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Higgs = "raison d'étre” of LHC

O %500 physics papers over the last 5 years have an
introduction starting like “ 24e (s1ain) qoa/ of 2he LHC is 2o

discover ZAhe V//ﬁgé boson

O #9000 papers in Spires contain "Higgs" in their title
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Higgs = "raison d'étre” of LHC

O %500 physics papers over the last 5 years have an
introduction starting like “ 24e (rain) qoa/ of 2he LY/C is Zo

discover ZAhe Y//ﬁgé boson

O #9000 papers in Spires contain "Higgs" in their title
O x3x10° references in google (*#1% of M. Jackson)

O ... no Nobel prize (so far)

Reasons of a success

O last missing piece of the SM?

O at the origin of the masses of elementary par’ncles’
O unitarization of WW scattering amplitudes :
O screening of gauge boson self-energies

"Higgs = emergency tire of the SM"
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http://confs.obspm.fr/Blois2010/Altarelli2.pdf
http://confs.obspm.fr/Blois2010/Altarelli2.pdf

Weak vs. Strong EWSB

what is unitarizing the WW scattering amplitude?

@kly coupled mode> @ngly coupled models_—>

----- s <> @i

profotype: Susy
susy partners ~ 100 GeV

prototype: Technicolor

rho meson ~ 1 TeV

heed new particles to stabilize resonances heeded for unitarization
the Higgs mass i generate EW oblique corrections
bounds on the masses of these particles . 8 < 10-3
. my
. U . : ~ —VQV ) 1, > 2.5 TeV
fine-tuning O(1%) e @95% CL
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Hiyrsloss Model!
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Unitarization of (Elastic) Scattering Amplitude

Same KK mode 5 E @
'in"and 'out’ €Il T ( )

MM |5

e e e e e - — — — — — — — — — — —

A(4) _": 2 (ginnn o Z gfrzznk) (fabefcde(g + 6¢cp — Cg) + 2(3 o Cg)facefbde)
A L
~——" =0 KK sum rules (enforced by 5D Ward identities)
o 9 , M bd 2 be pcd
A( ): 2 4gnnnn -3 Zgnnkﬁ (facef C— 39/2fa efc 6)
anaast’ L n
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http://arXiv.org/abs/hep-ph/0305237
http://arXiv.org/abs/hep-ph/0305237

Warped Higgsless Model

SU(2).xSU(2)r
X
UV brane 1)s-L I
Z = Ruv ~ 1/Mp)
\
SU(2).xU(1)y
D5 ALe = 0 —

AltE =0
g5 B, — g5A53 =0
D5 (g5 By, + g4 AL3) = 0

d32:<

Christophe Gr?/'ean Alternadives Zo Zhe SM %qqé

R brane
Z=Rpr~1/TeV

U(1)e-LxSU(2)b

a Ra __
ALa_ gRa — g
O5(A;*+ A" =0
0B, =0

_ Rrir
Ryv

0 ~ 10'% GeV
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http://arXiv.org/abs/hep-ph/0308038
http://arXiv.org/abs/hep-ph/0308038

Collider Signatures

unitarity restored by vector resonances whose masses and
couplings are constrained by the uni’rari’ry sum rules

aM?3,,
1442 Mz,

(W = WZ) ~

a harrow and light resonance
no resonance in WZ for SM/MSSM

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

discovery reach

@ LHC
(10 events)

Luminosity: 300 fb°7
Ej > 300 GeV
f%€7:>36’G&V
20<|| <45
|17, <25

N (events/100 Gel’)

VBF (LO) dominates over DY since
couplings of q fo W' are reduced

CVWVSquA& éﬁgyean

1550 GeV — 10 b
| 1 TeV — 60 fb~!

500

1000

miyyz (Gev)
Number of events at the LHC, 300 fb!

1500

,4 /ternatives o the SM %qqé
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should be seen
within one/two year

3000
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http://arXiv.org/abs/0708.2588
http://arXiv.org/abs/0708.2588
http://arXiv.org/abs/hep-ph/0412278
http://arXiv.org/abs/hep-ph/0412278

EW Precision Data

Oblique parameters (S, T,W,Y) can be tuned away
by delocalizing the fermions in the bulk.
the fermions decouple from W', Z' etfc

oblique corrections

UV scale

l0g4 (R-G2V)

Chris fop/he ér?/'ean
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W' and Z' couplings to fermions
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http://arXiv.org/abs/hep-ph/0409126
http://arXiv.org/abs/hep-ph/0409126

Open Questions

O 5D models provide a (weakly) coupled description of
resonances of the strong sector... but:

O we don't know the UV dynamics,
O we don't know what the resonances are made of,

O we don't know what shape the geometry/topology of the
extra dimension

O etc...

