |yl for Mz, m?,4 for tanP (see below):

%* Plots often in mo-My/z plane for fixed B, Ao, sign(p)

MSUGRA/CMSSM: tanf = 10, A = 0, u>0

Example:
Atlas exclusion

;‘ ATLAS 0 lepton 2011 combined
() [Ldt=1.04 fo! Vs=7 TeV CL, observed 95% C.L. limit
g T LEP2 3 - === CLg median expected limit
1 P
EYQ_BOO [ 1 D0g g tanp=3,u<0,2.1 6" Expected limit £10

[ CDFgg, tan p=5, u<0, 2 fb™!
I Theoretically excluded

400
300

200

% Reference point
—— 2010 data PCL 95% C.L. limit

______________ i
l

.‘ ‘.l | §(1000)

500 1000 1500

2000 2500 3000 3500

m, [GeV]



Analysis of the MSSM



Analysis of the MSSM

1. Find the minimum of the potential (symmetry breaking) ¢o and express the
lagrangian in terms of 0p = ¢ - do [lagrangian terms linear in the fields]

2. Collect the mass terms, find the mass eigenstates, express the original
fields in terms of the mass eigenstates [terms quadratic in the fields]

3. Write the interactions in terms of the mass eigenstates
[terms at least trilinear in the fields]
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Electroweak symmetry breaking

~

V = Vausy + Vaott =V (u, B, G, 55, 5, 13, €5)
Issues:

1. V bounded from below? (“UFB” directions)

2. <G> = <U%> = «d> = <li> = <&> = 0?2 (“CCB” (and L breaking) minima)

3. <hw>, <hg> preserve U(1)em ? m2 =m2 + |ul?

. Not guaranteed. E.g. along (h,) = (3}) , (hg) = (’E‘;) : <J’E> D e

V = (m2 +m2 —m2,)w? is unbounded from below unless m?2 +m3 > m-,

. Not guaranteed. E.g. along (hg) = (tg) ; <L> = (0) A _we~ AR, lelse) = 0

w

V(w) has a (deep) Mem minimum unless  |A};|? < 3X2 [(m7)i + (M2 )i + my]
Analogously:  [AZ|? < 3)] [(M2)i + (M )s +m3]

Also: check positivity of mass eigenvalues |AY > < 3)2. [(m2);; + (1h2.); +m?]
Note: |Al = A @, A = A A

. Guaranteed (provided that 1. and 2. are fine)
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* Assume <G> = <U%> = <d%> = <Ii> = <& = 0. Then
2 / 9 2
v (thu & hghd) + % B ha|” + |l (hf;hu oL hjlhd) from Lousy
+m2 hihy, +m2 hlhg+m2, (hyhg+hec) from Lot
B i 0 BUin s o 1100y Vy,d > 0
% Up to a gauge transformation: h, = v, (1) R = U e (Smx) 0< <1/
* X # 0 & U(l)em spontaneously broken

e® # +1 & CP spontaneously broken

* V minimum at X = 0, e =1 (for given vya)

o, _ 0 b (1) U, =vsinfd v ~174GeV
w=fulg) M= vg=wvcos 0<3<7/2
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L e +89 (v2 — v3)? + m202 + m3v2 — 2m2 vavg

% Quartic term dominates at large v, except for tanf =1 (vu = vq = V/~/2), in
which case: V(v/v2,0/v2) = (m2 + m2 — 2m2,)v?/2.V bounded from below iff

(M2 +m3 > 2m2,(> 0))

% Local extrema:

Dl 04V OV
2 2 Ud d _Uu u . 4 D) VgD 2
e v #0:iff [m mg < (miy) ]From oadV 4 0BV B T (mys5 —mics)

om2, ] B is given by

sin 20 =

T tan 3% — 1 5 the solution with

@9, mitanQﬁ—m?lM%]
tanP = 1 if m% = m?,

2 2
my +my

* Bounds on fB:
Radiative corrections

* At Landau pole beyond Mp: tanP = 1 (see below) lower m2, more than m

» Higgs mass bound: tanf = 2 (see below)
e B-physics: tanf = 60
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mzu mzd = (rnzud)2

