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The Standard Model and the Mass Problem
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the masses of the quarks, leptons and gauge bosons
don't obey the full gauge invariance

S ( & ) is a doublet of SU(2). but m, < m.

(&

a mass term for the gauge field isn't

g TR 0, e + gf T AN
invariant under gauge transformation

» ~spontaneous breaking of gauge symmetry @
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The source of the Goldstone's

symmetry breaking: new phase with more degrees of freedom
massive W, Z: 3 physical polarizations=eaten Goldstone bosons

=» Where are these Goldstone's coming from? <

common lore: from a scalar Higgs doublet

o ( ht ) Higgs doublet = 4 real scalar fields

h? 3eaten «  — One physical degree of freedom
Goldstone bosons the Higgs boson
Good
agreement
with EW data

But the Higgs
hasn't been
Seen yet...

(doublet < p=1)

other origins of the Goldstone's: condensate of techniquarks, As...
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EWSB from a Strongly Coupled Sector

A strong sector, around few TeV, driving EW symmetry breaking
is a plausible/conservative scenario
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EWSB from a Strongly Coupled Sector

A strong sector, around few TeV, driving EW symmetry breaking
is a plausible/conservative scenario

MW“*—‘——-——_ﬁ
¥ a technical challenge: how to evade EW precision data

MRENERNT TR D VL R R S R e

The resonance that unitarizes the WW scattering amplitudes

w- Ww- W™ 4
X + [ N ]
P
wt wt W+ W+

generates a tree-level effect on the SM gauge bosons self-energy

3 . Sk< 107°
SA/\W\/\/\B SNW ) 1, > 2.5 leV
p @ 95% CL

p

One way out: a light composite Higgs emerging from the strong sector
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EWSB from a Strongly Coupled Sector

A strong sector, around few TeV, driving EW symmetry breaking
is a plausible/conservative scenario

T \

v A ‘

\V .

% Multiscale

"5 technicolor

&= \

S X

8 Top color

'..g MSSM
6 > ~ & TOp . k\‘?
= composite condensa’rLoE\~

O Hiaae Y T~ e e Ry ¢ SM
)

Log(fine-tuning) —

One way out: a light composite Higgs emerging from the strong sector
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How to obtain a light composite Higgs?

iggs=Pseudo-Goldstone boson of the strong sector
MHiggs=0 when gsm=0

to-Yuk
Jsiig \pr'o om-l ;.leawar ZE 9,0
En @ Strong global : G
' BSM symmeftry / H residual
-~ Y O p global symmetry
3 scales: UV completion
47 f A10 Tev
: direct access to
strong sector
M, = g,/ 7 usual resonances of the strong sector

‘ indirect
v = 246 GeV Higgs = light resonance of the strong sector probes

m p = mass of the resonances
m
0.

9p
(;%&7/74// Crrojean Composite Higgs Louvain, /I/[[z/cc/ 19 2009

gp := coupling of the s‘rrong sector or decay cst of strong sector | =



Physics of a light composite Higgs?
Log(E)

? weakly coupled fundamental constituents

not easily
accessible at LHC
(EW precision tests,
flavors...)

?
4 f resonances

indirect
probes

igher dimensional operators

'
246 GeV

point like SM particles + PNGB composite Higgs

Higgs=resonance emerging from strong sector but it is
light because it is a 4™ Goldstone
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Continuous interpolation between SM and TC

v weak scale

f  strong coupling scale

)
o*
.
A 3
.
A
.
*
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*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple .- .. vector resonances like in TC
AT R R
A S
; Tl 1
COmPOSITe ik (a g h +bo h2) ey D 1),>))
VS. \

SM Higgs universal behavior for large f
L a=1-v/2f b=1-2v/f
1
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Testing the composn‘e nature of the Higgs?

J if LHC sees a H|ggs and no‘rhmg else*: X
'f_ is it elementary or composite?

e ——— e —————— 4’)

¢S evidence for fine-tuning & string landscape ???

CCC Higgs forces have a secret hidden gauge origin ???

@ Model-dependent: production of resonances at mp

@ Model-independent: study of Higgs properties & W scattering

strong WW scattering
strong HH production
Higgs anomalous coupling

@ 0 0 0

anomalous gauge bosons self-couplings

* a likely possibility that precision data seems to point to,
at least in strongly coupled models
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What distinguishes a composite Higgs?

