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What Next?



Look for new states!

Early stages of the LHC Run-II crucial for direct searches
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Slower improvements after 20-30/fb



Many motivated “benchmarks”

A long wish list, especially colored particles

Stops
Gluinos

Top partners



What if LHC14 finds nothing?



The usual story

If new symmetries stabilize the weak scale
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The usual story

If new symmetries stabilize the weak scale
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LHC8 measured a lot of tuning

Any model? |
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The “problem” is that Myp is “colored”



Twin Higgs mechanism



The basic idea

The cancellation of the quadratic divergence can be achieved
without colored particles

Chacko, Goh, Harnik



The basic idea

The cancellation of the quadratic divergence can be achieved

without colored particles

The actual realization

Mirror copy of SM

Assume a SO(8)/SO(7) accidental symmetry
A(H? + H? — f2)2

7GBs - 3W - 3W' = one physical pGB, h

A radial mode m, ~ VAf

Gauge and Yukawas break global symmetry

SM

Chacko, Goh, Harnik

SM’

Chacko, Goh, Harnik



Cancellation of quadratic corrections

Thanks to Zs, accidental SO(8)-invariance at O(g2y;)
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Cancellation of quadratic corrections

Thanks to Zs, accidental SO(8)-invariance at O(g2y;)
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Higher corrections in ggy break SO(8)
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Putting all together

V(H7 H/) _ )\(HQ +H/2 _ f2)2 +§(H4 +H/4)

The model is ruled out
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The model is ruled out

We need a Z5 breaking term
V(H, H/) — )\(H2 +H/2 _ f2)2 +6(H4 +H’4) +m2(H2 _ H/Z)
(H) =v < (H') ~ f



Putting all together

V(H7 H/) _ )\(HQ +H/2 _ f2)2 +6(H4 +H/4)

The model is ruled out

We need a Z5 breaking term
V(H, H/) — )\(H2 +H/2 _ f2)2 +6(H4 +H’4) +m2(H2 _ H/Z)
(H) =v < (H') ~ f

Now the model is phenomenologically viable

Higgs coupling deviations measured by v?/f?
Mirror sector is heavier by a factor f/v



The low energy spectrum

needed “"UV" embedding

(to protect from higher order corrections)

mirror top, Y. f . Hi Nr
f=7—800GeV nior 10p. /. _mirror Higgs, vAf

mirror vectors, gf

Higgs

All the light new states are total singlets: difficult to produce and detect.
Twin mechanism makes the naturalness-partners invisible.

h/h*
E— pair production



The size of A distinguishes between two scenarios

A



The size of A distinguishes between two scenarios

A

If A~ O(1)
radial mode close to f
look for the singlet!
w/ Dario Buttazzo and Filippo Sala

see also[Craig, Katz, Strassler, Sundrum]



The size of A distinguishes between two scenarios

A

If A~ O(1) If X ~ O(1672)
radial mode close to f radial mode decoupled
look for the singlet! Composite Twin Higgs
w/ Dario Buttazzo and Filippo Sala w/ Matthew Low and LianTao Wang

see also[Craig, Katz, Strassler, Sundrum] [Geller, Telem; Barbieri, Greco, Rattazzi, Wulzer]



The size of A distinguishes between two scenarios

A

If A~ O(1)
radial mode close to f
look for the singlet!
w/ Dario Buttazzo and Filippo Sala

see also[Craig, Katz, Strassler, Sundrum]



Look for the twin Higgs!
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Higgs couplings & Direct Searches

h (o2
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If Twin Higgs is weakly coupled, the twin Higgs (singlet) could be visible
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The size of A distinguishes between two scenarios

A

If A ~ O(1672)
radial mode decoupled
Composite Twin Higgs
w/ Matthew Low and LianTao Wang

[Geller, Telem; Barbieri, Greco, Rattazzi, Wulzer]



Composite (Twin) Higgs



Composite Higgs

A,
% Higgs (and W/Z goldstones) are part of the
strong sector
¥ The external fields are the SM quarks and

\ " (transverse) gauge bosons

1-loop potential breaks EWSB. The scale of the potential is set by the
mass of the resonances: both vectors and fermions

My = g f

SO(5)/SO(4) minimal case

Agashe, Contino, Pomarol



Crucial role of fermions

Gauge sector does not break EW, other contributions needed
Assume linear mixing of SM fields to composite fermions

yLfqL ¥y + yrfur¥, + h.c.

