Electroweak Symmetry Breaking
after

the first hints of a Higgs

Riccardo Rattazzi

SR PFUEE

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE




What is the dynamics of Electroweak Symmetry Breaking ?

Was the hierarchy problem a good problem?

O Is Dark Matter made of weakly interacting thermal relics?

< Why is the electron much lighter than the top

O

Tuesday, January 10, 2012



My .z 7 0 3 polarizations = 2, + 1]

not “pure” gauge int

2 New strong
V V., -V, V
174 GeV force at 2 TeV'!

* EWSB implies new stuft below ~ 2TeV’s

e Simplest option (or so it seems): just the Higgs boson

) weak up to

j}wm{: 4 :}{ + ;}'hi o % ultra-high scale

SM with Higgs boson can be extrapolated virtually to E ~ Mp;
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SM as an eftective theory

Mass beautifully simple

Avy &

* it explains

new states

T :

* B,L. approx conservation
* small neutrino masses

% nicely accounts for

* small flavor violation
¢ electroweak precision
tests

and it has a beautiful
theoretical problem

SM + Higgs
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e ~ O(1)

<H>=0
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The hierarchy problem

V(H) = eA?H? + \H*

generically

but we need

e ~ —0(1)
\
(H) ~ Ayv



same tuning to reach boundary of 27d order phase transition

TEMPERATURE

e ~ 10734

How did nature choose to deal with hierarchy problem?
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same tuning to reach boundary of 27d order phase transition

TEMPERATURE

stolen from V. Rychkov

How did nature choose to deal with hierarchy problem?
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Natural

I1
Strong EWSB dynamics
(composite Higgs)

|
Supersymmetry

I11
Large Extra Dimensions

Un-natural

IV

Multiverse (anthropic principle)

1000...
10 vacua see NYT Op-Ed

of which many have a hierarchy Cardinal Schonborn

Expect: just SM + Higgs
+ (possibly weak scale DM)
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A Mass Natural Theories

SM + Higgs

The more natural the theory the more the Higgs rates deviate from SM
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A Mass Natural Theories

SM + Higgs

The more natural the theory the more the Higgs rates deviate from SM
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@< = first probes into EWSB dynamics and into hierarchy puzzle

115 GeV < mp, S 130 GeV lucky range to measure all couplings

It would be useful to develop a ‘Higgs diagnostic’: associate the possible
patterns of deviation to broad/specific features of the underlying theory
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A Mass

new states

SM + Higgs

Can use effective lagrangian to describe deviations from SM

= simple parametrization encompassing a large class of models
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A Mass

new states
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I. Strong EWSB dynamics = ‘Composite Higgs’

II. Supersymmetry

[II. Anthropics and all that
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[. Strong EWSB dynamics = ‘Composite Higgs’

II. Supersymmetry

[II. Anthropics and all that
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compositeness @
scale

TeV o

W[:JtaZlO; _I_ﬁ Q7€777WT72T79

Tuesday, January 10, 2012



compositeness @
scale

TeV ¢
WIZIJ:,Z?J +ﬁ Q7€777WT72T79
4+ Technicolor SO@/SOB): Y% =nothing Not feeling too well
+ 0 H™
4+ pseudo-NG Higgs SOG)/SO@): Y= h Wi, Z) h — ( H, >

extended cosets SO(6)/SOG), SO6)/SO@) x U(1) : additional light scalars

4+ pseudo-dilaton: Yy = X does not fit in SU(2) doublet
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Georgi, Kaplan 84

The main adVantage Of pSCUdO_N G nggS Arkani-Hamed, Cohen, Katz, Nelson ‘02
Agashe, Contino, Pomarol ‘04

02

S:STCXf—2 f

Goldstone decay const

EWPT are OK with mild tuning — ~0.1-0.3

* Compositeness scale 47 f  still as low as a few TeV

2
* Sizeable corrections to Higgs couplings: O(U_)

f2

production of resonances

strong WW scattering m :\:[}

* Direct signatures
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Georgi, Kaplan 84