O still need some tuning to pass EW constraints!
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

2 T hoo b2 h
Leowss = ZTI‘ (DMZ DMZ) 1+ ZCLU | va — AlDLZ@DR 1+ c—

v
W W’ growth cancelled for
s A . i g — CL282 a=1

h 2 s —ms restoration of
- perturbative unitarity

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h h? h
Leowss = ZTI' (DMZTD,UJZ) (1 +2a— 4+ b ) — )\wLZ”gDR <1 + C;)

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢ ¢

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

_— — 'a=1', 'b=1" & 'c=1" define the SM Higgs _— _

L:EWSB can be rewritten as DMHTDMH

| 0
H = _—_pto"'m /v
\@e ( v+ h )
h and 7 (ie W, andZ_.) combine to form a linear representation of SU(2).xU(1)y
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Deformation of the SM Higgs

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* 3

Vv? ; h2 _ h
Lewss = ZTI‘ (DMZ DMZ) 1+ 2av | va — 2R | 1+ c—
_— — geherica,b &'cc _— —

Current EW data constrain only ‘a’ (and marginally ‘c’)

3@4(38//}05/& %ﬂgs

. cza MCHMq MCHMs  c=(2a2-1)/a
0.8 0.8
oJ .
c,’ 0.6
]
fo . f’ermz’ophoéz‘c >///ﬂ95 —
0.2 i 0.2 |

. SRR |

0 €«— SM limit =—»o0 ' e
S(0) 100 120 140 160 180 200 S0 100 120 140 160 180 200
My |GeV | My [GeV]
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http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1003.3251

One Motivated Example: Higgs as a PGB

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

One solution to the hierarchy pb: :
nggs ’rrcmsfor'ms hon- Imear'ly under some global symmetry :

K N
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Examples:so(5)/50(4): 4 P6Bs=W+, Z, h
Minimal Composite Higgs Model

S0O(6)/S50(b): 5 PGBs=H, a
() ©) T—L Next MCHM

SU(4)/5p(4,C). 5 PGBs=H, s

SO(6)/50(4)xS0O(2): 8 PGBs=H1+H:>
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http://arxiv.org/abs/0902.1483
http://arxiv.org/abs/0902.1483
http://arXiv.org/abs/hep-ph/0412089
http://arXiv.org/abs/hep-ph/0412089

Composite Higgs: Strong EWSB with 2 Scales
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T v 1
J\ Liwss = (a 5 h +b7 h2> Tr (D,X'D,X)
\ Composite Higgs
, ,@ universal behavior for large f
, - a=1-v/2f b=1-2v/f
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Anomalous Higgs Couplings

Lo 2%8“ (H2) 8, (|HI?)  en~o00)

2

H(Sh)§> Lz%(l—l—c]{%) (O*h)* + ...

Modified Higgs couplings 1 v
Higgs propagator ~ rescaled by \/1 + CH?_Z 217
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http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164

Anomalous Higgs BRs

Fermions embedded in 5+10 of SO(5)

My =120 GeV- . - My =180 GeV
_ A
— Q) 10
U
D
- ]E 10
g g
h—>WW can dominate BRs remain SM like except
even for low Higgs mass for very large values of v/f
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Anomalous Higgs Production

the modification of Higgs couplings and BRs affec’rs the Huggs search

large

compositeness scale

s [~ 1T — T T r T T T T

I T T T

| —%— qqH, H=-WW-lvjj —aA— H—>ZZ-—-4l SM _

50 | -0 HoWW—212y o % qqH, H>tt—l+] CMS -
L —8— Hoyy 30fb™

10 |

1 | 1 "’ 1 1 1 1 1 | 1 1 1
120 140 160

Chris Z‘op/ﬁe Grod'ean

| signal significance

for L=30/fb

small
compositeness scale

50 r

10 |

1

50

10 |

1

Alternatives to the SM % q9s

I —v— qu H%WW%IV]] + H—>ZZ—>4I MCHM4
Q- HHWW—212y e s qqH, H>tt—l+4) CMS

L —8— H-oyy 30fb™"
£=0.2 |

[ —=— qgH, H-WW-lvjj —aA— H—ZZ-4l MCHM4 |
-+0-+ H-WW—2I2v CMS

L —8— H-yy 30fb™
£=0.8 |

MC/ M.