Kaplan '90

U are colored, my, ~ gy f
YLYR
Gy

SM Yukawas are y ~

Partial compositeness
The SM quarks are a combination of elementary and composite fields



Higgs Potential

nyleU\I/q + nyaRU\IIu + Lcomp(\l’a U, May, gw>7 U= eXp(ih/fT4)

V(R) ~ o5 |aluf)md Fi b/ 1) + by f) Ea(h/ )

Giudice, Grojean, Pomarol, Rattazzi

F'1 5 trigonometric function
a,b O(1) coefficients

b

Moy

Focussing on top sector g, ~ 1>

Ne 4 yf Yef \2
~ 167T2m\1, [amilpFl +b(m7\p) FQ

V' (h) highly sensitive to m.,



Higgs mass and tuning
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Light top partners for the Higgs mass
[Contino, Da Rold, Pomarol; Matsedonsky, Panico, Wulzer; Pomarol, Riva; Marzocca, Serone, Shu; Redi, T;...]

Tuning grows with m?,



Higgs mass and tuning

2,292 2 2 2
9 Nchytv my, my T mg
my ~b————*

2r2  f2° Tomp o v yif?

Light top partners for the Higgs mass
[Contino, Da Rold, Pomarol; Matsedonsky, Panico, Wulzer; Pomarol, Riva; Marzocca, Serone, Shu; Redi, T;...]

Tuning grows with m?,

Within minimal models tuning always larger than f2/v?
if top partners are not found



A real problem?

Not now, but we will know soon
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taken from A. Wulzer's talk at Neutral Naturalness workshop



Can we have heavy top partners and small tuning?

tuning

9y = Gp

anomalously
light partners

MCHMs5,10,4

57, +5gr,14; + 14p, ...

147 + composite tg,...

Panico, Redi, T, Wulzer
9y = Gp
ad hoc tuning

14 + composite tg,...

>

I

top partners mass



Composite Twin Higgs



Natural embedding in the Composite Higgs

see also Geller, Telem; Barbieri, Greco, Rattazzi, Wulzer

In the gauge sector

A= ( e g'.s%(zl)')

SM -— SM’
Zy

Y= <0,O,O,sh70,0,0,ch>

Inside SO(8) gauge two copies of SM
Add mirror QCD

Three “sectors”
elementary fields — ele. mirror fields — composite resonances (Z5)



Effect of the mirror top

L = qrilbqr + ugilup + y: f (%) Siug, + (mirror)
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Effect of the mirror top

V =

L = qrilbqr + ugilup + y: f (%) Siug, + (mirror)

g in 8 of SO(8),  (¢8)" = % (ibr, b, itr, —tL,0,0,0,0)"
Top and mirror top mass
_ Yt sn _ yefen

m , My
V) EENVG)

The potential is not sensitive to quadratic “divergences”

Ncy?f4 4 207 4 277 NcthfQA2 2, 2
G2 ¢y, log m + sj, log e BT (sy+cr)

Need a breaking of Z5 to have f > v




Zy breaking and minimal tuning

Let us suppose that exists a model with Z5-breaking

Ncy?f4 4 207 4 272 Ncyff‘l 2
642 cp, log Tzf%i + s, log 7yt2f252 + 39752 bsy,




Zy breaking and minimal tuning

Let us suppose that exists a model with Z5-breaking

Ncy?f4 4 207 4 272 Ncyff‘l 2
642 cp, log Tzf%i + s, log 7yt2f252 + 39752 bsy,

Then we have
Minimal tuning f2/v? (for b ~ O(1))
Higgs mass in the right ballpark




Zy breaking and minimal tuning

Let us suppose that exists a model with Z5-breaking

Ncy?f4 4 207 4 272 Ncyff‘l 2
642 cp, log Tzf%i + s, log 7yt2f252 + 39752 bsy,

Then we have
Minimal tuning f2/v? (for b ~ O(1))
Higgs mass in the right ballpark

Zo- breaking in top sector <+ standard Composite Higgs



Resonances and 25

At the level of the composite sector

Automatic Zs in the gauge sector

Need to impose Z; among composite and composite mirror fermions



Resonances and 25

At the level of the composite sector

Automatic Zs in the gauge sector

Need to impose Z; among composite and composite mirror fermions

Resonances | SO(8) S0(7) SO(4) x SO(4) SU(3)e x SU(3). x Z»
Uy 8 Ta1 (4,1) & (1,4) (3.1) @& (1.3)
Uy 1 1 (1.1) (31) @ (1,3)
Uy 35 27Ta7al (9.1)&(L9) & (4.4)@(1,1) (3,1) & (1.3)
Uy 28 21a7 (6,1) % (1,6) & (4,4) (31) @ (1.,3)
p 28 2137 (6.1) @ (1.6) @ (4,4) (1.1)

Zy on the Higgs: h — —h + 5 f
Sp <7 Cp



General potential

Largest Zs-invariant contribution from top-sector

Preserve Z5 in the top sector
Zo-breaking in other sectors via elementary-composite couplings
Dependence on fermion reps

N,

V) = foss Pyt |~ ashd 4 bst| =12



General potential

Largest Zs-invariant contribution from top-sector

Preserve Z5 in the top sector
Zy-breaking in other sectors via elementary-composite couplings
Dependence on fermion reps