/

V unbounded from below No symmetry breaking

We typically need m?,, < O
while m?,4, M3 > O:

an accident?
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Radiative EWSB

% Soft terms generated at Mo » TeV e.g. in sugra Mo = Mp|

1 M3
% Rad corrs to soft terms enhanced by large logs: t = o log Ql;’l ~ 0.5
% RGE . d ~2 16 o 2 2 > 1 2 i ) - o 2
S. dt :gg M3 —|— 392M2 —|— 15 M >\t (mq3 —|_ mtc _|_ mhu _|_ ‘Atl )
d~2 LoD 2 M2 iQMQ—Q)\Q T P S A2
dtmtc = 393 5 1591 1 t \ My, +mtc+mhu+’ t]
d 3 % £ P A
Lop = X g Sz (md +d+ i, 4 A)
At B [Martin Vaughn, PRDS0 (1994)
%mothers = only gauge terms Barger Berger Ohmann, PRD49 (1994)]
d d ’ 2
* BTW: —g7 =—big;, =M, = —b,g;M, = Mi(@Q1) _ 9i(Q1)

dt dt

M;(Q2)  7(Q2)
Mi=Mz2=Ms,g=g2=9g3s @ Meur = M; : M2 : M3 = g4 = g% = g%

Mi:M2:M3=1:2:7
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mo = 80 GeV, my,y = 250 GeV, A9 = —500 GeV, tan 3 = 10

600 .

500

N
o
o

Mass [GeV]
w
o
o

200

100

I
12 14 16 18
Log,,(Q/1 GeV)

1
2 4 6 8 10

Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Qo = 2.5 x 10'® GeV. The parameter ;i + m%lu
runs negative, provoking electroweak symmetry breaking.

Martin hep-ph/9709356
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Spectrum

MSSM fields:

~ ~ ~

Mass matrices = masses + expressions in terms of mass eigenstates

Conserved quantum numbers: spin, color, charge, Rp
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Gauge bosons

g% W4 B,

959, Ta + gWiT, + ¢'B,Y
g

g _
— gsgﬁTA+ﬁ(W:T+ —l— W,LL T_) —l— %ZH(TS — S%/VQ) —|— GAMQ

Same as in the SM, with v2 = v&, + v
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Rp =1 (SM) fermions

* g uS dS5 Li e

s )\UU Sinﬁ
L e ), )\U-ugqjhu - )\D-dgqjhd + )\Eegljhd —  mp = Apvcos(

2 17 1 Uhead

mg = Agvcos (3

m A : :
* —' — ZLtanB: mp « mt either because Ay « At (as in the SM)
my )\b
or because tanf » 1
(allows Ap ~ At, relevant for rad corrs, Yukawa unification)
¢
= : AM(Meut) < 00 = tanP = 1 (depending on what goes on from Mz to Meur)

v sin (3
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Rp = -1 fermions (gauginos and Higgsinos)

ga have mass Ms

h*a W* / h-4a W- can mix (“charginos”)

ho. h% W° B can mix (“neutralinos”)
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~

* Charginos: —L D (VV— i

B
: 1 37070 W
% Neutralinos: —LD : (B W* hg hu) My o s h.c
70
' M1 0 —\/§M28Wc5 \/iMzswsg
0 M2 \/iMZCWCB _\/§MZCWSB
Mpy = i
—\/§MZSWCB \/§MZCW65 O_ —|ple* P
V2Mzswss —V2Mgewsg —|p|et®n 0
% The LSP can easily be a neutralino
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Rp = 1 scalars (Higgs sector)

* hy hg 8 real dofs: 2x(Q=1) + 2x(Q=-1) + 2x(Q=0,CP+) + 2x(Q=0,CP-)

V(hy, hg) breaks SU(2)wxU(l)y, preserves U(l)em, CP

(barring ¢y effects
through loop corrections,
neglecting dckm)

