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Naturalness

“Is mpgUnnatural?” — “Is my Unpredictable?”
> UV Contributi

ontripution
/ Ftrue(E; gtrue)

C ASM

O
SI2VI Corgc;?ution _ N ) _I_/<A ( . )
5mH:@ ~ 1ASM
Fine Tuning: A > 07h ~ (126GeV\"( Asw )’
uning:  =="2"=\", 500 GoV

Measures how much Unpredictable mgis.
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Naturalness

The usual argument;:

A 2
A>( oM ) i ASM§5OOG6V°\FA

500 GeV

The usual interpretation:

“Scale where m g finds its

N4 T 7! !{ ir — . 1A 7
A SM Partners physical origin

The Twin Higgs Program:

| )Y: Stops, Gluinos, ...
e Keep tuning below ten

e Keep partners above few TeV
e Neutral particles at Agy (“Twin” stuff)

Top Partners, EW partners...
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Composite Higgs

Ingredients:
Auv Composite Sector Elementary Sector
Stable Auv—m. Hierarchy Contains other SM fields:
from slow running Q W1,2,3 B
CS parameters: Lint f f
M= Gx | mass: e <ifmrnli Ly JR
coupling:  gsx Weakly Interacting:
CS symmetry: g < G«
f
g —=>H Coupled by Partial
MEW HeG/H Compositeness
2

Minimal source of tuning: §—F <1 (from EWPT&Higgs)



Composite Higgs

Potential from Elementary loops (Top dominates)
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Composite Higgs

Potential from Elementary loops (Top dominates)

9gE JE
N
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Twin Composite Higgs

Ingredients:

Composite Sector
(hon—minimal)

SO(8)—SO(7)

N

SO(8)CSO(4) xSO(4)
for custodial symmetry
[Geller, Telem, '14]
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Twin Composite Higgs

Ingredients:

Auv Composite Sector
(hon—minimal)
SO(8)—SO(7)

~ g
~[80(8)cs0(4)xS0(4)| Ling
Mme=9:1| " 7NGB = Higgs £05 |

Elementary Sector
(hon—minimal)

gauged éfJ(Q)L: W23
SU(2),xU(1)% : EW

Bosonic Spectrum:

My
EW bosons Twin W’s
Mew
. (M - H) _
My ~ g2 sin <T>:gzv Mz~ go f cos <7> ~ gaf
Mz=Myy/cosbw  M,=0 No massless Twin Photon

Plus resonances at MM, like in ordinary CH, but heavier
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Gauge contribution to the potential, from a model
993f4 > .o H >, H
Vgg = o2 <92 sin 7 -+ g5 CoS 7

Twin Higgs miracle: g2=g2 = V2 =const.
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Twin Composite Higgs

Gauge contribution to the potential, from a model
_ 992/
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Twin Higgs miracle: g2=g2 = V2 =const.

Guessing the cancellation: quadrati
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Twin Composite Higgs

Gauge contribution to the potential, from a model
993f4 > .o H >, H
Vgg = o2 <92 sin 7 -+ g5 CoS 7

Twin Higgs miracle: g2=g2 = V2 =const.

Guessing the cancellation: quadratic divergence
E 0]
— — T 6

SO(8)/SO(7) m

sigma-model , cHT .
> A oz NS -
A 2| =2 2 21_ 2 2 2 2

Vo = = 95| T| "+ g3||7] = 1672 935+ 93¢k ]

But, in reality: . A o
V:/OdE(. . .):/O dE(.. .)+/<dAE(. )

what about this one?
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Twin Composite Higgs

Gauge contribution to the potential, from a model

9g2 4 H _ H
Vg2 = o2 <92 sin” 7 + g% cos” 7)

Twin Higgs miracle: g2=g2 = V2 =const.

