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Outline

* A 125 GeV Higgs-like signal observed at the LHC, is It the
“fundamental’” Standard Model Higgs ?

* From a theoretical point of view the SM Is unsatisfactory.
—xplore BSM solutions to the hierarchy problem: Higgs as
Nambu-Goldstone boson

* Minimal effective description: the 4-Dimensional
Composite Higgs Model (4DCHM)

e Signatures at the LHC: scalar sector, extra resonances
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What is the nature of the Higgs particle?
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Standard Model Higgs Branching Ratios
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with a mass of 125 GeV many decay channels accessible
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Interesting news: there could be hints of inconsistency
with the SM predictions, for example in the 77 channel
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BUT recent CMS results with full /+8 TeV dataset (preliminary)
seems to point In the opposite direction!
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_—Fven with the discovery of a Higgs-like particle we -
——know that the SM cannot be the end of the st

Hierarchy Problem

Perturbatively:
h 2
-------- @I------}l 5mi2l:_2_;\-gA% - AtNSmh
4
B e L o 99° +39"7 5
-------- Smi, = =5 Ay —— Ay~ 9my,

It the theory Is natural new physics beyond SM must
exist at the TEV scale.
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Iwo paradigms:

* Weak Coupling:
Supersymmetry

e Strong Coupling:
Technicolor, Composite Higgs, Higgsless, Extra-dimensions ...

TeV
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HIGGS PNGB




The Higgs scalar could be a NGB

Georgi, Kaplan (1984)

G
NGB = —
H
U=e ™7

Low energy Lagrangian L= f’DiD" + ...
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The Higgs scalar could be a NGB

Georgi, Kaplan (1984)

G
NGB = —
H
WGTG,
U=¢" 7
Low energy Lagrangian £ = f?DiD" + ...
Ex:
30(5) —> GB = (2, 2) Agashe,Contino,Pomarol (2004)

SUR2)r @ SU(2)r

minimum number to be identified with the SM Higgs doublet

I the symmetry Is exact the Higgs Is massless

|0
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Higgs cannot be exact NGB
the shift symmetry  h — h + ¢ must be broken

- G symmetry broken explicitly in SM |

|

Similar to QCD:  U(2)L x U(2)r > U(1)em x U(1)
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Higgs cannot be exact NGB
the shift symmetry  h — h + ¢ must be broken

- G symmetry broken explicitly in SM |

|

Similar to QCD:  U(2)L x U(2)r > U(1)em x U(1)

Higgs potential generated by radiative corrections
(a la Coleman-Weinberg) > < h>~w

Higgs is naturally light - relieves hierarchy problem
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Higgs cannot be exact NGB
the shift symmetry  h — h + ¢ must be broken

G symmetry broken explil n |

&\

Similar to QCD:  U(2)L x U(2)r > U(1)em x U(1)

Higgs potential generated by radiative corrections
(a la Coleman-Weinberg) > < h>~w

Higgs is naturally light - relieves hierarchy problem

Deviations from SM: O (;—3
2
TUNING f—2 Small Tuning > f<TeV
(V)
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| Extra particle content:
*Spin | resonances
*5pinl/2 resonances

L o ————

Spectrum: } :

My = Gpf

Strong sector:

resonances +
Higgs bound state

9p = strong coupling

mp, = 125 GeV
mw = 80 GeV \"

0
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| Extra particle content; |
*Spin | resonances
*5pinl/2 resonances

Strong sector:

resonances +
Higgs bound state

Spectrum: » } £

9p = strong coupling

mp = 125 GeV
mw = 80 GeV \"

0

Linear elementary-composite couplings (partial compositeness)
q ArqrOr + ArqtOr + YO HOp

------- ysmu =€ Y -ep  e= —

} I|ght quar|<s elementary, top strongly composfne |

e —— —— e E——
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MODELS
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Randall, Sundrum (1999)

ds? = e 2k (—dt? 4+ da?) + dy?

