Lecture IIT:
Extra-Dimensional and
Technicolor/Composite

Higgs models
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Motivations for XD

¢ String theory, the best candidate to unify gravity &
gauge interactions,
is only consistent in 10 D space-time

¢ Extending symmetries:
Internal symmetries - 6GUTs, technicolour...; Fermionic
spacetime- SUSY
Bosonic spacetime - Extra dimensions

° The presence of XD could have an impact on
scales << M (started with ADD)

The question is what is the size and the shape of XD ?!
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New perspectives of XD

* The nature of electroweak symmetry breaking

* The origin of fermion mass hierarchies

© The supersymmetry breaking mechanism

* The description of strongly interacting sectors
(provide a way to model them)
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Brief History

° 1914: Nordstrom tried to unify gravity and
electromagnetism in 5D
(Au —> A,, where M = 0,1,2,3,4)

Ml

¢ 1920's: Kaluza and Klein tried using Einstein's
equations in 5D (g*' —> g™ ~ g g g*)

¢ 1970's: Development of superstring theory and
supergravity required extra dimensions

¢ 1998: Arkani-Hamed, Dimopoulos, and Dvali propose
Large Extra Dimensions (ADD) as a solution to the
Hierarchy /Fine tuning problem of the Standard Model
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The idea of ADD

¢ The Standard Model has been tested to r ~ 10-1° mm,
Gravity has been tested to r ~ 1 mm only

Standard Moae/ /s Jocalise

Extra-Dimensions

© Sabine Hossenfelder
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The idea of ADD

¢ The Standard Model has been tested to r ~ 10-1® mm,
Gravity has been tested to r ~ 1 mm only
° 4D —> (4 + n)D

The effective D = 4 action is
IQ—I—H 27 R

d*r

1
d"Z VG Ryyp — 2M5+” v, / d*r /g R
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The idea of ADD

¢ The Standard Model has been tested to r ~ 10-1® mm,
Gravity has been tested to r ~ 1 mm only
° 4D —> (4 + n)D

The effective D = 4 action is
IQ—I—H 27 R

d*r

1
d"Z VG Ryyp — S MET VL / d*r /g R

In case of 'ror'dal compac’rlflcahon of equal radii, R

Vo, = (27R) Mp = M7V,
r>>R = the forus ==y ('r') — _Gn matna _m1?27’bz
effectively disappear r Mpr
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The idea of ADD

¢ The Standard Model has been tested to r ~ 10-1® mm,
Gravity has been tested to r ~ 1 mm only
° 4D —> (4 + n)D

The effective D = 4 action is
IQ—I—H 27 R

d*r

1
d"Z VG Ryyp — S MET VL / d*r /g R

In case of 'roroudal compac’rlflcanon of equal radii, R

Vi, = 27R)" ) M3 = M?+”Vn
r>>R = the torus =7y (r) = —Gn itz _ _mlgn’Z
effectively disappear r Mpr
r<<R = observer V(r) = myma mimsz

) — _
s able to feel the bulk r
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The idea of ADD

¢ The Standard Model has been tested to r ~ 10-1° mm,
Gravity has been tested to r ~ 1 mm only
° 4D —> (4 + n)D

The effective D = 4 action is
'\IQ—I—H 27 R

d*r

1
d"Z VG Ryyp — S MET VL / d*r /g R

In case of 'roroudal compac’rlflcanon of equal radii, R

Vi =Q@2rR)" € ) M3 =M,
r>>R = the torus == (r) = —Gn mimz _ _ml';nZ
effectively disappear r Mpr
r<<R = observer V(r) = -G, myma mims

is able to feel the bulk r
Fundamental quantum

gravity scale
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The current status of ADD

So, Mz = M?+2(27TR)TL and respectively,

2
1 1 Mp\ ™
R = — GeV 1] x 0.197] GeV m
2m My \ My | | | |
. . . V(r) =—Gn mlrmg (1+ae™/?)
How big are these dimensions are? 1
Let us assume M_~ 1 TeV, then e N Q
104 :nod Li
(10 mm n=1 X Alr'eady Sl | e e i
ko 1 mm n=2 X ruled out o L o
10 mm n=3 0 L
G L “Eot-wash 2004
: \ T O L0
Collider signature: e B

Extra.—Dimen.siogs

pp — jet + Er

)
b
3 Jﬁ/ﬁﬂ'}’ X [m]
e” The current bound is R < 37 um
For n = 2 this means that

M > 1.4 TeV
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KI( towers from XD

Sy O(r,, Z)=P(z,, 4+ 2xR)
ll p—0,1,2.3

Periodicity in Z
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KK towers from XD

Y ®(z,, Z) =®(z,, Z + 27R)
| p—0,1,2.3

Periodicity in Z

Fourier series
(I}(J_'p,‘_. Z) = Z @k(if”)eikZ/R
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KI( towers from XD

Y O(r,, Z)=P(z,, 4+ 2xR)
| p—0,1,2.3

Periodicity in Z

I

Fourier series

- ikZ/R
Do, Z)= Y, orlop)e™ The non-zero modes in
the KK decomposition

k2 ' L) — 2 K J ,
Ly —l_ﬁ @k(u{,u): () —l_@ g)k(;t.#)
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From Brane - to Bulk:
Universal Extra Dimensions (UED)

[Appelquist, Cheng, Dobrescu 'O1]
° all fields propagate in the extra dimensions,

so 1/R > 1 TeV to obey experimental data

¢ for D=5 (minimal UED = MUED) we immediately
find that M_=10'° GeV for 1/R = 1TeV