Proving the cancellation: Spurion classification

Lig=WOGLIHAWEGAT G,Ge28=21aT

# of invariant operators = (# of H invariants) - (# of G invariants) = 2 - 1

H
A , f with same coefficient:
=Y {T[FU'GU]} = « i, Spurions are identical
f

o T = Sop 2 from CS viewpoint



Twin Composite Higgs

Gauge contribution to the potential, from a model
99: 1 o H H

Vgg — 192 <g§ sin? 7 + g% cos? 7)

Twin Higgs miracle: g2=g2 = V2 =const.

Proving the cancellation: Spurion classification

Lig=WOGLIHAWEGAT G,Ge28=21aT

# of invariant operators = (# of H invariants) - (# of G invariants) = 2 - 1

Having one invariant only, A“cancellation is sufficient

IF VA[T + Iex[g2s% + G2c%]

THEN VoI + I]ox[g55% + G3ct]
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Gauge contribution to the potential, from a model
99: 1 o H H

Vgg — 192 <g§ sin? 7 + g% cos? 7)

Twin Higgs miracle: g2=g2 = V2 =const.
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# of invariant operators = (# of H invariants) - (# of G invariants) = 3 - 1
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Twin Composite Higgs

Gauge contribution to the potential, from a model
99: 1 o H H

Vgg — 192 <g§ sin? 7 + g% cos? 7)

Twin Higgs miracle: g2=g2 = V2 =const.

Disproving the cancellation: SU(4)/SU(3) coset
G Gelb= 8@3ad1

# of invariant operators = (# of H invariants) - (# of G invariants) = 3 - 1
2 f _ =2 2
1_

9
I1=g55% gs5CH

2 4 ~ 9 4
lo=g55g lo=g5c

EVEN IF VNI + 1] oc[g2s2, + G2¢%]
STLL VO<[11+71+C(12+72)]O<[Q%S%JF/L(?%C%{JFC(Q%S%{?L/QV%C%{)]
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Twin Composite Higgs

Gauge contribution to the potential, from a model
993f4 > .o H >, H
Vgg = o2 <92 sin 7 -+ g5 CoS 7
Twin Higgs miracle: g2=g2 = V2 =const.

Enforcing the cancellation: Twin Parity

0 1, automatically a
Prwin = 1, O < 50(8) symmetry of the CS
times W. < T if imposed on the ES
p p

requires g2 — g2

Broken by not gauging the Twin Hypercharge:

v ng f4 o . o H not canceled (not dangerous)
o —

91 51972 g1 s 7 quadratic contribution



Twin Composite Higgs

The Top quark sector:

Composite Sector
SO(8)—SO(7)

_ times .
U(1)xxU(1)xxSU(3)xSU(3)
“times”

thin

r¥

1Nt

it

Elementary Sector




Twin Composite Higgs

The Top quark sector:

Composite Sector Elementary Sector
SO(8)—SO(7) 7 Twin Top and Bottom:
_ times - L] Qr < Qr, tre 1,
1nt L Ly VR R
U(l)XXU(‘l‘).XX S[,J,(S)XSU(S) <@ | Mixed with CS operators
times . S N
D in 8 (8) and1(1)
twin

Lint=y10;.0L+YyrtrROrR+71G; Or+UrtrOR



Twin Composite Higgs

The Top quark sector:

Auv Composite Sector Elementary Sector
SO(8)—SO(7) 7 Twin Top and Bottom:
times L Qr < Qr, tp <1
~ —~ int L L, 'R R
M= Gx | U(l)XXU(‘l‘i_XX S[,J,(?’)XSU(S) ~@—¥>|Mixed with CS operators
mes in 8 (8) and1(1)
my —_— thin
M= = < ~ =~ X ~ 7 /A
W Lint=YLq1,Or+YrtROR+Yrq;,OL+YrtrROR
MEW SM top Twin top
Y YLYR YLYR
m, = T . M ~ . f

— U vV
V2 0+ g+



Twin Composite Higgs

The Top quark sector:

Auv Composite Sector Elementary Sector
SO(8)—SO(7) 7 Twin Top and Bottom:
times L Qr < Qr, tp <1
~ —~ int L L, 'R R
m*:g*f U(l)XX U(‘l‘i)r(:]< S[,{(?))X SU(3) it MiXGdNWith CSPperators
mes in 8 (8) and1(1)
my thin
M= _ < ~ =~ X ~ 7 /A
W Lint=Yrq,OL+YrRIROR+YLq,OL+YrtROR
Z}EW SM top Twin top
b my = yt~-7)myLyR-v m~NyLyR'f
V2 g+ : 9«

Still massless Twin Bottom



Twin Composite Higgs

The Top quark sector:

Auv Composite Sector Elementary Sector
SO(8)—SO(7) 7 Twin Top and Bottom:
times L] O, 0. tpst
~ —~ int L L, 'R R
m*:g*f U(l)XX U(‘l‘iﬁessli(g)x SU(3) it MiXGdNWith CSPperators
in 8 (8) and1(1)
mf thm
M— _ — ~ = X ~ = X
w Lint=Yrq,OL+YrtrROR+Yrq;OL+YrtROR
Z}EW SM top Twin top
b m, = L, YR m~NyLyR.f
V2 9+ : 9x

Still massless Twin Bottom

Plus resonances at MM, like in ordinary CH, but heavier



Twin Composite Higgs

The Top quark sector:

Auv Composite Sector Elementary Sector
SO(8)—SO(7) 7 Twin Top and Bottom:
_ times - L] Qr < Qr, tre 1,
lnt L L R R
Ms=Gx | U(l)XXU(‘l‘i_XX S[,J,(?’)XSU(S) &P | Mixed with CS operators
mes in 8 (8) and1(1)
mf thin
M= _ < ~ =~ X ~ 7 /A
W Lint=yrqOL+yrtrROrR+YLq OL+yrtrROR
Mew

Potential has cancellation (8 =7®1 —>1 operator)
N, fm?
3272

V2 = [?J%S%{ T 37]2;0?—{]
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Twin Composite Higgs Potential

2f4
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3g° f4 H
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1) From Hypercharge V= =192
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2) From the Top Vs 62 Yo sin 7
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Twin Composite Higgs Potential

392f* 5 . o H Auv
— gl Sl —

f

1) From Hypercharge V= =192

N0f4 4 - QH
2) From the Top Vs 62 Yo sin 7

yrL = YL

Q
= =N

3) From Detuning V2 =



Twin Composite Higgs

Twin Composite Higgs Potential

Q
= =N

_3gift 5 o H Auv YL = YL
1) From Hypercharge V,:= 19,291 5m 7
N0f4 4 -+ 2 H
2) From the Top Vya=——y7 sin® —
* YL Yr—

2,2
3) From Detuning V> = Ng‘; T* Y7 s7 + y1cy]

70

N,



3919*
51272
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Twin Composite Higgs

Twin Composite Higgs Potential

V(H
}4):Q82+ﬁ( log +clog )
4 2m?
3AyY° Q*B B = 3Y; log a=log — - | yLF1

3272 - 64n? yi f?
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Twin Composite Higgs Potential

V(H
}4):@32+5(4log + ¢*log — )
2
_3g292 | 3Ay%g? 3y; L 2my ?/L
* A * 3 — log a=log —— F1
“hi2r2 T 32 b 6472 yi f?

gx = 4T = m, = 4nf ~ 9TeV4/10&
Naturally light Higgs:
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Twin Composite Higgs

Twin Composite Higgs Potential

V(H
}4):@32+5(4log + ¢*log — )
2
_3g292 | 3Ay%g? 3y; L 2my ?/L
* A * 3 — log a=log —— F1
“hi2r2 T 32 b 6472 yi f?

gx = 4T = m, = 4nf ~ 9TeV4/10&
Naturally light Higgs:

= 1y composite tr
loga ~ 6 + log \/E OK for JL =Y P

Elementary tr is disfavoured

Auv _ 807° y7 _ 50

m, bBg? g2~ bB
large scale separation

Minimal VEV tuning (1/¢) if: log
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» Twin Higgs protects m g from partner scale m.
But only under certain conditions (1 invariant in the potential)

- "Reasonable” model with Twin breaking from g1 at Ayv

- Phenomenology: (more in backup)
1.Future Top Partner bounds avoided (currently not an issue)
2.0rder ¢ modified Higgs couplings are still there (and EWPT?)
3.Resonances might be at 10 TeV, FCC-hh is needed
4.“Portal—like” phenomenology. Is it robust?