N

V) = foss Pyt |~ ashd 4 bst| =12

X parametrizes deviation from O(1)

Ingredients unrelated to Twin Mechanism
Need to n =2
tr mostly composite, yr, ~ y¢

Breaking should come from yy,



Zo breaking in the gauge sector

N, 99> — g”)
167;2 ayff‘ls,%ci +0b Wf%nis,%

V(h) ~—
Breaking from g # ¢’
Only log-sensitivity to 1.,
Power sensitivity to m,

Nc 4 2 2




Zo breaking in the gauge sector

N‘ 9 ,(]2 _ g/2
V(h)~— 167;2 aytfisic: +b (6477r2)f2m :

Breaking from g # ¢’
Only log-sensitivity to 1.,
Power sensitivity to m,

Nc 4 2 2
wimalie s L(%)

my, heavy, gr, mostly elementary
Vector resonances below the cutoff g, ~ 4



Zo breaking in the gauge sector

N,
1672

(9> —47)

9
ayzlf48}2lci + b 647T2 i

2, 2
f m/psh

V(h) ~—

Breaking from g # ¢’
Only log-sensitivity to 1.,
Power sensitivity to m,

Nc 4 2 2
wimalie s L(%)

my, heavy, gr, mostly elementary
Vector resonances below the cutoff g, ~ 4
Breaking in hyper-charge sector, g, — 8 — 10

see also Barbieri, Greco, Rattazzi, Wulzer



Zy breaking in lighter quarks

If we do not mirror lighter generations (fraternal, cuig Katz, strassier, sundrum)
(or we just break Z, there)

N,
V(h)rn =~ 167:2 —ay; f*shch + by® fPmysi



Zy breaking in lighter quarks

If we do not mirror lighter generations (fraternal, cuig, Katz, strassier, Sundrum )
(or we just break Z, there)

N,
V(h)rn =~ 167:2 —ay; f*shch + by® fPmysi

2 f

~ oL
Yight = YLYR X =y
My My

Only log-sensitivity to m,,

Power sensitivity to my,

4,2 2 3
m2 ~ aN.y;v A| -~ Ji my
h — 272 ) charm 02 7f‘



Zy breaking in lighter quarks

If we do not mirror lighter generations (fraternal, cuig, Katz, strassier, Sundrum )
(or we just break Z, there)

N,
V(h)ta ~ — | —ayi f*shch + by® fPmysi,

~ 1672
f f
Ylight = YLYR X — = y?—
My My
Only log-sensitivity to m,,
Power sensitivity to my,
aN_ ytv? 2 Mmg\?
m}% ~ cYi ’ A| N L e
27T'2 charm ’U2 7f‘

m.y, practically heavy, g, mostly elementary



An example

Let us consider the Z2-breaking in the gauge sector



An example

Let us consider the Z2-breaking in the gauge sector

Fermionic lagrangian (top-sector), Zs-invariant

L=y f(@)" (Uiy¥s + Uis¥q) + h.c.
+ UiV — m U0 — my U, U, — mR(\ill)Lu}z + (mirror)



An example

Let us consider the Z2-breaking in the gauge sector

Fermionic lagrangian (top-sector), Zs-invariant

=y f(a})" (Uis ¥ + UigV¥y) + hec.
+ UiV — m U0 — my U, U, — mR(\ill)Lu}z + (mirror)

Gauge sector with Z, breaking

L L (D, U)'D,U]

1
L =—-(F?, + mirror,g’) — 4pW 1

4 HY



An example

Let us consider the Z2-breaking in the gauge sector

Fermionic lagrangian (top-sector), Zs-invariant

=y f(a})" (Uis ¥ + UigV¥y) + hec.
+ UiV — m U0 — my U, U, — mR(\ill)Lu}z + (mirror)

Gauge sector with Z, breaking

1 2
L= —Z(F'iy + mirror, g’ ) — 4pW + J; Tr[(DMU) D U]
V(h) = —asici + Bss, m3 ~ 870402



Computation of the Higgs mass

Expanding in large my, first contribution at O(y7)
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Computation of the Higgs mass

Expanding in large my, first contribution at O(y7)

2
a= Ncy%f4/ Ty iyt i) 7
(2m)% 2p4 (m2 — p2)* (m? + m3, — p?)

Higgs mass

Neytv? m?
2 cYi 1
~ lo + F
my, 5 z p— (mp, m1,m7)




Rough verification of the estimates
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Tuning grows with g, 2 5 (red line)

No evident correlation with m,, (average of mass parameters)

Some “natural” regions will remain unexplored

Even better hiding with just unmirrored hyper-charged, ~ v/3gy /g



There are scenarios where colored resonances can remain hidden at LHC

Composite Twin Higgs: Resonances

Z,—breaking imt‘ e, .y
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With tuning just driven by Higgs coupling measurements, f2/v?



After LHC

Composite Twin Higgs can come to rescue