° hierarchy problem is not addressed
but MUED has interesting features ...
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Minimal Universal Extra Dimensions
compactifying on the circle

1 T
o(x.y) = —===00(x) +1/ 7 ; [r:iﬁ(X) cos % + ¢ (x) sin %]

La

2R
1r. _
0

Ls

1 n2 |
La = 5 [9u000 b0 — m*3 +Z {d om0 (m + R2) iﬂ

» all fields propagate in the bulk - 5D momentum
conservation
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Minimal Universal Extra Dimensions
compacﬂfying on the circle

rl_.r}(x,y) = r){) X) 1/ 5 i Z r) X) COS —— —|— @ (X) sin —]
La
2R 1
S = /(14){/ dyE [E)Mr;}f)mr;b — mzr;ia(x.y)ﬂ
0
Ls
m;,
N
L = l [f_’) Oo O Do — m? r;u —|—Z r_’) Dh C)‘“‘r;«i m? — n—2 HT2
» all fields propagate in the bulk - 5D momentum \! !
conservation BT | R
» This leads to the KK-number conservation 0
at this point: —/11 — Ny = N
P - 3 3 Forbidden OK
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Universal Extra Dimensions (UED)
compactifying on the orbifold

¢ Choose action of Z, symmetry —y
on Dirac Fermions to project out /
3 of them and arranges chirality: |
'I " 5, +TT
Ve(y) = Ui(=y) = 770+ (y) o :

If we identify y ~ —y then we require \ #
Vi(y) =x(y), so —

P4 y)—tg +Z( COSnJrLﬁRsm)
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Universal Extra Dimensions (UED)
compactifying on the orbifold

¢ Choose action of Z, symmetry —y
on Dirac Fermions to project out /
3 of them and arranges chirality: |
'I " 5, +TT
Ve (y) = h(=y) = £9°0x(y) °T :

If we identify y ~ —y then we require \ g
Vi(y) =x(y), so —

/ R.L LR, LR
L (_y) =Yg’ -+ Z (-t_;,a‘f'[_ COSp —I—'t_;,a‘ﬁ'R Slﬂn)
n

¢ Translational invariance along the 5™ D is | 0 5 1
broken, but KK parity is preserved! /—\/ a

¢ KK number n broken 0| 1 |
down to the KK parity, (-1) \
KK excitations must be produced in pairs \f“ /« 0 \1 —-/«ﬂ

i

. . These vertices are allowed and
¢ LKP is stable DM candidate! can be generated at loop-level
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Minimal Universal Extra Dimensions

Tl

/_,.x- +y
.f’f -(;'Z.FR’L(X) — -r;'l-*i(x. y)
0 - i 1SU(3) x SUR2) x U(1) | Au(x) — Am(x.y)
k" O(x) — o(x,y)
51/22 orbifold SM Gauge group SM field content

brane localised terms are zero at the cutoff scale

Lk
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The role of radiative corrections

71

e
1

24— < — (1
\/m+ m6+R()

e.g. the 1t KK excitation of the electron
is stable at tree-level!

Dark Matter would be charged - which is not acceptable
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MUED at one loop Chenci i ghig Schmalt

Loop corrections come from 5D Lorentz violating processes. They
appear as free-level mass corrections in 4D.

e Bulk corrections : :.-*':
the gauge bosons receive an extra
mass which is KK-independent m
|
omi e §

RZ

e Brane corrections : ps is not conserved, all parfticles receive a
mass correction

AZ
am;, - — %IHF for fermions
2 A2
omZ = [ %IHF for bosons

Problem : Electroweak symmetry breaking was not included
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MUED spectrum at lloop vs tree-level

1000} my=120 GeV. R"1=800GeV | © 100C
0SOf E:Z JDE 1 050
900} . — 1 {900
350 V. W 850

- [ | L,,‘ ]PT -

- —+ [ s I = L
V., W= H Ll- L:. Vi 1, 2 P H I

0O = T U D, ., do : 300

5 5
720 Tree Level One Loop 720

| R~ =800 GeV | '
1.3|
meg

my, Mp

my,

0‘1 — — —
E m .fg ~ =
| My, my
/.‘f ann f’n(l my. m,
: e
i mp
0 1o = . - a

AR
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Model implementation

* MUED is implemented in Feynman and unitary gauges
in LanHEP (generates the Feynman rules out of a Lagrangian)
[AB,Brown,Moreno,Papineau arXiv:1212.4858] (BBMP)
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Model implementation

* MUED is implemented in Feynman and unitary gauges
in LanHEP (generates the Feynman rules out of a Lagrangian)
[AB,Brown,Moreno,Papineau arXiv:1212.4858] (BBMP)

* Publicly available at High Energy Physcs Model Database (HEPMDB)
http://hepmdb.soton.ac.uk/hepmdb:1212.0121
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Model implementation

* MUED is implemented in Feynman and unitary gauges
in LanHEP (generates the Feynman rules out of a Lagrangian)
[AB,Brown,Moreno,Papineau arXiv:1212.4858] (BBMP)
* Publicly available at High Energy Physcs Model Database (HEPMDB)
http://hepmdb.soton.ac.uk/hepmdb:1212.0121
* Compared and Validated against existing implementation
by Datta,Kong,Matchev, arXiv:1002.4624 (DKM) and private
implementation form Belanger, Semenov, Pukhov, Kakizaki.