R e 5D Models

Simplest description of Higgs as PNGB with symmetry pattern SO(5) — SO(4)
s the MCHMS5 by Agashe, Contino, Pomarol

Through AdS/CFT correspondence 5D models are dual to 4D strongly
coupled theories. Relevant physics dominated by the lowest modes
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e 4D Models

Low energy Lagrangian determined by the symmetrlesCC\/\/Z procedure )

HaTa

Uy =e" 7 U'Y,U =BT +iD%T"

An effective Lagrangian for G — H can be built similar to QCD

To introduce resonances start from G/H and consider another sigma-model

Gr ®Gr
GL+R

Q — g1.Qg%, and gauge diag(Gg @ G)
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e 4D Models

Low energy Lagrangian determined by the symmetrlesCC\/\/Z procedure )

HaTa

Uy =e" 7 U'Y,U =BT +iD%T"

An effective Lagrangian for G — H can be built similar to QCD

To introduce resonances start from G/H and consider another sigma-model

G, ®Gr
GL+R

Q — g1.Qg%, and gauge diag(Gg @ G)

f12 2 f22 amyua 1 A Apv
Lo gite = ZTT 1D,Q" + 7]?“1) 12 ATl
P

D, = 0,0 —iA,Q+iQp,
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e 4D Models

Low energy Lagrangian determined by the symmetrlesCC\/\/Z procedure )

HaTa

Uy =e" 7 U'Y,U =BT +iD%T"

An effective Lagrangian for G — H can be built similar to QCD

To introduce resonances start from G/H and consider another sigma-model

Gr ®Gr
GL+R

Q — g1.Qg%, and gauge diag(Gg @ G)

f12 2 f22 amyua 1 A Apv
Lo gite = ZTI 1D,Q" + EDMD 12 ATl
P

(G 1, gauge fields, D,Q=09,0—-iA,Q+iQp, new spin-| resonances
external sources for the - - — Py € Adj [G]

composlite sector
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More resonances can be added:

. v CfU p; € Adj[Gj]
9p15 P1 Jpn—_23s PN-2 9pon_1) PN-1
P il , f(oi Lon .
V= H“ Shek U= T BN s

nearest neighbor interactions reproduce extra-dim
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More resonances can be added:

o, [ G p 17ar
. [ pi € Adj[Gi]
H

9p1s P1 Gon_9y PN-2 9pon_1) PN—1

1 2 N+11 I1 :
U__ HQ Zf_zzzﬁ U(H)=6 f(E =1 ) =62H/f

=1

nearest neighbor interactions reproduce extra-dim

Analogous construction for fermions, realizing partial compositeness

YiTR YorR UNTR YniR Voi g V17 R tr
/' 2 /~
0 2, PNt1 " 2y 0
d//// o q////
qL V1L YorL YNTL Wi Yofz Viir

Two fermionic multiplets for each site (here only top)

Elementary-composite states talk through linear couplings
|6
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Minimal SO(5)/SO(4) model in 4D

Redi, Tesi, DC, (2011)

Explicit breaking
of global symmetry

Composite sector

SO(5)/SO(4)

D, = Qo , wh =0,

Composite spin-1 Lagrangian:

SO(5)1 x SO(5)r SO
0, = 5

SO(5) 1+ r S

spin-1| resonances = gauge fields of SO(5) x U(|)

|7
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Composite gauge boson spectrum (5 neutral Z'+ 3 charged W');

2 (2
2 57;) 1
mp 2
2 g (f1+13)
ai 2
2 2
g
m2 P X fl
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Composite gauge boson spectrum (5 neutral Z'+ 3 charged W');

2 fyp)JFl
mp 2
2 g (f1+13)
ai 2
2 2
m2 9o x fl
PX 2

SM fields are introduced adding kinetic terms for the sources

1 1 4
£glau9€ — _—QF,LCLLVF/(LLV o 2 YW/Y'LW g W ’ Z
495 190y massless before EVWSB
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Composite gauge boson spectrum (5 neutral Z'+ 3 charged W');