- T 1 1 1 :T 1 1 I 1 1 1 I “' 1 1
120 140 160 180 200
M, [GeV]
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http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1003.3251

Higgs anomalous couplings @ LHC

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

v i h h? h3 _ A 2
‘CEWSB:ZTI(DMZ DMZ) 1—|—2a;—|—bv—2—|—b3§—|— —)\@DLE?pR 1‘|‘C;—|—62_—|—

o= VTE b=1-%  h=-3e/TE o= (VITETR)  a= (649

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

3
--------------------------------------------------------------------------------------------

p—— =

“ j 78 | E)f(l((?wj) i SLHC can probe
PSSR e  Aa&Ac
up to ~ 0.1:0.2
: i.e. 4nf ~ 5:7 TeV
D - y,
* T compositeness scale of the Higgs

(ILC could go to few % ie
test composite Higgs up to 4sf ~ 5:7 TeV)
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W . N
[ —(1=¢) M2, of the growing amplitudes
................. W W

S
A(WEWE — WEWE) = A(s, t,u)5%6° + A(t, 5,u)5°8" + A(u,t,5)5°%6 A= (1—a”) =

large £, needed
not competitive with the measurement of 'a’ via anomalous couplings

® strong double Higgs production

A(Z929) — hh) = (W} W, — hh) = (b— a®) —

02
access to a new interaction, 'b’

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164

Double Higgs production: 'b" and 'd3’ couplings

V2 h h2
V(h) = 1m?h2+d L (3mi h3 +d L (3mj ht +
— 9''h 6 \ v oq \ 2

SM: a=b=d3=ds=1

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

N
l' D g
, .
A '
'
14 .
24 1N
Y N
Y .
¢ .
]
]
]
]
o o
P '
P 'N
P 'S
.-------'

A ~ (52— CLQ) o A ~ cst. + Sadg

mhh ~ 4mh U

asymptotic behavior threshold effect

sensitive to strong interaction C
anomalous coupling
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Strong Higgs production: (3L+jets) analysis

strong boson scattering & strong Higgs production

_ CHS
A(Z}Z) — hh) = A(WFWL — hh) = o
mp = 180 GeV
fermions in spinorial W l+ STttt Tt acceptance cuts'.
cr=1 g : jets leptons
7 l‘; - pr > 30 GeV pr > 20 GeV
- l+ : 5Rjj > 0.7 5le(ll) > 04(02)
v ....’77]‘§5 ‘77]‘324
w-

Dominant backgrounds: WIiI4j, ttW2j, tt2W(j), 3W4,...

forward jet-tag, back-to-back lepton, central jet-veto
v/ f 1 [v/0.8] V0.5
significance @ 300 fb~" | 4.0 | 2.9 1.3
luminisity for 5o (fo~ 1) | 450 | 850 | 3500 | <& good motivation fo SLHC
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011

Geometry of Coset from WW- — 3h

Sz“rong <p/
ELVSB 1 B2 R2 1 g2 g2
O2r—3m ™~ 87 f4 (47 f)2 g 8m v? 1672

E/f < g

Pr'obe of possible discrete symme’rrues in The strong dynamics

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

% .
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

a process with an odd # of PGBs
requires a coupling breaking the coset structure
ie cannot be mediated by strong interactions alone

2
) 1 Aww s 3p ~ 4i 2 (a(b —a?) — §bg) + s X (m—W>

V3 4

~— ~—

=0 for mediated by SM gauge
symmetric coset interactions (breaking of
coset structure)
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W*W- — 3h @ CLIC

hon-symmeftric coset

invariant mass distribution for e*'e” ->hhhvv |

mass a=1, b=b =d_=0
3 3

Entries 10000

= Mean 1478
L RMS 473.1
0.04—
0.035 024fb (osu~3ab) |—E=3Tev
0.03— — E=5TeV
0.025—
0.02—
0.015— 234fb
E (OSMzZZGb)
0.01F
0.005
0:III III|||||||||||||||||I |||II|IIII|III -
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
my,4 (GeV)
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Conclusions

scal /nﬁ dimension
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pseudo- _scalar mixing
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Craclosives

EWJnteractions need Goldstone bosons to provide mass to W,¥
) J g )
EW interactions also need a UV moderator/new physics
to unitarize WW scattering amplitude

. We'll need another Gargamelle experiment
- to discover the still missing neutral current of the SM: the Higgs
' weak NC < gauge principle

Higgs NC < ?

-------------------------------------
........................
IIIIIIIIIIIIII
..............
............
llllllll
........
........
.......
.......
LIS
...
Ny
y
Ny
Ny

an
anu®
-----
.
.t
.t

it might take some time to decipher the true dynamics of EWSBI!
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An Emergency Tire Even Beyond the SM

[ picture courtesy to Andreas Weiler]
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