VW — yv+Ow -0 7 ’ AW — V@ -2
WAW™ = Wrow=0 Lt U 1 the sum of KK numbers of

-

DKM _ -~ -' ! the external particles is 5
- BBMP or less [<2*(n+1) in general]

r DKM gauge invariance is ensured

Proper implementation of
the Higgs sector lead to the
correct High Energy

s
asymptotic which respects

8§ 10 12 14 16 5 3 2 16 UHITGF‘ITY
Vs [TeV]
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500

400

300

200

EW precision constraints

The tower of KK particles modify the gauge bosons self-energies, contributing to the ST,
and U electroweak parameters:

T. Appelquist H.-U. Yee 2001
I. Gogoladze and C. Macesanu, 2006

4sin*fw [ 3¢° 2 m? 2 o 1 M2
S = Y s (s ) @) + =g (e ) <2
& | 4(4m)* \9 Mg, 4(4m)* \6 My
1 [ 3¢ m2 /2 m? . 2 sin2 6y 5 M?2 .
I = = 113 .g 3 ; 2 -2t ¢(2) + : 2 .2'“ __J-. 2H @),
(& wz(lﬂ') _‘It‘r 3 JIII{K (-1'_;'!—) COS g[ﬁ ]..'..) 111_!}(-&-
One Universal Extra Dimension - 2 a2 M2 f
R T T T T < 4 sin“fy g° sin“ty My 1, 1 Mg ,
U= — ) — == ' '
o (47r)2 .-"tff‘—h- Gnl’(ZJ lﬁ;ﬁfi-h—g{hﬂ
5 i | fitter
—  68%, 95%, 99% CL fit contours (allowed) .
T oo bvvvv v v by v v vy v v v g by v g by vy 7 arXiV:||07.0975
200 300 400 500 600 700 800 BBOM 1000

H
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FCNC and DM constraints

K. Agashe, N.G. Deshpande, G.-H. Wu
FCNC L. A. J. Buras, A. Poschenrieder, M. Spranger, A. Weiler

KK modes will give contributions to FCNC processes . From b— sy

/R > 600 GeV

Cosmology (DM)
Belanger, Kakizaki, Pukhov

The evaluation of the LKP relic abundance depends on the spectrum details and on the
number of KK levels included in the calculation (eg level 2 resonances, level 2 particles in
the final state, etc) Electroweak symmetry breaking effects are also important.

Matsumoto, Senami '05; Kong, Matchev '05
Brunel, Kribs '05; Belanger, Kakizaki, Pukhov '10

Plank/WMAP set bound from above to DM scale: if DM were heavier it would lead to
the Universe having a measurable positive curvature

/R < .6 TeV

Alexander Belyaev ~ NiE>& “Beyond the Standard Model” 197



The role of the 2™ level of KK excitation

Processes important for calculating DM relic abundance. ..

Self-annihilation Co-annihilation
,T(l) ,},(1)’ SM ,.},,(1) o ,.},,(1) o
(2) e(1)
H;I:I_ — e(l)
(1) ) (1) g
A0 A0 sm )
A () . ~(1) ¢~ ~(2)
})ii@) o(2)
£(1) I
/
, —
) 7 £ (1) b (1) €
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The role of the 2™ level of KK excitation

280 |-
260 |-
240 -
— : -
% 220 |— Le=" = |
O - o’ -
S L *"' _
= 200 ’ -
r
S - ; )
|
80 - w/oFEFSlevel 2 . w/ FS level 2
- ' i : ]
N : i
160 | ‘ _
— [ | —]
L L _
— ' —
140 . _
- AR =20 WMAP W]VIIAP _
----------------- Y E L L - m om om omm omom omomom o
1.20 | | | | ] ] | L ] 1 ] | | | | ] ] T | | ] | ] ] |
400 600 800 1000 1200 1400 1600 1800
-1 Belanger et. al. 2010
R (Gev)  [Belang ]
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The role of the 2™ level of KK excitation

280 :—
260 :—
240
E 220 __ - - o —
w : "‘ ( :
~— B R ]
= 200 |— ’ ]
s B ' ]
80 . W/oFSlevel 2 . w/ FS level 2 ]
R ; E> an upper
w0 L H limit on the
- AR =20 WMAP WMIAP MUED scale!
gop L TRV Sl Virinl el e St i
400 600 800 1000 1200 1400 1600 1800
- Bel .al. 2010
R I(GBV) [Belanger et. a ]
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Constraints from the Higgs data

G
2.6 T T | | 2.6 I I I | |
24 F qgg — h — yv|- 24 1 gg—=h—=W"W~/ZZ]|+
22 | — - 292 1" -
- —— AR '=40 -
o - m 2.0 —
3 ©
A - = 1.8 -
S 1 & 16 .
] 1_'1 —
- L2F T~ -
1.0 L4 | | | I  — 1.0 | | | | T —
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
R [GoV] R [GeV]
¢ Production is enchanced AB, Belanger, Brown, Kakizaki, Pukhov '12

¢ Decay is slightly suppressed
¢ Overall, the 66->H->yy is enhanced
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Data Fit with MUED vs SM