2 2% o" (|H|?) 0, (IHI?)  eg ~ O(1)

U:;( o H/f )

F2tr (0,UTORU) = |0, H|? + ji (8]}]\2) ]H\ OH | + \HT0H|

Uo
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SILH Effective Lagrangian

(strongly-interacting light Higgs)

@ extra Higgs leg: H/ f @ extra derivative: 0/m,

.-" 2"-.
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Anomalous Higgs Couplings

2 2% o" (|H|?) 0, (IHI?)  eg ~ O(1)

2

)@ T % <1+6H;2> (O*h)2 +

2

Modified Higgs couplings v

. a2
Higgs propagator rescaled by \/1 tents 2f?
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EWPT constraints

2 2
- () v % removed
T:CTF @‘CTF‘<2X1OS i
2

by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

g,T = alogmy + b
modified Higgs couplings to matter

S,T=a ((1 — cgv®/f?)logmy + cgv®/f* log A) + b

: A cav”/f*
e.ffec‘rlve meﬁ iy (_) S < ¥
Higgs mass mp,

LEPTL, for mi~115 GeV: LML = WO D>



Flavor Constraints

Ci"H|2 — C;
(l - ]f2 >yz’jfLinRg (1 2}2) \/—
3¢ 02 et
+ il ) ey
mass terms / /<Y 2f* V2 4

Higgs fermion interactions

mass and interaction matrices are not diagonalizable simultaneously
if cij are arbitrary

= FCNC

SILH: ¢y is flavor universal

=»> Minimal flavor violation built in
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Higgs anomalous couplings

Lagrangian in unitary gauge

m%{ my e 1212 i
£ ="LoiiEe ( (c6 — 3cu/2)R° + . —L ff(c, +cu/2)h — CHTWhW/fW_“ — CHTZhZMZ’“‘) — +.

2V i
f/\ f Wiﬁ'%w
gs M (1 i CH/Q)UQ/fQ) gs M (1 — ch2/f2)
N %4

L (kS f D= F (s p (2, - ) %/ )]

I (H=— 90 Qe b Tt e dl) <t [1 S RE e vz/fz]

Note: same Lorentz structure as in SM. Not true anymore if form factor ops. are included
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Higgs anomalous couplings for large v/f

The SILH Lagrangian is an expansion for small v/f
The 5D MCHM gives a completion for large v/f

1
My = Zg2f2 sin v/ f =>  gwww =V1—-Eanww
Fermions embedded in spinorial of SO(5) Fermions embedded in 5+10 of SO(H)
mys = Msinv/ f mys = Msin2v/f
y y
Ihit Foes 1—592% Ghffi= 1_£ghff

universal shift of the couplings

no modifications of BRs BRs now depends on v/f

(E=v/1")
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Higgs BRs

Fermions embedded in 5+10 of SO(5)

BRs

mu = 120 GeV
wWWw

mH = 180 GeV

h—>WW can d.omina’re BRs remain SM like except
even for low Higgs mass for very large values of v/f
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Higgs BRs and total width

Fermions embedded in 5+10 of SO(5)

mu [GeV]
slight modifications suppress bb suppress WW

Higgs total width

125 150 175 200 225 250 275 300

mu [GeV
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Higgs anomalous couplmgs @ LHC

A (0BR)/(0 BR)

| 0 B % R T
[ cn 112 / f = 1 /4 o(VBE) BR(h—>WW,2Z) -
RO TR 5o SUMN e 1y | Sewess o(tth) BR(h—>yy,
[+ Gl 2/f2 =1/4 = U;h))BR(h(I—Hi)))?) -
T'(h— fNepn =T (h = ff) oy [1— ey + ca)v’/F] 0.5 I =onee o(VBE) BRI—> 1)
['(h— 99)sien = T (R — 99)sm [1 —H{2cy + CH)UQ/fQ] % s _
8 :
RN S, o J
S R i S ;
observable @ LHC? 05 | e T A e -
_____________ :
2.0 :_ agq;ﬂi))%?}h_’n)) 1.0 |; l ik PR RO l g _pictp o) l Futd Nl F l T Rl {
- g 1=y, g T 140 160 180 200
S P A A e e e s o(h) BR(h—>yy,
o A TLAS e oty Bfevil g (GoV)
e vy s s SRRl Lt o(Zh) BR(h—> yy)
L / oz LHC can measure
; >
1.27Es & e )2
1.0 - CHﬁa Cyﬁ
0.8 =
o up t0 0.2-0.4
04 F- l.e.4rf ~5— 7 TeV
0.2 = i ; <
0.0 Bualicealasealo . P otE SR (ILC could go to few % ie

110 115 120 125 “130° %35 130" 108 e test composite Higgs up to 4rf ~ 30 TeV)
mygy (GeV) Duhrssen ‘03
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Higgs anomalous couplings @ LC

single Higgs production

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

e L5
L ey
2 ¢
ZZ-fusion
mr=120 GeV
§ c mu=120 GeV

L=1ab !