2 02
2 57;) 1
mp 2
2 g (f1+13)
ai 2
2 2
m2 gPX fl
PX 2

SM fields are introduced adding kinetic terms for the sources

1 1 -
Lglauge — _—QF,LCLLVF/(LLV o 2 YW/Y'LW g W ’ Z
495 495y massless before EVWWSB

- o1 11
Physical parameters: 5 = 5+ 5

1o 111

9" By 92 92,

' - m
Mixing elementary-composite Mo, = ——5
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Fach SM fermion couples to Dirac fermion in a rep of SO(5)

Partial compositeness only with the quark 3rd generation
Light generations are elementary, t&b partially composite

4DCHM: four extra fermions in 5 reps of SO(5) -- minimum for effective

D_1/3

potential UV finite , Ay

Explicit breaking
of global symmetry

Eel

fermaons

L ADCHM

+ Ay, GE NV + A TR0 V= + hec.
-+ \I/T(Z l)p — mT)\I/T + \IJT(Z J)’O — mf)\IJT

— YU 1@, P05 p — My, Ur Vs + hoc.

+ (T — B)

Composite sector

SO(5)/S0(4)

_ - -

,‘1Eﬁdrzifermions:
81,80 Qem =2/3,-1/3
2T 2B Qem =5/3,-4/3

——

|

»  Explicit SO(5) breaking

Composite physics
g SO(5)/SO(4)
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At sy Dbp gy 905 Goy brea|< NGB symmetry

! Low energy effective action in terms of form factors by
mtegratmg out the heavy states |

\ —— - = — =

auge 1 S v
e = 3PL ] (o) + me?) ) an, 4l

from miy, and II;(0) = f?

GB's described by 91000, = ¢ ™, =

h ha + ih ~ 1 [hay+ih
Sp = SIn — H = 2+Z.1 H= — 2+Z.1
f h4—’1,h3 h h4—zh3

20

?.'Ir—t
w
)—4

"sI;"

AN

h
hy. ho, ha, ha, b cot f)
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analogously with fermions (here only top):  centino.ba Rold,Pomaral (2006)
Eferm

] 1 7 i ; !
o S p (W56 + GG AL ) au+ tp (T567) + 5otITGP) )t
-1- %Mf(pz) Q_LFIctR + h.c.

v2 . top Yukawa coupling
from which we derive:

21
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analogously with fermions (here only top):  Centino.Da Reld,Pomaral (2006)
ferm - 1 . A B 1

Lot = L p (Hg(P2) + §S%H(f(p2)HcHg) qr + R P (H(t)(PQ) + §S%Ht1 (P2)> tR
ShCh 3 rt 2\ =

+ —=M H:tg + h.c.
NG 1(p°) qrLHctr

. . top Yukawa couplin
from which we derive; P P

Coleman-Weinberg effective potential generated at |-loop

4 4
V(h)gauge = 2/(al—pln [1 + - LI () sin? ﬁ] ~ / @p 91 sin” ﬁ

2) (2m)* ATo(p?)  f zw)4 JIR f
dtp [ I h h
V h ermions ~ _Nc 1 . N in% — 2 _
(h) s /(2#)4 [H(‘% + ]Sln + / [ QHqH“] sin fcos 7
?tff.i--.@ ?Efii‘----@--ff?’i? .Sifl.ff;--_Q__.s;rzji‘
21
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top Yukawa coupling

8 Bv? \\ v
[z ~ Y MT

Jf

ightest extra-fermion

# 0 ms; o

22
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— UV finite in the 4DCHM

top Yukawa coupling

8 Bv? \ v

2
# 0 mH f4 ~ Yt mT}
*4DCHM ightest extra-fermion
: Redi, Tesi,DC (2011)

General scan: Redi, Tesi (2012)

3000, .