700 | T T T | T
| | | | ! I | . ls=7TeV,L<5.1f0" Vs=8TeV,L<19.6 fb"
o ATLAS Pre“mlnary EmH: 120 eeV Comub|%88%+014 CMS Preliminary m,,=125.7 GeV
600 W.ZH — bb i H— bb (VH tag) P, = 0.94 'I-l—
Vs=7TeV:|Ldt=47 fb_" —! i H— bb (ttH tag) -
Vs=8TeV:|Ldt=13 10" i
o — H — 1T 1= 77 (untagged)
500 =~ o Itit o —e— H> 11 (VBF tag)
= H—>WW ) iy ; H = yy (VH tag)
D s=8Te | ' P
o ij V5= 8TeV: | Ldt= 1310 i H o WW (01 jet)
400 _’f H Y { § — WW (VBF tag) ——
' =7TeV:|Ldt=481f" | ——
’L\, .:5 =8TeV: |Ldt 13fb" 41— WW (VH tag) |
= H - ZZ — 41| H— 1t (0/1 jet)
300 > Cnpd g ——
:T:j. \s=8TeV: |Ldt=131b : H— 1t (VBF tag)
Combined i=1.35+0.24 , H— 1 (VH tag)
o 1E=?Te\-‘: _|_Ldt=4.6-f.8fb" | _e— H— ZZ (01 jet)
2[][] V5 = 8TeV: |Ldt= 13 b :
| | | | H— ZZ (2 jets) |
-1 0 +1 -4 -2 2 4
100 Signal strength (u) Best fit o/0g,
e
[] ’ | | | | ] |
200 / 400 600 800 1000 1200 1400 1600
—1(GeV)
Alexander Belyaev ~ NiE>& “Beyond the Standard Model” 202




Data Fit with MUED vs SM

600

Excluded at 95% CL

There is no hint on MUED from
the Higgs data ...
The fit of the SM if perfect :-(

)
200 ‘J‘ 400

SM  MUED

|
600 800 1000 1200 1400
R (GeV)

1600
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Data Fit with MUED vs SM

600

Excluded at 95% CL

There is no hint on MUED from
the Higgs data ...
The fit of the SM if perfect :-(
But SM does not predict DM!

)
200 ‘J‘ 400

SM  MUED

|
600 800 1000 1200 1400
R (GeV)

1600
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Data Fit with MUED vs SM

600

Excluded at 95% CL

There is no hint on MUED from
the Higgs data ...
The fit of the SM if perfect :-(

400 i |
3 But SM does not predict DM!
300 The fi"' Of MUED is gOOd as well s
200 R
100 -
_______ [
[] ’ / | | _I B | | |
200 400 600 300 1000 1200 1400
/ R~ (GeV)
SM MUED

1600
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mUED: the mass spectrum defines dominant decay

(1)

paﬁ'em to leptonslii|

(1)
1 @
q
— -"J- 1
R~' =800 GeV v
my = 120 GeV
Yo
S r
mmm quarks
— 10% =< BR = 100% e— 101‘.}’[01‘15)
—-p—--- 1% < BR < 10% mmm scalar bosons
p) (LKP) — »  0.05% <BR < 1% mmm Cauge bosons

Mgay > Myay > Myyay, Mzay > Myjay > M)
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mUED: the mass spectrum defines dominant decay

(1)

paﬁ'em to leptonslii|

(1)
1 @
q
— -"J- 1
R~' =800 GeV v
my = 120 GeV
Yo
S r
mmm quarks
— 10% =< BR = 100% e— 101‘.}’[01‘15)
—-p—--- 1% < BR < 10% mmm scalar bosons
p) (LKP) — »  0.05% <BR < 1% mmm Cauge bosons

Mooy > Mq(l) > Myway, Mzay > Mpay > M,.Y(l) Can SUSY have this PG'H'CI"H?!
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mUED collider phenomenology with leptons

AB, Brown, Moreno, Papineau'12

107, _ ..
&: %“ pp— g + G + GG
o o 10 Vs
14 TeV
10 8 TeV
10 7 TeV
10
10 T
10
Tﬂ-||||||||||||||||||||.|""-\.||||Hii“\-|||||| 1'||||||||||||| ||H|H“r\-||||||
400 600 800 71000 71200 71400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
R'(GeV) R'(GeV)

Q! Q! production rate is the highest
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mUED collider phenomenology with leptons

Lep‘l‘on mu|1'ip|ici'|'y: AB, Brown, Moreno, Papineau'12
Signal vs BG before (left) and after(right) selection cuts
¢ MUED Signal vs Background @LHC, /s = 8 TeV mUED Signal vs Background @LHC, s =8 TeV
— 10 grrrr Ty v 10 g g T T T Ty
'.!.'.: 3 .:: = background 3
E 10° backgroun ::“ S MUED: R'=800 GeV
oy 10 4 signal ~ 10 E A=20{solid),40(dashed) 3
® E ® ° ;
@ 10° : 8 10% 3
c < E
© 2 3 [ 3
o " E 10 b 3
5 10 L
E 1 o 1§ .
L -1 'g C ]
g 10 g ]
< 10 §: 5
1‘0 -3 T A SR MRS SR TR ONOF RO O RS T RO TOR SO UMD OO T s PSSO A ] I T N T 1ﬂ L Ll I N R T R
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Number of leptons Number of leptons
P;—l > 20 GeV, Pi(all) > 10 GeV, | <25, A Ry; = \/ A(__-;,gj + ‘Q”?Ej L E
imyz — Myz| > 10 GeV
g S Selection/Analysis
Ir:il < 100 E}e\f; 2 < 70GeV; PP < 50GeV cuts
Meg > R™°/5 Mg =Pr+3,, Pr
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mUED collider phenomenology with leptons

AB, Brown, Moreno, Papineau'12

LHC {@ 8 TeV: MUED reach for 3-lepton signature 45 LHC@14TeV: mUED reach for 3-lepton signature
: - .
40 &S CTETTY S 0 O
HAEAN R Cweme ;
- 4 I bl \ - PR \
30 [=-=iaid T 30 --mfb\
:—--ITG ﬂ}-T i l .Ii | T i \ i i :—o—oé 30 fb-1 \ '

25 et B i 25 100y e
: 1| — BN
20 - rfir [ 200 R R S N
o | s Wt i i C 3

: ; ! \ - Eprellmlpary
10 | : . 10 [t R R
5 - 1 111 11 1 11 1 i 11 1 11 1 1 5 - | | | \ \
600 800 1000 1200 1400 1600 1000 1200 1400 1600 1800
=7 -
R (Gev) R'(GeV)

¢ Small mass gap (as compared to MSSM) - much lower missing PT

¢ Quite a few PHENO papers, but there is only one (ATLAS) dedicated study
the projected limit from this study: R-! > 1.2—1.3 TeV

¢ 3-lepton signature - is very promising:
LHC@13/14 will eventually discover or close MUED!
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First

¢ Di-muon channel

Results from Atlas!