Aag ~ 0.006 =) Anf ~ 44 TeV

mp=240 GeV
Aag ~ 0.02 =) 4dnf ~ 22 TeV
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Higgs anomalous (self-)couplings @ LC
double Higgs production

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

6+ 5 e+ -
e+ / é
Z é/‘/ é W+ ,’é W+ - é
N (7 ; -
2 W ~4 /4 & 7
g Z i V o V
€ €

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

it allows to constrain a
mu=120 GeV i

L=1ab! : | mn=120 GeV
Aag ~ 0.1 =) 4nf ~ 10 TeV
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Higgs anomalous couplings @ CLIC

mn=120 GeV —37Te mn=120 GeV — 3Te

L=1ab !

Aag ~ 0.002 =p 4drf ~ 70 TeV Aag ~ 0.04 => 4nf ~ 15 TeV
a factor 2 improvement from ILC
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Triple gauge boson couplings (TGC) @ LC

Ly = —igcosOwglZ" (W“L”WM_V — W_”Wj,/)—ig (cos Owkz Z"" + sin Oy ky AMY) W:W;

TGC are generated by heavy resonances

Z mZZ m%/v gp \? 7 2
91 = —S5Cw Ky = 5 ( ) (CHW I, CHB) Kz = g7 — tan ‘9W/ﬁ3'y
ms ms 47

sensitive to resonance

-1 L ~ ~
@ LHC 100fb gi ~1% Ky~ Kz ~ 5% up to my~800 GeV

not competitive with the measure of S at LEPIT

@ ILC ....... + ................................... : *e»W*'W .................

: € -
v 2
1073
e W

* *
-----------------------------------------------------------------------------------------------------------

I l 0.1% accuracy SN sensitive to resonance

‘ ‘ . up to mp~8TeV
LHCc  LC LC LC T. Abe et al, Snowmass ‘01

500 1000 1500
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Strong WW scattering

L ﬁ o (|H|* ) OalH Il ¢~ O(1)

H:( v\—/|0—§h )@L’,:%(l—I—C[{%) (8’uh)2—|—...

2

Modified Higgs couplings 1 v

| e —— =1 -2
Higgs propagator 7 rescaled by \/1+cus 25
.................... e R e S S
i ] 52 no exact cancellation
= =-(1-@9" 5 : :
e M2, of the growing amplitudes
+ w*

u
an®
anns®
anns
-----
-----
------------
-------------
-------------
................
-----------------
............................................................
.........................................
-------------------------------------

Even with a light Higgs, growing amplitudes (at least up tom )
A(WEWE — WEWE) = A(s,t,u)66 + A(t, 5,u)6%°6% + A(u, t, s)§46%

S
ALET(S,t,u) = 2 q
LET=SM-Higgs

C%s‘?{/}vé g/(%/)am/ Compo site Hi ggs Lm(y[a'/z// /V[[[/‘C/ 79/// ;2039

Ag =& ALgT




Strong WW scattering @ LHC

Even with a light Higgs, growing amplitudes (at least up tom )

A(ZL2) — WEWE) = A(WEWE — Z028) = —A(WEWE — WEWE) = 52
t b = +it
A(W*Z) 2 W*2)) = =5, AWEW, - WiWg) = CH(; )

A(Z220 = 2929) = 0

E o(pp — VpViX), = & o (pp — ViVeX) et
q \

LET(( =1) SM bckg
4.5 2.1
leptonic vector decay channels 15.0 36
forward jet-tag, back-to-back lepton, central jet-veto 9.6 14.7
39 EET >
=0 The
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Scale of Strong WW scattering?

NDA estimates

S

2 o e
Arrrr ~ g Avtori ™

ALL—>LL D ATT—>TT
for

Vs ~ 4 My
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EW background

disentangling L from T polarization is hard

400 1200 2000 2800
Vs [GeV]

The onset of strong scattering is delayed to larger energies due to

the dominance of TT — TT background

The dominance of T background will be further enhanced by the pdfs
since the luminosity of W inside the proton is log(E/Mw) enhanced
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Dominance of T polarization

the total cross section is dominated by the poles " *p-+
in the exchange of y and Z in the t- and u-channels

a-, = 2 - (electric charge of WT)? az =2 - (“SU(2) charge” of WT)?
universal for T and L different for Tand L
+
ﬂ.+\ T
¥ Yoo '6‘2/[/ jl S"Z/‘/
7% + . .
ot o % 2cpy..