* 3 massless Goldstones G* G- G° (CP-)

%* 5 physical dofs: H* H- A (CP-) du ddg (CP+)

C@H+ + i85G+ Qg + i(C@GO — sgA)
h, = Dy, — i(SgGO + CBA) hg = veg + \/§
vsp V2 sgH ™ +icgG™
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* Masses: the 8x8 mass matrix decomposes into

* a vanishing 3x3 block corresponding to the Goldstones G* G~ G°

O2V. HT
. s LS e £ + £ cg veg
a mass term for H*H: my+ = SO |t Vo=V << o ) ; <55H—>>
e a mass term for A: m3 = aZVA‘
o A TR GO

e a 2x2 mass matrix for ¢y dg: —L D _% (o Dq) M§ (22)

M2 = R(a) (m%{ 2> B s R(a):(ca —sa>

mh SOé COC

Oq = coH — soh
Gu = cah + s H

%* Decoupling limit: ma » v & mus » v & my » v (Mmh ~ v) & = B-m1/2

4457



In the MSSM

* m% m% m%: m?A & B < MSSM parameters

i mis% + M%c% —8305(mA + MQ)
? 7 \—spep(my + Mz)  mich + Mzsg

2 2 2 2 2 2
my =m, +mg=mj, +mjy, + 2|yl

2 9 2
mHi—mA—i—MW

% Decoupling limit: m?, = M2z cos?2

7

1
* In general:|mj , = 5 [M% +m? + \/(M% +m?%)? — 4MZm? cos? 2ﬁ”

7

g 2 2 M2
m45 + M Qo= —Z A o559
tan 2ca = 124 Mg tan 26] (COS o= m%{ m% cos 23 )
m R
\ A Z M2
sin 2a = # sin 23
2 < MZcos*23 (tree level) i
% mp > z COS ree leve [Ellis Ridolfi Zwirner]

3 2
* "I=[oop corrections (very basic approx): m? < M2 cos? 283 + —tht log — mt < 130 GeV

e Lower limit on m%, — lower limit ofi'M; = lower [imif on FT for mt <12 Tev ™

* lower tanP requires a larger correction (upper limit on m; = lower limit on tanf)

* m?, > 115 GeV (125 GeV?) can be evaded in the MSSM but requires even more FT

116



Radiative corrections to my

% Full 1-loop computation: Coleman-Weinberg potential + self-energy
% Moderate tanP: corrections dominated by top-stop sector
* The stop mixing (A+ + pcotP) has a significant impact on the results
% log(m7/m;)-enhanced contributions:

« consider the limit m; > m;

 match the MSSM at Q > M with the SM at Q < m:
( 2 idild o n0 2
5 9 2 hi Xi X
A = 2 1 — X = A — t
: p (1) T o8 5+6(47T> fiz ( T2m? t = Ay —pcot
: hy = A¢sin 8 = my /v
* compute leading-log corrections to the SM Higgs coupling
h? m?
] t
(a2 > m3
o mi =2Ap(me)v® = M2 cos? 26 + 12

An(me) = Ap (1) + 6

s 1 m% X2 : X2
O i
(47)2 m? T o A THE 12m?
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Indirect bounds on stop mass in the MSSM
for my = 125 GeV

® Assuming degenerate stop masses, maximal X:, tanf =
Mstop 2 TeV, FT 2 200, possibly larger because of large A-terms

@ Either stops or A-term are multi-TeV
Hall Pinner Rudeman 1112.2703

nggs Mass VS. F1ne Tunmg Lightest Stop Mass

. Suspect

4 Gauge L Gauge A
Amedla’rlon medla’rlon




Beyond MSSM: xMSSM

Minimal extension: ASHH4 (symmetries forbid pH.H4)

® harmless (unification OK)

@ welcome (M = A<S> = susy scale)

Spectrum: h H = h; hz h3, A = ai az, Ni...Ns = No Ni...Ns

Help with FT from Higgs bound:

) mi = M% cos® 23 + A?v? sin® 28 + loops gain limited by poles
A(10 TeV) < 3 (EWPTs) best, A(Mgut) < 3 (unification) OK

@ light but hidden Higgs: h = aa — 4X (m. protected by PQ, R)

Persistent FT from

@ direct bounds on SUSY partners

@ arranging the invisible decay



Light Higgs detection

1

2

2

_ mi(A, + p/ tan B)(A; — ptana)

it ms "M,
Y sin o Z
pRa — 1=
Up cos (3
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Bounds on ma and tanf from heavier Higgs decays

CMS Preliminary 2011 4.6 fb™

50¢
45F
40
35F
30
2,
© 25 =
20 ',:"‘_,.,-“‘95% CL excluded regions
. [ CcMS observed
150 e +1o theory
e S CMS expected
L R A ' W LEP
""""" max . -
MSSM m,™" scenario, M_ ., =1 TeV

100 150 200 250 300 350 400 450 500

m, [GeV]

2l



Weight of the individual channels

bb TT YY B ww 77
—4|

114 120 140 160 180 200 250 300 400 500 600

Gigi Rolandi HCP 2011
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Rp = -1 scalars (squarks and sleptons)

AT e e e S e i
* Possible mixing between
e SU(3). triplets, Q=2/3 (up squarks): T TS
e SU(3)c triplets, Q=-1/3 (down squarks): di d<"
¢ SU(3)c singlets, Q=-1 (charged sleptons): & &<

e SU(3). singlets, Q=0 (sneutrinos): Vi
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~

£ = (@ @) M, (u“> + (d* d°) M3 (;) + (&8* &) M, (6) + 0 M2

M2

M

_ (M2 + MEMy + M zyc051 — (AL, + pcot B) M, _ (LL LR
—My(Ay +prcotB) M2+ MyMj, + M2z, ca51 RL RR

_ (M2 + MLMp + MZzaco51 — (AL 4 ptan )M},
—Mp(Ap + p* tan §) m(%R —l—MDMI) + M2z copl

7 (m% + M{ Mg + MZz.cop1 — (AL, + ptan B)M ], )
—MEg(Ag + p* tan 8) ng + ]\4]3]\4;j + MZz._copl

=i M%ZVC2B]- Avpr= )\U,D,EAU,D,E W =Rty

24 = t3(A) — sin® Oy q(A)

Super-CKM basis: write the scalar mass matrices in the basis in flavour
space in which the corresponding fermions are diagonal (U or D)
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* FCNC/sugra-inspired ansatz for colliders: (i v M2
(neglecting small off-diagonal entries, Vcbu) m3

2

* I and II families up squarks: ., , = m; + z,copMy

mii‘,z = MMye + ZucCop M7
% III family (stops):
7”77,33 +m? + z,co5 M3 —my (A + pcot §)
—my(As + pcot 3) 'ﬁzig + m? + zyccog M2

51 3 Co So gL I £

% Analogously in the D, E sectors. Relevant LR mixing in the third family only
for large tanf
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Sparticle production

@& At LHC: mainly coloured particles (but stops suppressed)

Prospino2.1

o, /pbl: pp = SUSY VS =7 TeV

900
m [GeV]

average




Sparticle decay

@ Rp conserved: decay always contains LSP (neutralino, gravitino)

18 5 B Vil Lo
® Gravitino mass: m =c i = Mg == =1m
@ Gravity mediation: LSP = neutralino: missing Et

@ (L,T) gauge mediation: LSP = gravitino

Susy ——» NLSP
par‘ncles

F<106 GeV F>106 GeV Fslo6 GeV F>106 GeV

Stable
charged
particle




Example of signals (MSSM LSP)

* O leptons: jets + missing Et

* Reduces the SM W decay background

e Effective if the dominant susy decay is with no leptons
* 2 same-sign leptons + jets + missing Er

* Does not take place in the SM

e From 2 gluinos, with gluino = q + chargino = q + (I* + vV + LSP) (twice)
Each gluino decays into |* or |- with equal probability