Universal Extra Dimension ATLAS‘CONF-zo l 3 -062

P He i -+ f i n I I 40 01 I -I Ill 047 I I I I 0|5 I [T I ﬂlﬁ I I I |04g I I I _I1 1’E I I I I 11_2_
rwig or signha < S\ ATLAS Preliminary det=20.1 ' (s-8TeV 773
35 :— dimuon signal region e Observed fimit (£165U%") —: g
¢ Limits are stronger than -\ N 1%
. L —==—- Expected limit (t16,,.) 44
from loop-induced 30 - : g :
processes: N \ g
800-900 GeV vs 600 GeV 25 - N e
based on dilepton signature [ : 1%
. . B \ 19
¢ But from trilepton signature20 — \ i
we expect the limit to be - \ 40
~1.2 TeV b 8
. L \ 13
¢ Because the reducible and s :' o o . ., ol 2
irreducible B6s are much - L 1
higher for 2-lepton s ) 7 gz
Signafur'e' While Sign0| T1E"c| | ||‘|'TU . (| (09, ;06 y  y0O4, 04, | 0F
difference is small 700 800 900 1000 1100 1200 1300
1/R [GeV]
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UED summary

¢ UED are limited from above by DM relic abundance and from
below by the LHC searches
LHC and DM search experiments provide an important test:
LHC@13 TeV will discover or exclude the complete parameter
space for 5 & 6D UED

¢ There is only one (ATLAS) limit on MUED from di-muon
signature only!
3-lepton signal is very promising for MUED at the LHC.

¢ Consistent MUED with EWSB and loop-corrections is
implemented into LanHEP and publicly available at HEPMDB
[CalcHEP and UFO(Madgraph5) formats are available].
It is ready to be used by experimentalists and theoristsl!
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Rundal Sundrum ("warp scenario™)(1999]

» a warped geometry is described by a metric of the form
ds* = W2 4+ Imn(y)dy" dy"

» where dzj = 1), dx*dz” is the 4D Minkowski line element
Y" parameterise the XD of space-time, with metric g_

» The function e* is the warp factor, defining 4D massscales

» gravity propagates in the compact & non-compact directions

» The 4D Newton's constant is related
to the the D dimensional one by

Gy =GP f d”*y /g **
» 4D Planck scale M, exponentially

suppressed by the warp factor Planck (UV) TeV(IR)
Mp = MPLexp(—ka) where k,R are related to A(y)
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Technicolor
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Technicolor

EWSB from Technicolor: (Weinberg 78, Susskind 78)
Q In the SM without a Higgs, QCD breaks the EW symmetry:

(Farhi & Susskind 81)

(OLug +didr) #0 — My = g;‘-?r :

O Consider a new strongly interacting gauge theory with
Fn = VEw — 246GeV.

O Let the electroweak gauge group be a subgroup of the chiral
symmetry group.

o

Left-handed technifermions in At the weak scale, the technifermions
weak doublets, condense and break the weak symmeftries
right-handed in weak singlets correctly fo EM:

a {/e a
QL o (Du ) Qﬂ' IrLFt D
=t AR

<ULUR —|—DLDR> + 0
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Technicolor

In QCD at a scale Agep the interaction becomes strong and the quarks
form a bound state with non-zero vewv:

(0| ipugtdrdr |0) £ 0, T34V, =Yr=0Q = SUQ2) xU(1l)y — U(1)gum

Redefine fields in terms of composite colorless states, like pions:

and plug in Lp_y

' !
( . l L ( . . . ( n. ( .
Loy o Lppwiorat L g woorn L faW0orno+ L poBrors®
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Technicolor

The EW bosons have acquired mass:

QCD My
M= =gfpe/2, p=—2 =
" cos O, M E‘ICD

Given the experimental value for the pion decay constant

fr=93MeV = Mi~" =20 MeV!
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Technicolor

The effective Lagrangian expansion breaks down at
Agep = A fr = 1.2GeV = Apc ~ 4dmv = 3TeV, v = 246 GeV .

A Technicolor (TC) model able to give the right masses to the EW
gauge bosons is simply "scaled up” QCD:

SU(N )t x SU(3)e x SU(2). x U(1)y .

No fundamental scalar = no fine-tuning!

The mass spectrum can be estimated by multiplying the mass of QCD
composite states by v/ f;.
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New Strong Sector

@ The SM gauge group is augmented:

GSM o SU[E}E > SU(E)wF X U[:].)Y x GE-}D .
(SD=Strong Dynamics/Technicolor)

@ The Higgs sector of the SM is replaced:

1 : .
L Higgs — —EF;’;',,FHF*“ +iQuy,D* QL + iQrv,D*Qr + ...
_ _ F.
<ULUR—|—DLDR> ~ F1§I — My = 97

Minimal chiral symmetries: 3 GB's + Custodial + DM.