The main adVantage Of pSCUdO_N G nggS Arkani-Hamed, Cohen, Katz, Nelson ‘02
Agashe, Contino, Pomarol ‘04

02

S:STCXf—2 f

Goldstone decay const

EWPT are OK with mild tuning — ~0.1-0.3

* Compositeness scale 47 f  still as low as a few TeV

2
)

* Sizeable corrections to Higgs couplings: O(

production of resonances

strong WW scattering m :\:['

* Direct signatures
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General parametrization of Higgslike scalar h
Contino, Grojean, Moretti, Piccinini, RR ’10

1 M2 h h? _ h
L = 5(8@)2 + TVTr (VMV“) [1 + ZCL; + bU_Q + .. ] — MWV (1 + C;) Yr; + h.c.
I 5 5 1 /3m3\ 1 /3mi\ 4
+ thh —|—CZ36< ” )h —I—d424 2 h™ + ...
as h 5 a h 5
—|— CQE;GMVGM —l_C'YE;FNVFM

C flavor universal in minimal flavor violating set up

4+ Standard Model: a = b = c = d3 = 1 Cqg = Ccy = (

4+ & =pseudo-Goldstone implies additional constraints
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SO (5) /30(4) PSCUdO_GOldStOnC nggs Agashe, Contino, Pomarol ‘04

a=+/1—0v2/f2 b=1-—20v%/f? model independent
c=ds=/1—0v2/f? fermions in 4
9,02/ £2 model dependent
c=ds = L—2v /] fermions in 5
V1=v?/f? C 5
Cg, Cy ™ = controlled by small explicit SO(5) breaking o
NEGLIGIBLE! 0 s
..... o
"y
. 0 < a, ‘b‘ < 1 robust
Interesting
inequalities

0 <c<l in range favored by EWPT

Tuesday, January 10, 2012



2

U
In specific models just one free parameter ¢ = =
In general 4 parameters a, C¢, Cp, Cr
L(h—g9) _ Tlh—tt) _ T(h— ff)
C(h— gg)lsm  T(h—tt)|sn Ch— [Dlsa
Lh—vy) B 2 9 L(h—VV)
C(h = A)lsm 1+028(1 /)l ~a Th— VWV)lsa

In the preferred range all rates are reduced
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Exclusion using CMS data [ <4.7 fb-!]

3 my, [99% CL]
i l l | —120GeV |
b I | B [— 130 GeV
IR PP UL o S : !
j | eem 150 GeV |
1; L ,,,,+ ,,,,,,,,,, ]
ol et ]
S A 7 48— - _
: | z ‘ : :
2 *! ******** |- - - === === 0 I T~~~ = === —
0! | | |
L : | | | |
C ol | | |
-3 L1 ! t ‘ \ \ \ L
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da
preliminary by
— Cp = C — C Azatov, Contino, Gallowa
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Exclusion using CMS data [ <4.7 fb-!]

my, [99% CL]

—120GeV |
weeme 130 GeV |

=== 160 GeV |
—== 150 GeV ||

20

preliminary by
Azatov, Contino, Galloway
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mp = 129 GeV prepared by R.Contino
P Eavave e
A
Ct ©
1L
o Ll
' 0.0
a
Ct = Cp = Cr = C

Can increase R,, but at the price of Ry,
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2

% <1 SILH eftective lagrangian
CH C _ Ce A 3
Lesr = 529" (HTH) 0, (H'H) + yff—yQHTHszﬂwR ;2 (H'H)

true in larger class

< < 0
0 < a,b,c 1 CH,Cy =~ including Little Higgs
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A dispersion relation for cy Low Rattazzi, Vichi ‘o6

% [ ds
CH — (04— (s) —044(8)) —
™ Jo S
HT . HT.
"M anything ::— anything
H_ e H—|— e

cH not positive definite, but almost so

. . ., singlet .

SAONNN = mom Acg > 0

L 4 LS 4 ~

.. triplet .