; Tuning

2500; 2
= 2000 A~—~10
8 i ’02
= 1500+ °
S » Panico,Redi, Tesi,Wulzer (2012)

1000 ¢

e @€ .”
500 E ‘

100 120 140 160 180 200 220
my|GeV]

New fermions should be seen in the near future!
22
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SIGNATURES




Implementation of the 4DCHM

* Calculable 4D description: good framework to study general CHM features

e | HC will at best produce the lightest resonances —— 4DCHM Is a
simplified model useful for LHC signatures

* The particle spectrum is quite large and also the number of parameters

Leptons: e, u, T, Ve, Vs Vr Quarks: T1’8, 81,8, 7_1’2, él,g
Quarks: u,d,c,s, t, b Gauge Bosons: Z; g, W 3
Gauge Bosons: v, Z%, W+

Higgs Boson:H

Gluons: g

Gauge parameters: f, g
Fermionic parameters: my, Ay, D¢y, Ap, , Apy, Y, YT, My, My,

* We have taken 9o = gpX = Gx ,MT = M7 = My

24
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4DCHM implemented in numerical tools

e Scan over model parameters with Mathematica program constrained by
o, Mz,GFr, Zyy coupling and by top, bottom, Higgs masses:

165 < my(GeV) < 175, 2 < mp(GeV') < 6, 124 < my(GeV') < 126
output automatically read by LanHEP/CalcHEP

* [ anHEP and CalcHEP: Packages for automatic generation of Feynman rules
and for calculation of physical observables (Semenov 1005.1909, Belyaev et al 1207.6082)

* Fermion parameter range for the scan:

e 500 GeV < my, Ay, A, YT, my,, Yg, my, < 5000 GeV
e 50 Gev < Ap,,Ap, < 500 GeV (partial compositness spirit)

* Benchmark points: 750 < f(GeV) < 1200 and choosing g« to get
My ~ fg, > 2TeV  (EWPT)

25
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Bounds on extra-fermions

* Limits on 77 and B; masses from direct searches at LHC (pair
production) rescaled to take into account the BR's in the 4DCHM

From CMS analysis with /7 TeV dataset which assume 100% BR of t' in Wb or

Zt, and 100% BR of b"in Wt or Zb, we get: m,, mp, > 400GeV
(see also Matsedonskyi, Panico, Wulzer (2013))

New ATLAS analysis with 8 TeV dataset could improve these bounds
(ATLAS-CONF-2013.018)

26
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Bounds on extra-fermions

* Limits on 77 and B; masses from direct searches at LHC (pair
production) rescaled to take into account the BR's in the 4DCHM

From CMS analysis with / TeV dataset which assume [00% BR of t'in Wb or

Zt, and 100% BR of b'in Wt or Zb, we get: m,, mp, > 400GeV
(see also Matsedonskyi, Panico, Wulzer (2013))

New ATLAS analysis with 8 TeV dataset could improve these bounds
(ATLAS-CONF-2013.018)

e Limits on the mass of the exotic T} are also enforced (ATLAS-CONF-2012.130)
Notice that in the 4DCHM there are regions where the 17 Is not the
ightest heavy fermion (T = T5/3)

26
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The 4DCHM and the 125 GeV Higgs-like
signals at the LHC

* Higgs couplings to SM states are modified due to mixing

e For production and decay channels explorted in the LHC

searches heavy bosonic and fermionic states can play a role via
loops

* |n the literature use effective schemes to study the residual
effect of the (decoupled) composite sector on the SM one.
NGB symmetry protects the couplings. No large deviations
expected

The 4DCHM is a completely calculable framework. Let's use it
to test the PNGB hypothesis against the experimental data

27
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The 4DCHM and the 125 GeV Higgs-like signals at the LHC

* Define the R or I parameters, i.e.the observed events over the SM

B

Ryy — (pp — HX)MDCHM X BR(H — Y)\4DCHM ,‘

| o(pp — HX)|sm x BR(H — YY)|sm
YY = yfy,bb WW, 24

e Relevant productlon processes

gg — H gluon tusion, qq7 — V H Higgs-strahlung
V=W,Z

28
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The 4DCHM and the 125 GeV Higgs-like signals at the LHC

* Define the R or I parameters, i.e.the observed events over the SM

——r

Ryy — (pp — HX)MDCHM X BR(H — YY)MDCHM ,‘

| o(pp — HX)|sm x BR(H — YY)|sm
YY = yv,bb WW, 27

e Relevant productlon processes

gg — H gluon tusion, qq¢ — V H Higgs-strahlung
V=W,Z

e At leading order — trade a cross section for a width:

RY) "y I'(H = Y'Y ) upcum X T'(H = YY) upcum Tiot (H)|sm
F(H — Y’Y’)‘SM X F(H — YY)|SM Ftot (H)|4DCHM

Y'Y denote incoming particles for the Higgs production

28
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e cast Rsinterms of Ks

Y'Yy _ Ky Ky
YY /i_%{
for YY =y, WW, ZZ take Y'Y = gg
for YY = bb take Y'Y =VV
* introduce reduced couplings LHC HXSW6, 1209.0040
2 ['(H — bb, 99,77, VV)|apcam

K = 7
POYE T D(H = bb, 99,7y, VV)lsm

\ WW,ZZ

[0t (H)|4aDCHMm
Lot (H)|sm

e | HC exps perform fits to the Ks to test BSM physics
with the assumption &% = 1 not valid in the 4DCHM

K

ml\D

29
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o Liot(H)|aDCHM
Ky =
ot (H)|sm

* [ he total width 1s dominated by the bb decay channel

e ~|5-20% reduction in the 4ADCHM mainly due to the
modification of the Hbb coupling but also loop effects especially
for low extra-fermion masses

I E ) e A L L Mt U oL ) L MO Rt 0.90 —
0.85 0.85
050 * 1 .. osof IN agreement
o™ t S ] . <N: 4 2
) < | > (1—2¢)
(s} J L (s} i -
& '  WIth ¢© = :
075+ ° . 0.75 F ° -:
< I | 2
4 ‘ . *S U
070+ © ] 070 ® | !f?2
02 0% BA. B8 N 12 14 Ok 02 04 06 08 10 12 14 16

mr,(TeV) f=1TeV,g, =2 mp(TeV)
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o Liot(H)|aDCHM
Ky =
ot (H)|sm

* [ he total width 1s dominated by the bb decay channel

* ~[5-20% reduction in the 4DCHM mainly due to the
modification of the Hbb coupling but also loop effects especially

for low extra-fermion masses . .
Look at direct search exclusion

0-90 T T Y T Y ™ v v - v . 0.% T

0.85} 0.85

N agreement

0.80 © 0.80 |

N T
. o ‘ ’ 2 | —
B e - with ¢ = .
075 B8g ] 0.75 S | 5
- ] [ < 2
S v
070F ® : 070} * ‘; f2
02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16
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Unfolding the contributions to:

" K2 k2
" R g9
| Yy 2
095 | ] /{H
;o : 2
N® 090 ‘ ¢ t‘-t mIXIﬂg N /{g
oss| . ® t'and b'loops consztructively interfere
. ’ -~ with the t loops in K agd destructively with
 the leading W loop in K

4
075 =ttt WY T |
R

These contrasting
effects lead to:

1.7

16| 5

. R, ~1
: : Y

14! 1

o

12 *e

f=1TeV, g, =2

T 02 04 06 08 10 12 14 16

mTl(TeV)
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Unfolding the contributions to:

| ! 2,2
o0 P KghkS
. Y T T2
095 F 1 /{H
T
N® 090 J¢ ¢ t‘-t mIXIﬂg N /{g
oss| . ® t'and b’ loops consztructively interfere
M ) ~with the tloops in Ky agd destructively with
| | theleadingW loop in K

These contrasting

1.77 B S
~ effects lead to:
1.6 1
s ;
N¥>~ Qt = ..

.................................
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LHC measurements from ATLAS and CMS

pre-Moriond

ATLAS-CONF-2012-170
https://twiki.cern.ch/twiki/bin/view/

ATLAS CMS
Ry 1.84+0.4 1.56470550
Rzz 1.0 + 0.4 0.80710 550
Rww | 15406 0.69970 555
Ry, | —04+£1.0 1.0757) 200
_CMS
Moy 0.8
Rzz 0.917573,
fww 0'76J—r0:21