SULI[E] > SUR(E) x UTE(]-) = SUv(z] > UTE(]-) :

Minimal fermion content: g5 = (E’i) Q% ={0%.D8),
2 Dirac techni-fermions in a weak doublet, =

TC charge but no QCD charges: a = 1,...d(Rxc)
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Higgs boson mass

In QCD the composite scalar is o (or fu(500) in PDG):
M, =400 — 550 MeV =  MZE“ ~ M,v/fr =1—1.4TeV

To this estimate one must add also the (Higgsless) SM loop corrections:

2 rey2 | 3ih 2 2 L
jler ~ (J.IH ) -+ T‘-‘Q —Adrimy 4+ 2s5 | myy + - . 1. sy =0(1) .

W VA
f:
AME = — - Q o4 FEC% _ o4 - _Etg_ B

For "scaled up” QCD: fr=v = My =125 GeV for r; = 1.7 — 2.4l

To generate the SM fermion masses an Extended Technicolor (ETC)

Interaction Is necessary. Fondi et al. 10
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Higgs boson mass

In QCD the composite scalar is o (or fu(500) in PDG):
M, =400 — 550 MeV =  MZE“ ~ M,v/fr =1—1.4TeV

To this estimate one must add also the (Higgsless) SM loop corrections:

12 VrTCH\2 Bfﬁ 9. 2 '”""-’-QZ ..
J_[H =~ (J"[H ) -+ 2 -+ 2{-;,:,]. My - T . . Sqo = O(]_} .
W 4
AMZ = ©+_F AT VAL

For "scaled up” QCD: fr=v = My =125 GeV for r; = 1.7 — 2.4l

To generate the SM fermion masses an Extended Technicolor (ETC)

Interaction Is necessary. Fondi et al. 10
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Higgs boson mass

Light TC-Higgs from radiative corrections

(MEC) ~ MH + 12 K? ri ’mf k 1 ~TCxETC

s 10 15 T 20
kr,

Not too light! (Foad, MTF & Sannino *12)

Effect correlated with the next TC resonance mass via k and ETC via r,
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Extended Technicolor

¢ SU(Ntc) break the chiral symmetry of techniquarks
¢ their condensate breaks EW Symmetry

¢ Important componet of the theory-
Extended Technicolor Sector - describes how SM fermions
interact with the technifermion condensate to acquire mass

)
L ETC ‘('}‘”.., "
I s ETC

2
v, Mgrc

(ULURr)(Trqr)

9
DS e o
Mg ~ JETC (UU)Ygrc

g,
:\ [t,j 1(; i
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Extended Technicolor
<FU>ETC‘ — <?U>TC exp (ﬁ o d’”f}m(/f))

TS H

¢ For QCD - like running TC < QQ >grc~ 111( EZC )7 < QQ >TC
v_is small over this range, so:

3 1
A [L-’ TC FTC-‘ . 100 MeV \ 2
<( (/ >ETC A <(/ L >TC ~ —]:TFTC - £ A1) TO\/ : "' 3
JETC 250 GeV Wiy
s Gere d S D d
VAV, P . . .
Dy p D Gere g g Grre
m - & -
d Gere d d D 5

The second terms generate masses for the SM fermions, while the third
terms are responsible for Flavor Changing Neutral Currents (FCNC):

(57°d) (57°d)

&ETC

LAS=2 = Vad + he, Yeg ~ sin?f, ~ 1072,
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Extended Technicolor

TIrT — MEgeTc dp
(UU)erc = (UU)7rc exp / ,L_zﬂ’;m( n
Arc ' |

¢ For QCD - like running TC < QQ >grc~ 111( EZC )’ < QQ >71¢
v_is small over this range, so:

3 1

g — ' Misve -\ 2 /100MeV ) 2
(UU) gre =~ (UU)re =~ ATF3 ETC ~ 40 TeV | - Frc : 100 Me
JETC 250 GeV My

Measured value of the neutral kaon mass splitting determines tight

bound on ETC scale:

Am? 2m3 |
—— ,Sdf ;g K <107 = Apre > 10° TeV.
"Mk AETC

¢ Difficult to get masses even for s- and c-quarks: TC dynamics should be
NOT like QCD. Theory should "walk” and in this case we have:

< QQ >ere~ (B @) < QQ >7c t

TC
Holdom 81: Appelquist, Wijewardhana 86 E “\
Enhanced SM fermion masses and suppressed FCNC >
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"Near conformal” regions for SU(N)

Phase diagram for theories with
fermions in the:

e fundamental represen-
tation (grey)

e two-index antisymmet-

ric (blue)

e two-index symmetric (red)

e adjoint representation (green)

The S parameter for a TC
model is estimated by:

1 _ﬁ,.rf
S o~ —
th = 61 2

s ¥ P I—-’(‘.
Dietrich, Tuominen, Sannino '05: Dietrich, Sannino '06 127 bemp {_: 6 @ 95 /f

d(R),
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SM Higgs vs

¢ simple and economical

¢ GIM mechanism, no FCNC
problems, EW precision data are
OK for preferably light Higgs

¢ SM is established, perfectly
describes data

¢ fine-tuning and naturalness
problem; triviality problem

¢ there is no example of
fundamental scalar

¢ Scalar potential parameters and
yukawa couplings are inputs

Technicolor

complicated at the eff theory level
FCNC constraints requires walking,
potential tension with EW precision
data

no viable ETC model suggested
yet, work in progress

no fine-tuning, the scale is
dynamically generated
Superconductivity and QCD are
examples of dynamical symmetry
breaking

parameters of low-energy effective
theory are derived once underlying
ETC is constructed
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Walking TC @the LHC
EFT for strong dynamics @ LHC