%* 3 leptons + missing Er + (possibly) jets
o X*X% X* = I* V LSP, X° = |* |- LSP (2-body decay better be forbidden)
* 1 lepton + missing Er

* large background from SM W decay (but relevant in some par space)
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CMS Preliminary \s=7TeV, [Ldt=11fb"

— 2011 Limits

=== 2010 Limits
tanp = 10, Ao=o, u>0

1 Lepton

I CDF 7,7, tanp=5, u<0
DO 3,7, tanp=3, u<0
[ LEP2 %
=

Jets+MHT

Razor (0.8 fb™)
2(1000)GeV




MSUGRA/CMSSM: tanp = 10, A0= 0, u>0 Squark-gluino-neutralino model, m(%?) =0 GeV

ATLAS 0 lepton 2011 combined | IR lATLAS
CL, observed 95% C.L. limit i

| [
fLdt=1.04 5", Vs=7 Tev i | Olepton 2011 combined
vhe CL, observed 95% C.L. limit
[ LEP2 % | —CL o

[ D0, §, tan p=3, u<0, 2.1 fo! Expected limit +10 ===: CLg median expected limit

I CDF §g, tan p=5, u<0, 2 b %  Reference point
I Theoretically excluded —— 2010 data PCL 95% C.L. limit

=\ )

N
o
o
o

-=== CLg median expected limit

—
~
o
S

Expected limit 10
—— 2010 data PCL 95% C.L. limit

—
(o
o
o

S fLdt=1.041b" {s=7 Tev

squark mass [GeV]

—
[\
(o)
o

Ogysy = 0.01 pb]

DO, Run Il

500 1000 1500 2000 2500

3000 3500 500 750 1000 1250 1500 1750 2000
m, [GeV] gluino mass [GeV]

Simplified model with a gluino, first two

mSUGRA/CMSSM with tang =0,A=0,m>0 W generation squarks, and massless neutralino
m(g) = m(q) > 950 GeV m(g) > 700 GeV m(q) > 875 GeV
m(g) = m(q) > 1075 GeV







Fine-tuning in the MSSM

E A
- M \
unification
? neutrino masses
baryogenesis
3G M2
D B S Pl
ok > 0y, ~ ﬁmt Qnp log =5—
27T NP
K - Que Z . Q 9
3
» F e s 2 NP
L oms ~ m = (115 GeV —
h \/§7T2 tQNP ( ) 05 Tev
SM - H>=1746eV
) 2 2
msi; tan —m
0 Mi=-2—"= A 1 L 2lu? = —2m?% —2|u®  (large tan B)

tans el
o (m%u(Mo) + |u\2) + 25m%u

& Large logs + color factors + lower bounds on gluinos and squarks: émj; > M
A certain (at least %) fine-tuning is required to obtain Mz = 91 GeV



Sources of Fine-Tuning

@ Assuming soft terms generated at the GUT scale:

I 9 ~ 2 WE 2
M2~ (DEGeVal  t S Lo e

2z~ LGV e GeV)?  (80GeV)? | (a0GeV)E  (70GeV)? s
R e e e e

® Unavoidable source of FT: M3 = 800 GeV = M2 2 300 GeV = FT = 60

@ Bounds on stop mass
@ direct: weak because of small production cross section and detection
efficiency corresponding FT; can be avoided by taking ms < my,2

@ indirect: from Higgs mass measurement - in the MSSM

3

) 2 2
2 2 o i shaalii i A
(115.5 GeV)" < mj, < Mz cos” 25 + —5him; {log m2 (1 X 127%%)]

X, =A; —pcot 3 Maximal for X; = v/6 my = 125 GeV?