=» T-dominance is the result of multiplicity and larger SU(2) charges <=

Ttot is only sensitive to IR physics: not good observable to proble EWSB sector
0&3{774 g/(y/dm/ Composite Higgs Louvain, /V[[[/”O/ 7ﬂl/ ;2039



EW bckg in the central region (SM)

we need to look at the central region, i.e. large scattering angle,
to be sensitive to strong EWSB

dopr/dt mr=180 GeV

dUTT/dt
— . — i ,_ » pole only
W W h W W = multiplicity factor
0.20

0.15 | y and Z poles

noles + constant regular piece

small number again as the result of
multiplicity and larger SU(2)
charges for T polarizations
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EW bckg in the central region (¢ =1)

2 orders of magnitude
smaller than NDA
estimates...
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Strong Higgs production
O(4) symmetry between W\, Z, and the physical Higgs

strong boson scattering & strong Higgs production

A(Z929 — hh) = A(W}W; — hh) = 7—2‘9
q i :
wh, signal: @ hh — bbbb
WSl
“h ® hh — 4W — 3/:3v+jet
T v+jets

More complicated final states than for WW — WW,
smaller BRs,
but no T polarization pollution
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EW bckg for WW — hh

5 s no T polarization pollution,
< V'S AL . .
RE neither in the total cross section,

dO.LL—>hh/dt * 1
dUTT_’hh/dt 8 £2 4 (1 it

nor in the central region

-------------------------------------------------------------------------------------------------------------------
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Strong Higgs production: (3L+jets) analysis

Contino, Grojean, Moretti, Piccinini, Rattazzi ‘in progress
mp — 180 GeV

+ /*
174 < :
h/"CN\’\/\I\_:< I

Y
Y
\
N
A Y
N

cH=1

W Al
vV

# events after accept. cuts (with 300 fb!)

W
v/f=1|v/f=v8|v/f=v5]|v/f=0
4jets > | 14.5 9.8 4.3 0.5
3jets>| 195 R 5.9 0.8
Dominant backgrounds
4jets 3jets
& t2W - bbdW — 31312b25) 94 evts 223 evts
D ttW2j( bb3W 25 — 313v2b27) 122 evts 230 evts
@ 3W4j5( 3l3v4y) 26 evts 94 evts
O Wil4j (- 311v45) 580 evts 1580 evts

.
----------------------------------------------------------------------------------------------------------------------------------------------------------

Chrittoridhler Eorposie Biags Lowain, March 1% 2009



Strong Higgs production: 3L+4jets

mp = 180 GeV

----------------------------------------------------------------------------------------------------------------------

w+ 0 G : \ . :
e ey i1:identify the "external” jets::

agn®

cH=1

.
----------------------------------------------------------------------------------------------------------------------

@ get the most forward jet

@ construct the pair with
the largest Min or o7

events/bin

M

500 1000 1500 2000 2500 AV
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Strong Higgs production: 3L+4jets

mp = 180 GeV

------------------------------------------------------------------------------------------------------------------------------

cH=1

20 60 80 100 120 140 160 'tnv [GEV]
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Strong Higgs production: 3L+4jets

mp = 180 GeV

-----------------------------------------------------------------------------------------------------------------------------

cH=1

s *
-----------------------------------------------------------------------------------------------------------------------------

the pair with the smallest angle

Ml+l—(q5 min) < 110 GeV

events/bin
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Strong Higgs production: 3L+4jets

mp = 180 GeV

-------------------------------------------------------------------------------------------------------
*

cH=1

o /* cut on its inv. mass
Vv
w-
ijli S 230 GeV
events/bin U/f 1 \/8 \/5
e significance (300 fb=') | 4.0 | 2.9 | 1.3
o luminosity for 5o 450 | 850 | 3500

1
A
L T

e good motivation to SLHC
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Goncl B0

EW interactions need Goldstone bosons to provide mass to W, Z

EW interactions need a UV moderator/new physics
to unitarize WW scattering amplitude

=» Direct access to a strong sector is not easy <

BSM-no lose theorem doesn't really apply to LHC:
we might just see a Higgs but telling for sure that it is elementary or
composite will require a lot of luminosity/time

g " AN B —~ |
M e e o

Not just the search for the Higgs boson

(its discovery has already been announced to journalists and politics, so it has to be there)
We are after the organizing principles of nature at high energies

is SM natural or fine-tuned in a stringy landscape?
fundamental interactions < gauge symmetries?
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