32

CMSPublic/Hig12045 TWiki

post-Moriond

ATLAS-CONF-2013-014
https://twiki.cern.ch/twiki/bin/view/
CMSPublic/Hig13001(2,3) TWiki
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https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic
https://twiki.cern.ch/twiki/pub/CMSPublic

e Compare 4DCHM for all (f, g«) benchmarks to data
e Points compliant with t', ', T5,3 direct searches

-  ATLAS V ——

=+  CMS -

Bt i S Hor for each benchlmark the resglts are
L shown as a series of normalized

B f=1.00 TeV, g, =2.00 | i . i . ]
/=100 TeV, g, =250 ? histograms - they vary very little!
B S=1.101TeV, g.=1.80 H-W'W

Bl f-1.20 TeV, g, =1.80

as the scale f Is increased the

? o2z model gets more constrained

’ Il also shown the CMS&ATLAS
4 o exp. measurements with 68%CL
T'. error bars

-1.0 —0.5 0.0 0.5 0 1.5 2.0

R

Pre-Moriond

Barducci,Belyaev,Brown,DC,Moretti,Pruna,1302.2371
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e Compare 4DCHM for all (f, g«) benchmarks to data
e Points compliant with t', ', T5,3 direct searches

-  ATLAS Y —=
o4 CMS
L SRR Hor for each benchlmark the resglts are
BN /=080 TeV, g, =2.50 shown as a series of normalized
[ f=1.00 TeV, g, =2.00 : . ; . .
=100 TeV, g, =250 histograms - they vary very little!
Bl f=1.10 TeV, g,=1.80 H-W'W
B /120 TeV, g, =180
_{—— as the scale f Is increased the
? o2z model gets more constrained
’ B3 also shown the CMS&ATLAS
4 o exp. measurements with 68%CL
q
| error bars

-1.0 —0.5 0.0 0.5 0 1.5 2.0

R

Pre-Moriond Post-Moriond

Barducci,Belyaev,Brown,DC,Moretti,Pruna,1302.2371
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* performing X* the 4DCHM can fit as well as the SM

* only points compliant wr

14.0

13.0

11.0 ¢

SM

10,0

9.0

B f=0.75 TeV, g, =2.00
B f=0.80 TeV, g, =2.50
] f=1.00 TeV, g, =2.00
Bl =1.00 TeV, g, =2.50
BN f=1.10 TeV, g, =1.80
B -1.20 TeV, g, =180

—  Standard Model

Pre-Moriond
Barducci,Belyaev,Brown,DC,Moretti Pruna, 1302.2371

11.625

1.125

9
- ,/( lof

X

34

14.0

11.0}

10.0 p

9.0+

8.0

‘h direct searches are shown

B /-1.20 TeV,

—  Standard Model

Post-Moriond

1 1.625

1.0
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Drell-Yan signals from 4DCHM at the LHC

Barducci,Belyaev,DC,Moretti Pruna, 1210.2927
Quarks can annihilate also in Z’ (and W')

tree-level processes —Q: |
pp — 1717 (NC)

q

pp — "y, + c.c (CC)
I =e, p

e DY allow us to investigate new gauge boson resonances
e /' may be discovered as a peak in the dilepton invariant mass
/
spectrum 4 = 23,43, Zs

e W' may be discovered as a peak in the dilepton
missing-energy transverse mass spectrum W' = W5, W
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Widths of Z’ and W’

f Wi H _
L M SN
ﬁ f n W\Z/;\//L

large number of fermions strongly coupled to Wand /

36
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Widths of Z’ and W’

f

f

large number of fermions strongly coupled to Wand /

Two possible extreme situations

o MZ'/W' < 2mtz/b, — Small width (< ].OOGGV)
a MZ’/W' > 2mt//bz — Large width (rz,/vvl ~ mass/2)

S v ——

10000 o™ FF Open
~ 800} - FF Close
>
S 60 Mz, = 2.2TeV
L:: -

400 o':‘.