SUL(2) x SUR(2) x Ure(1) — SUv(2) x Uts(1)
Coupling structure to SM fields :

/ W)z R
Ry Mw< Ry 2 wwsxﬂ R2 Wwvﬂ:
/ g W/Z g W/Z

9/9
Model implementation: AB,Foadi, Frandsen,Jarvinen,Sannino,Pukhov 2009

http://hepmdb.soton.ac.uk/hepmdb:1012.0102

>vwv W< (1) (*¢~ signature from the process pp — RTQ — (T~

(2) (4 E signature from the process pp — ng — [Ty

pp — Ry,
(3) 30+ F, signature from the process pp — ng — ZW* — 3lv
pp — Ri,
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Walking TC @the LHC

1) ¢+¢~ signature from the process pp — RY 5 — (1(~

5-0.3
g=2

$=0.3
10 g=5

10

10

10

10

Number of events/20 GeV @ 100 fb! —
Number of events/20 GeV @ 100 fb™’

500 1000 1500 2000 500 1000 1500 2000
M, (GeV) M, (GeV)
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Walking TC @the LHC

complementary di-boson signature
(3) 3¢+ E signature from the process pp — sz — ZW* = 3y

Y

=
-
=

Sy

=
Y
=

Number of events/20 GeV @ 100 fb’
Number of events/20 GeV @ 100 fb’’

0 10
500 1000 1500 2000 500 1000 1500 2000
M}, (GeV) M (GeV)
Alexander Belyaev “Beyond the Standard Model” 230




Lets take a look at di-boson invariant mass in
the current data around 2 TeV ...

- -1DI1 T T [ T T r [ T T 1 : ?
5 - ATLAS —e- Data =
S q0°k-fs=8TeVv, 203"  — Background model .
=~ - — 1.5TeV Bulk G, kM, =1 3
L] = .
£ 107 2.0 TeV Bulk Gy, kiM, = 1
E EE —— Significance (stat) EE
t 10 k- B Significance (stat + syst) ]
? WW Selection §
15 ﬂ_?
107 -]
10° e
10” — ; i ?
g 3 = B —
£ 4l = E
E " -
_g} _'1 - I I e
1.5 2 2.5 3 3.5

CMS (unpublished) L=19.7fb 'at fs =8 TeV
e) TN . PP N 1,6, O I T N
ﬂ 'FrE|:|=|.|E-n'I:I:-1-I:LI| obs. (solid) Fexp. {dashed )
"_'é 1 RN ZZZZ: R ZZ?ZZ —_— E'-w. s EE —» QL p+Y-jal u
{_.-,3 i ] G WWEZ - Vet ]
T —s— G — WW — v eijot :
L - —&—— Combinatign L)
o i
;
©0'E :
10-2 : 1 L 1 i I’ 1 1 i i 1 1 1 1 I 1 I 1 I-IH.!. 1 1 1 1 F
600 1000 1500 2000 2500 3000
Mg [GeV]

Sounds quite interesting ...
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It is also intriguing to look at the correlation
in di-lepton channel ...

8 TeV, ee (19.6 fb "), u*u(20.6 b

CMS Preliminary
o 10 g1 i | I | E
o =N . meeees median expected =
— 68% expected m
- 95% expected i
5 _
10 ZIESM =
Zy n

—— 05% CL limit

10°= =
107 ' =
Co oy oo o by ey b e e b S by T
500 1000 1500 2000 2500 3000 3500
m(il) [GeV]
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Do we think that TC is really dead?
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Do we think that TC is really dead?

If title contains question, then the answer is ...
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Do we think that TC is really dead?

If title contains question, then the answer is ...

NO!
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Cdmposife Higgs
Unified approach
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Two time-honoured extensions

. NSD
= New Strong Dynamics mp,
* Expect new states at 4n f, .7
* Atleast one state needs to be quite a bit lighter...known since LEP!
* Finding a light scalar did not change established picture that much...
mzbs

= Supersymmetry
* Expect new states below v, ?
 Nature likes SUSY heavy (and fine-tuned?) since LEP

mgUS’Y
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New Strong Dynamics

. . . mTC
" The Technicolor Composite Higgs o
 ’Higgs’ is the lightest scalar isospin-0 resonance of strong dynamics
* Compare with the f,(500) in QCD
mzbs

" The Composite Higgs Composite Higgs
* The Higgs doublet arises as goldstone bosons of global symmetry breaking

* Electroweak symmetry breaks through vacuum misalignment

CH
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Technicolor vs Composite Higgs

(Galloway, Evans, Tacchi & Luty 10
G. Cacciapaglia & F. Sannino '14)

=0
+ EW does not break

+ Higgs is exact GB

B =nm/2

+ EW breaks

CH
+ Higgs is massive excitation
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Technicolor vs Composite Higgs

(Galloway, Evans, Tacchi & Luty 10
‘ G. Cacciapaglia & F. Sannino '14)

+ (Gauge bosons quantum corrections

0=0

+ EW does not break

+ [op corrections

+ Explicit breaking of global symmetry

+ Higgs is exact GB

B =nm/2

+ EW breaks

CH
+ Higgs is massive excitation
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Higgs boson properties are consistent with all promising
BSM models encouraging us to keep searching for
underlying theory of Nature!