Indirect bounds on stop mass in the MSSM
for my = 125 GeV

® Assuming degenerate stop masses, maximal X:, tanf =
Mstop 2 TeV, FT 2 200, possibly larger because of large A-terms

@ Either stops or A-term are multi-TeV
Hall Pinner Rudeman 1112.2703

nggs Mass VS. F1ne Tunmg Lightest Stop Mass

. Suspect

4 Gauge L Gauge A
Amedla’rlon medla’rlon




Beyond MSSM: xMSSM

Minimal extension: ASHH4 (symmetries forbid pH.H4)

® harmless (unification OK)

@ welcome (M = A<S> = susy scale)

Spectrum: h H = h; hz h3, A = ai az, Ni...Ns = No Ni...Ns

Help with FT from Higgs bound:

) mi = M% cos® 23 + A?v? sin® 28 + loops gain limited by poles
A(10 TeV) < 3 (EWPTs) best, A(Mgut) < 3 (unification) OK

@ light but hidden Higgs: h = aa — 4X (m. protected by PQ, R)

Persistent FT from

@ direct bounds on SUSY partners

@ arranging the invisible decay



@ Invisible Higgs decays: h = aa — 4X

@ 3leptons — multileptons from additional steps in chargino/neutralino
decays

@ C1+N2 and then
@ Nz = Ni+2l = No+4l (if No is lightest and mainly singlino)

@ C; = No+l+Vv (51 overall) or even C; = Ni+l+v — No+3l+Vv (71 overall)

@ Deviation from MSSM coupling relations: VVh = VHA = sin¥(a-B), VVH = VhA
= cos¥(ox-B) (optimistic)

@ Z'if pis protected by a gauge symmetry



Is fine-tuning really relevant?

% Issues
* Potentially > 100 parameters (CMSSM) )

e FCNCs and CP-violation in particular EDMs
(SUSY breaking mechanism, symmetries)

e Proton decay from dimension 5 operators > ealaet
(non minimal models)

 Gravitino and moduli problem (low reheating T)

e Fine-tuning (NMSSM)

% Successes of the MSSM

* Gauge coupling unification

: : : } fermions
e Natural dark matter candidate (with R-parity)
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R ——

=

o

pMNG

e T

SM

nif

A

1

M

chfoff

Que

<H>=174 GeV

Om?, » mé,
mn is accidentally small or because of unspeakable reasons
(connection with the cosmological constant problem)

Note: often models (even MSSM benchmarks) are fine-tuned
Still, dark matter and unification may save the day
@ by keeping (at least part) of new physics near TeV

@ giving rise fo predictive models with characteristic
signatures at LHC and other experiments

[Arkani-Hamed Dimopoulos 04, Giudice R 04,
Arkani-Hamed Dimopoulos Giudice R 04]



SU(3) su(2) u(1)

Li 1
e’ 1
Qi 3
uSi 3
N 3

2

1

2

1

1

-1/2

1

1/6

-2/3

1/3

Unification

SO(10)

16

+ MguT predic’rion: Ag < MguT < Mp|







Squarks
Sleptons
Heavy H

\
(

Gauginos
Higgsinos

\
(

SM

A

- M

- SWY+g/

- «<>=174GeV

Q 0 O o

Split Supersymmetry

DM: U < 1.2 TeV (M: < My), mostly Bino favourable for LHC

No bounds from EWPTs Split SUSY

mu < 170 GeV, in terms of © “ \
IStrumie et al

\a

Long-live the gluino: R-had [ renphiosouoss izing
track; neutral: missing energ \ 1ha S ally:

= 200 \2o): 1o\ 0.50 °|
Energy, charge, Baryon-nursiiexciigns up to
(1-2.5) TeV . \\\ I
Wilder: stopping gluinos (1-|ENSERNGRYAGH Ot ol SO o s o
parts of the detector + m.e 1001%(‘)4#4 ik = charge

ﬂips M; inGeV



Higgs mass and Split Supersymmetry

Split Supersymmetry

Predicted range for the Higgs mass

Split SUSY
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Experimentally favored

108 100 1012 104 10'® 10'8

Supersymmetry breaking scale in GeV

1010 1012 1014 1016 1018
Giudice Strumia 1108.6077

breaking scale in GeV