200} Y

N Seomand b A
05 1.0

36

'y, (GeV)

1000}
800}
600}
400+

200f

...................

m . (TeV)

W“ﬁ. « FF Open
I * ':"; - FF Close
Py ".2..0 .
‘ot -
g, Mws = 23TV
. T
-y
%
T e, "
Q"Q\\'gx .:‘.‘:\.'Q.é‘.'-s. -.-'"- .at
0.5 10 15 20
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Widths of Z’ and W’

f

f

large number of fermions strongly coupled to Wand /

1200

1000+

800+

rzz (GCV)
3

200}

Two possible extreme situations
o MZ'/W' < 2mtz/b, — Small width (< ].OOGGV)

mandatory for
leptonic DY

y

o MZ’/W' > 2mt//bz —> Large Wldth (rz,/vvl ~ mass/2) processes

PRy
{'?g"' FF Open
- FF Close
_AIZQZZZQjZIb\/
LS
- o .'.‘
by
......... B E B Ay
0.5 10 15 20
my (TeV)
36

'y, (GeV)

1000}
800}
600}
400+

200f

...................

1 « FF Open
& Pl ’
I * ':"; - FF Close
. ".2..0 .
o-"--zz.k My, = 2.3TeV
- ®
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. .‘Q.-
- . ,
-y
* L~
oy L .
Q"Q\\'gx .:‘.‘:\.'Q.é‘.'-s. -.-'"- .at
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e The LanHEP/CalcHEP /Mathematica implementation give us
a powerful tool for an automatized analysis of the 4DCHM

Invariant/ Transverse mass distributions

f=1TeV g. =2 TeV f=12 TeV g. = 1.8 TeV
PP~ I+ 1~ pp -1+ 1-
SRS - el SRS RS s s R
] 0008 |~ My, = 2.25TeV-
§§ ; 5; : ]&1}33 = 2.5{11]3\/i
E _: § 0.004-— A _-
S _‘ R oo |- k
T ] = : |
AR T M
M, - (GeV)
pp ~ l+nu & c.c.
| S | |
% 3 My, =2.31TeV
S :
= 1 -
® 3
i~ X
My (GeV) M, (GeV)

Heavier resonances inaccessible at the 14 TeV LHC even with 300 fb-|
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e The LanHEP/CalcHEP /Mathematica implementation give us
a powerful tool for an automatized analysis of the 4DCHM

Invariant/ Transverse mass distributions

f=1TeV g. =2 TeV

do/dM,,,. (fb/GeV)

0.008 —
-

do/dM; (fb/GeV)

0.001 [

L
0.000 b

pp I+l

0.004

2
0.003

=

0.002

Mlv]-— (Gev)

My (GeV)

f=12 TeV g. = 1.8 TeV

do/d“,,l_ (fb/GeV)

do/dM, (fb/GeV)

pp—-1+1-
oome |- My, = 2.25TeV+
MZ3 = 2.31TeV |
0.004 |- \ -
| possibility to separate
oo I the two Z’ peaks

Al l- j A .l --l- r ._ P 1 . " - 1
2200 2400 2000 2000 3000
M, (GeV)

0.000 .

Heavier resonances inaccessible at the 14 TeV LHC even with 300 fb-|
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2

o >
*Mass correlation in the 4DCHM M2, ~ f g* (1 Ceg )

. | 2C9
Possibility to improve searches for & g

/' (or W) it aW'(or Z') Is discovered M2, ~ f2g* (1 Ceg )
3 4c
9 20

e Complementarity between cross sections and AFB
distributions (limited to lightest resonances: Z5, Z3, W5)

e Analyzed the features of the Z' and W’ line shapes In
relation with masses of heavy fermions

* Only 14 TeV stage of LHC has the potential to probe
the model assuming standard and Super-LHC luminosities
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Spin-1/2 : composite fermions could be light + exotic

e Production:

Contino, Servant (2008) Mrazek Wulzer (2009); Aguilar-Saveedra(2009)

q (7’
! ) ! W/Z
DOUble TvaT5/37T2/3T
! ,
g
X gM t Slngle

. DecayS'

v/\ q 15,3 \,/\
231}7 23127

Multi-lepton signatures

Work in progress: mplement the direct search results on
the 4DCHM extra-fermions and translate into bounds on
the model parameter space
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CONCLUSIONS