[susy} VED
o
HIGGS

A RN

[Technicolour']
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Theories and new particles

SUSY partners
New gauge bosons
(USSM, E6SSM) Technicolour,
Exotios - SUSY Composite
diquarks, L -
(E6SSM) niggs models
LSP is stable under \ Sp;;l tg,c;lh?l(i)-u rlljgrsktsa _teS
the R-parity A .
e S LTB is stable under the
EXtra TB number
[ u t'
Kk-towers:  dimensions conservation
KK-gravitons

KK-fermions
KK-gauge bosons

LKP is stable under
the KK-parity (UED)
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Theories and new signatures

0,1,2,3,... leptons+
jets +
Missing PT
Di-lepton resonances

Same-sign leptons

SUSY

Technicolour,

Composite

niggs models

0,1,2,3,... leptons+
jets +
Missing PT

Di-lepton resonances

Same-sign leptons

dimensions

0,1,2,3,... leptons+ jets +
Missing PT

Di-lepton resonances

Lepton-neutrino
resonances

Signatures can be really similar!
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The main problem is to decode an underlying theory
from the complicated set of signatures: down->top

)
{SUSYJ ‘ UED\ Il:".ﬁ'e [Technicolour'] [CHM][ RS J
iggs

—

top->down
Easy

[ Tons of Signatures J
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The main problem is to decode an underlying theory
from the complicated set of signatures: down->top

.
o) (o) () i
nggs

—

top->down
Easy

Technlcolour' CHM [RS J

down- >top
Very
dlfflCU"l‘

Tons of Signatures J

Alexander Belyaev
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The main problem is to decode an underlying theory
from the complicated set of signatures: down->top

)
{SUSYJ UED Il:".ﬁ'e Techmcolour' CHM [RSJ
[ ] iggs

top->down jAdown->top
Easy Very
dlfflCU"l‘
[ Tons of Signatures J
HEPMDB

High Energy Physics Model Data Base
https://hepmdb.soton.ac.uk/
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THANK YOU!

* Thanks to all organizers for fantastic
School/Workshop/time in and the weather!

* Thanks to all for inspiring 'ralks questions
and discussions!

* Thanks to everybody!

Alexander Belyaev
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Additional Slides
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6D VED
(Dark Matter in a twisted bottle)

Arbey,Cacciapaglia,Deandrea,Kubik'12

Spectrum of the SM
— + + e

b k+A , (1,0) & (0,1) (1,1) (2,0) & (0,2)| (2,1) & (1,2)
.pKK—(_l) m m=1 m = 1.41 m=2 m = 2.24

Gauge bosons
G A ZW v v

Gauge scalars v
G A ZW

Higgs boson(s) 4

Fermions v v ()( 2)

A

DM candidate here!
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6D UED DM bounds

Arbey,Cacciapaglia,Deandrea,Kubik'12

04—

Asymmetric

0.3}
% oo
St

0.1}

DM relic ab_undan_ce bounds

D_O:....l....l....l..
200 300 400 500

600

700 800 900

m_KK [GeV]

=
a

03}

02}

Symmetric

two tiers contribute to the relic abundance!

Rs = Re

1000 —

DM direct detection bounds

800"

600 r

400+ Excluded!

S ) = "_‘—-———-_________)(enunédli ]
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6D UED LHC bOUﬂdS Eﬁic&?ﬁﬁgﬂihiesgﬁffim

“composition * of signal signatures MHT-HT analysis plane
@ L > C . 1
ot 108567 63?;9 1 140.43 6_’; - i_’lﬂ[}ﬂ_— = ﬁ\jelt ET I’lD
L T L -
21600F . N]'et — i
%'M[}ﬂ:— HT _‘ ZI:l T‘ }
O &< B
W GG 1200 : = 107
B QY E -_
400 GeV 600 GeV 700 GeV C 400GeV 600 GeV 700 GeV B A% 1000 L i
0S S5 0 6 n ] T
1.14 045 1068 046 0.16 = GIEI SDD:_
B 2% GDD_— i
B 4O N 10°
4001
200
D_ | | 1 | | | 1 | | | | 1 | | | 1 | | | | 1 | 1 |
. . . . . 0 500 1000 1500 2000
400 GeV 600 GeV 700 GeV 400 GeV 600 GeV 700 GeV H, [GeV]
el prl)
Exclusion limit: M,  >600-700 QeV M;;  \/HZ — MH?
Almost all parameter space is
excluded
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The lightest scalar in QCD

QCD o-photon model Lagrangian, a

o

a? (Rem,)® al,, ' ( 2
3

Loy = : -
T 25673 2

Compare with QCD data:

(Belyaev, Brown, Foadi, MTF & Sannino '13)

oyy composite fudge-factor

wem] "

1,2
—=) Fyppf—2
3) ”2[

n

|a(ry}’|

100

200
m,=m; (MeV)
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The Techni-Higgs scalar in QCD

Scaled up QCD-like Techni-Higgs would have (diboson) Higgs-like couplings

Coefficient c¢

i~ 1 is independent of number of colors or size of representation

Techni-Higgs photon model Lagrangian

4
Sty = 5. [ [Fi(w) = 2] + ; ¢f NI Q2 Fya(ty) d{RTc) ; NE Qf Fija(tr)
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The Techni-Higgs scalar in QCD

Example fit to LHC Data

(44
Sty = 50 [ [F1(mw) =21 + ;ﬂf NI Q2 Fya(ty) d(RTc); NE Qf Fija(tr)

Fit to QCD data
4t _
_ 3l - ]
=2\ L ]
\\h ___,___./
1t ]
0:1 . N L L L |:
100 200 300 400 500

m,=m,; (MeV)

aH';r';r

Fit to LHC data

1 1 1
SU(3)2 MWT
— (NMWT) .
= 1.05
= Cp = 1.09 £
¢ =1.04
Q N
\_j O
| 1 | 1
—-1.0 —0.5 0.0 0.5 1.0
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