:----: ACH<O

’ ~

Scalar triplets do not dominate in known models addressing hierarchy
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Other roads to increase Higgs couplings

v
CL:\/EZCZ]E—D CL,b,C§1
5 v
' dea = —— 4+ O
Dilaton 373 5 + O(e)

v? v?
Non-Compact 2 > 2
coset space
— 2/ £2 _ 2 / 2
H € SO(4,1)/S0(4) a=1+0%/f b=1+2v"/f

No Unitary QFT as UV completion == TeV scale Quantum Gravity ?
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mp, m. and colored resonances
H

. Uy~ YLYRS
T t M

M

S ey

0.5
mp < 130 GeV » MT S TeV (U>
7
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Panico, Wulzer (preliminary)
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Contino, Servant '08 Dissertori, Furlan, Moortgat, Nef '10
Mrazek, Wulzer ’o09

LHC has already probed part of this plot :

6000 I Spen it va Bon £ =
CMS search of B ¢ :’En 55:““{:. ¢ :é ) 22
M5/ > 490 ™| s .'nﬁ .l'?t'-:’. fol'ya s

4080 !. myg > 130

:.A.'...‘
2000 G 3
1000 :°-.:’:-

0 1000 2000 3000 4000 5000 6000

117 T .

Panico, Wulzer (preliminary)
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I. Strong EWSB dynamics = ‘Composite Higgs’

II. Supersymmetry

[II. Anthropics and all that
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Asusy

Msoft

Naturalness bound i ir <

RG evolution

2 T V1 + X2

\/ m: 4+ m? 100 GeV

tuning smallest for: ~ small X" = —5——

High scale mediation m; S 100 GeV (—
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http://arxiv.org/pdf/ 1109.6572v1 Squark-gluino-neutralino model, m(¥;) = 0 GeV

;2000 lll;lrlll !lélll ”ATLAS
8 : : 0 lepton 2011 combined
ATL AS = 750 - s CL, Observed 95% C.L. limit
% : : - ==+ CL, median expected limit
é '\ - Expected limit +1a
bound on gluinos and 3 1500 \ |~ 2010dataPCLEs%C.L. imi
. © L L > 1
squarks of 1st 2nd family S o fLo=104t' o=7 Tev
3 1250 \\ -
\ " Ogysy = 0.01 pb
1000 c o -
= — -
@ - - e
750 8 Ogysy = 0 1 ob
O =1
500
Osysy =10 pb
250
LEP2 §

0 250 500 750 1000 1250 1500 1750 2000
gluino mass [GeV]

In simplest models 1y ~ Mg ~ Mg  itlooks like 1% tuning
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CMS Preliminary

Ranges of exclusion limits for gluinos and squarks, varying m(y")

T1: §—qqx" [1.1 fb!, gluino

T2: G—qx’ |1.1 fb !, squark

Tlbbbb: g—bbx" 1.1 fb~!, gluino

Tllnu: g—qqx™ [0.98 fb !, gluino

T1Lh: g—qqx51X" [0.98 fb!, gluino

T5zz: g—qq%s [0.98 - 2.1 fb~', gluino

T1tttt: g—ttx) |1.1 fb!, gluino

0 200 400 800 1000
Mass scales (GeV/c?)

AmgiO = 200 GeV m(jzo) — ()

Squashed spectra slightly less constrained: less tuning
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not-so-un-Natural SUSY

~ Q1.2'ﬁl.2.~d1.2
W

TeV g

Still less constrained with ~1 fb-! mg. ,Mmi, 2 250 GeV

Papucci, Ruderman, Weiler ’11
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The perspective changes appreciably if one buys the mn~ 125 GeV hint

In MSSM to push up Higgs quartic one needs  ® stop masses = 1TeV

* large A-terms
worst that 1% tuning + problematic forb = sy

AN <m?® > =20, tanB=10, =200 GeV
2000':"!‘\"'I"'I"'|---|---|---|/;=|
1272 BR(B-X,y)e2s .
1800

1600}

1400

(%) in GeV

1200}
1000} /¢

800} Mo <im

400 600 800 1000 1200 1400 1600 ,
my in GeV Pappadopulo 12
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NMSSM

m; = Mz cos? 283 + A\v?sin”* 28 + (stop loops)

NMSSM Higgs Mass

140} A=06,0.7
m; = 1200, 500 GeV !