* The Higgs as Nambu-Goldstone boson is a compelling possibility for

stabilizing the electro-weak scale

e Realistic scenarios can be build and the relevant features of CHMSs can be
reproduced from a 4D point of view. First resonance Is sufficient for theory

& LHC

e 4ADCHM is a simple and calculable framework encoding all the relevant

ingredients. Implemented in numerical tools

¢ ADCHM can fit the LHC data pointing to the discovery of a | 25-Higgs as

well as the SM

* New resonances must be present nearby with a specific pa
Higgs requires light fermionic partners

Let’s wait for LHC |4

— E—

40
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BACKUP SLIDES




Typical modificatjons

Electro-VWeak Precision Tests ;

0gsM = K—5
Tree-level. mg
: S a o puv
S-parameter: .~ (H'r"H) W, B
\\ // 77Zp 771a1
W W B B S<03 —(m,>2-3TeV)

Third generation Z-couplings:

\\(/\ H> <H
<) < \> . > 2
B L 3 I 0gLb 10-3
k- NN '\\ ”'\ N N N ~ L_
/y."v'pl‘v" V'V :JX 'v’r\‘v" '\/GDA'\/" VAV, g L m% g Lb max
-~ W,B\B W.B 2
& B
b 4DCHM has a custodial symmetry preventing large corrections

Possible problems with I-parameter at |-loop
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TU n | ng: Panico, MR, Tesi,Wulzer ’ |2

A = Maxi 8log mz
0log x;
150 | .
f .
. . % .
100¢ ' f =800 GeV
<] i ™ s _
| °,° é s
50 3 o P .. '\ ° .
| o.&' k. ob o’
| g2 XL
0 500 1000 1500

m lightest (GCV)

Acwg ~ 30
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=y

e Loop Diagrams involving extra fermions and gauge bosons

H — ~7y induced by charged vector loop

NGB symmetry protects the couplings, no large deviations expected

44
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The 4DCHM and the 125 GeV Higgs-like signals at the LHC

* the production mode is gg fusion
e all points compliant with direct searches for t, b and 15,3

1.0 ——r————1————1————1—r————————————

VV=WW, 27

| consider (as CMS/ATLAS)
2% —4l, WW™ — 2[2v

with BR's in 4DCHM
f=1TeV, g, = 2

0.90

0.85 ...............................
090 092 094 096 098 100 102 1.04

R)’)’
Points prefer to stay below | (some points above).
Strong correlation suggests common cause for effect
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Z’ and W’ decay channels

Z' main branching ratios

SMALL WIDTH LARGE WIDTH
o tt O(60%) o t't' b'HO(30%)
e WHW~, Z%H, o T'T'.B'B
bb O(10%) O(10%)
e leptons an light quarks o tt,bb O(1%)
O(1%)

e tt' and bV < 0.5%

Analogous for the W’

mandatory for leptonic DY processes

e The LanHEP/CalcHEP /Mathematica implementation give us
a powerful tool for an automatized analysis of the 4DCHM

46

Wednesday, April 24, 2013



ATLAS-CONF-2012-130

A I L] LJ L) Ll l L

—r
ATLAS Preliminary

det: 471" fs=7TeV

o [pb] x BR(b—>tW)

107 =

102E g_ 2 N\ 3
= ——— Expecied limit &t 95% CL a. § ]
- ¥ Observed imit 8
" [ Expected limit + 10 :

10‘3=— [ Expected limit » 20 : |

= NN Theory approx. NNLO

double production

< 3 - ,,],,,,,.,,‘,Y,,
N N\ f Ldt=47f" —
N ” ]l \s=7 TeV
R /
N N\ E
X N,
1= ’ —
N ’ —— — expected limit @ 95% CL
E_ATLAS Prebmina’ observed limit @ 95% CL S
<<1‘.1141,,1YI...,lll.,li,.l-
0.55 0.6 0.65 0.7 0.75 0.8
my [TeV]
double+single production
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