* Two directions to work on:

PH/EXP TH/PH

Could the Twin W, t (or b) be

. . ,
directly testable at the LHC? Alternative models*

Non—Twin implementations of
Twin cancellation?
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MCHM Models, simplified model approach:
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Top Partners

[Matsedonski, Panico, AW, to appear]

MCHM Models, simplified model approach:
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Top Partners

[Matsedonski, Panico, AW, to appear]

MCHM Models, simplified model approach:

1.0 = e
( | s=13TeV :
—] .
X5/3/B xcl . ‘£’:20fb _
0.8 | i
| &=0.1
|‘ — ¢ =0
S 0.6 \ —— C= 1/\/5
— \
” \ :
- \ charge 2/3 -
0.4F \L\\ excl .
. Theoretically
0'2__ excl .
1 2 3 4 5



Higgs Couplings

A rough comparison with data:

CMS Preliminary s« 7TeV.L<5.1fb' \s«8TeV.L<196"’

“0.0 05 10 15

Expected Final LHC Reach: £ =0.1

[ | ! N A A L
- ATLAS Prellmlnary + SM .
af \s=7TeV,|Ldt=46-48f" x Bestfit MCHM4 -
C \s=8TeV,|Ldt=13-207fp" — 68%CL MCHMS -
n - 95% CL N
2 .
I N Q‘?" Qc} Q\’ ___________ N
BN Y 7 AT PR N
1= 7 L L x> L
of F
I G G k
:] ] | | | ] | 1:
0.7 08 0.9 1 11 12 1.3
Ky



Vector Resonances

[Pappadopulo, Torre, Thamm, AW, 2014]

theoretically
excluded

N

\ \V>W/Z>3lv
\ V>WZ>|

V>lv

““““““““ L . I . . . N

500 1000 1500 2000 2500 3000 3500

Even weaker if Top Partner decays open
[Contino et al. 2012; Greco et.al., 2013; Chala et al. 2014;]



Vector Resonances

[Torre, Thamm, AW, for FCC W.G.]

Direct versus Indirect @ LHC




Vector Resonances

[Torre, Thamm, AW, for FCC W.G.]




EWPT

[Torre, Thamm, AW, for FCC W.G.]
Strict EWPT have a dramatic impact!
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EWPT

However ...

0.5 J J ! ; f ; A 92 STmw
=171.4GeV| | 5 5 AS = 1
mtop_w‘I :e 967725 o8 (,th\/g)
/2
AT = 29 ¢1og [ ZTW
3272 gmp\/E€

Modified Higgs couplings go in bad direction.
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[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]



EWPT

However ...

0.5

m_=171.4 GeV
op

-0.2 -0.1 0 01 02 03 0«
S

[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]

2 2
AS J §log<8ﬁmw>+m_w

9672 gmpr/€ m2
/2 )
3272 gmp/€

Modified.Higgs couplings go in bad direction.

Resonance exchange as well



EWPT

However ...

0.5

m_=171.4 GeV
top

from cutoff

-0.2 -0.1 0 01 02 03 0«
S

[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]

-0.3
-0.3

2 2
A g STy mW g
AS = 1 S
967?2g o8 (gmh\/_) " +a167r2§’
/2
AF— 39 8rmyy 5 3yt 57
3272 am h\/_

Modified Higgs-eouplings go in bad direction.
Resenance exchange as well

Light Top Partners come to rescue.



EWPT

[Torre, Thamm, AW, for FCC W.G.]
Allowing for a 1/5 cancellation
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