A ha h ad

10

Hall, Pinner, Ruderman ’11

stop masses < 500 GeV
small A O(10%) tuning + ok forb - sy
small tan
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H' = —cosSHs + sin SH;
H = cos BH; + sin BH

An exercise in Higgs diagnostic

s‘ '0 ACH — O
Y4
L L dim 8 operator: quick decoupling in h y y and hWW
O" s“
O' ’
” Y4
===¢=== sign depends on structure of quartic = ===§£ =~
5“ ‘\
cp > 1
MSSM (H? — H?)? -
Cy < 1
cp, < 1

NMSSM ~ HiH3
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A-SUSY = NMSSM with A>1

cut-oft is below GUT scale Ry, Rzz > 1

A dominates the quartic Ry < 1

2R

100

tan(p)

141/

1.2

T

1.0¢,
10 2 1.4 1.6 1.8 20
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generic natural NMSSM A-SUSY
MSSM MSSM NMSSM

SM

composite

Technicolor Higgs
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generic natural NMSSM A-SUSY

SSM MSSM NMSSM
SM : oo
composite

Technicolor Higgs

perhaps, rather than naturalness, the guidelines should be

A) existence of a complex world (anthropic selection)

B) structure (Ex.: unification, strings)

C) cosmological obs: existence of Dark Matter, baryon asymmetry,...
D) minimality

4+ Spht-SUSY (ABCD) Arkani-Hamed, Dimopoulos ’04
Ex * High—Scale SUSY (ABD) Hall, Nomura ’10

4 nuMSM (CD) Asaka, Blanchet, Shaposhnikov ’05
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160 -’

tang = 50 Split SUSY

------- tan8 = 4 ol

————— tanf = 2 _
L]
o 4 ’ ,* ’ w— ’___‘—-- 1
£ 140 - O e __mm ]
s | A -
E 130}
i . ¢
= Experimentally favored
oo pe y Strumla,

11

120 Giudicea

10 10° 108 101 1012 10" 10 10
supersymmetry breaking scale in GeV

An(Mp)  curiously close to zero in RG extrapolated SM

® Is it just High-Scale SUSY at tanp =1 7?
* Is the Higgs a pseudo-NG-boson, ... but at the Planck scale?

* Is there a deeper explanation (ex asymptotic safety)? Shaposhnikoy, Wetterich 10

Would we ever know?
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lw_ T | | ] I T I I I

— tanﬂ=5
....... [a.nﬂ=4
_____ tang = 2
150 | — tanf = 1
>
£ 140 | : - = . crrerror |
: = |
Split SUSY .- i
80 — :
éo L Experimentally favored
10 TeV < m < 10* TeV 1201 /)

5 4 L - 7
Tev mf —8 110 -, : ! I I I ! ! ! ! J
Ty = 4x 107" s
g — 104 TeV 10 10° 108 10 102 10" 106 108
mg € : :
supersymmetry breaking scale in GeV

* search for displaced vertices from gluino decays

* compatible with ‘SUSY breaking without singlets’

simplest anomaly mediated scenario Giudice, Luty, Murayama, Rattazzi *o8

mf ~ m3/2 ~ 102 TeV

o B; (gz)
292

T ), m3/2 ~ TeV

Tuesday, January 10, 2012



Tuesday, January 10, 2012



Natural
Theory




unNatural

Theory




a

unNatural I

Theory

* RG extrapolation
* speculation
* move to string theory

Tuesday, January 10, 2012



Back up slides



At/\/ <m > —10 tan,B 10 ,u 2()0 GeV

- 117 11 R(B—)XS*)/)@Z(}" :
t ’ -
1200 p
L\
\
{15
> |~
O 1000} \ o
k= T A\
~ \ %Q
< \\ , 'Q%
soof =
B \\ QQ
1% FT
600 Mo <m

400 600 800 1000 1200
my in GeV
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