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Naturalness

The usual argument:
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| >M .
Y —> Agu < 500GeV - VA

The usual interpretation

e — OScale wherany Pbnds its
She==lPartners physical origin O

The Twin Higgs Program:

| Y Stops, Gluinos, E
| Keep tuning below ten"”

| Keep partners above few TeV”
| Neutral particles at Agy (OTwinO stu#)

Top Partners, EW partnersk
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Composite Higgs

Ingredients:

Composite Sector

from slow running

CS parameters:

Mass: Il
coupling: U

CS symmetry:
G!
H |

H
G/ H

Stable AuwN riHierarchy”

Minimal source of tuning: 5_

f

G
L Int
it

Elementary Sector
Contains other SM belds:

Weakly Interacting:
OE < ).

Coupled by Partial
Compositeness

2

> <1 (from EWPT&HIgQs)
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Potential from Elementary loops (Top dominates)
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Potential from Elementary loops (Top dominates)
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Potential from Elementary loops (Top dominates)
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Ingredients:

Auv Composite Sector
(nonNminimal)

SO(8) SO(7)
~.|SO(8) SO4)" $0(4;
Mm==9=]| " 7 NGB = Higgs £8

G
L Int
it

Elementary Sector
(nonNminimal)

gauged éTJ(Z)L: Wl’z’?’
SU(2),xU(1)% : EW

Bosonic Spectrum:

M—
w EW bosons
TMEW
. "H#
My ! g9 f sin T:ggv

Mz=Myy/cosbw  M,=0

Twin WOs

(H)

My~ Gof cos " ~ Gaf

f

No massless Twin Photon

Plus resonances at [Tl , like in ordinary CH, but heavier
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Gauge Contrlbutlon to the potential, from a model

Ogef 4 H
VS g25|n2—+ gzcos’-—

92 512 2
Twin Higgs miracle: 92= Qz I Vg2 =const.

Guessing the cancellation: quadratic divergence

E | 0
m =1 =, U[H/f]ab—o/%fg
SO(8)/ SO(7)
sigma-model C

2
2 _ | '2f2 2 2

Vi = 7qz bl P+ BT P1= o [odsh + bach]

But, in reality:

- - <

V= dE(..)= dE(.)+ dE(..)
0 0 < |

what about this one?
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Gauge Contrlbutlon to the potential, from a model

2 4 H
%9 05 sm2 — + B c:os2 —

VQ% 512 2

Twin Higgs miracle: 92= Qz Vg2 —const.
Proving the cancellation: Spurion classibcation

Line =W, GPIA+W GIL  G,61 28=21" 7

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

_ 3 o2 h
: __ e, (17 2%SI"+  with same coescient:
= Tr[T;U'G, U] - Spurions are identical
| 8 = §@§ co<L I]:I_ from CS viewpoint




Twin Composite Higgs

Gauge Contrlbutlon to the potential, from a model

2 4 H
V, = 29 g25|n2—+ gzcos’-—

92 512 2
Twin Higgs miracle: 92= Qz I Vg2 =const.

Proving the cancellation: Spurion classibcation
Line =W, GPIA+W GIL  G,61 28=21" 7

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

Having one invariant only, A“cancellation is su$cient

IF V' [+ 1] [g5sf + Y5cf]
THEN V! [I + /]! [g5sh + 65ch ]
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Gauge contribution to the potential, from a model
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Twin Composite Higgs

Gauge contribution to the potential, from a model

ogf4” , oH ., L H
R . — + -
Vez = £ioz B SINC  + b Cos’-]c

Twin Higgs miracle: @2= 82! Vg =const.

Disproving the cancellation: SU(4) SU(3)coset
G, &1 15= 8" 3" 1
# of invariant operators = (# of H invariants) - (# of G invariants) = 3 -1
1= gSh b= b5CE
2= g;S} o= G5C,
EVENIF V'l [I;+ h]1 [g3s? + B5CA]

STLL V! [Ia+Fi+c(lo+F)]! [g5sE + b5ch + c(gash + 65ch )]
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Twin Composite Higgs

Gauge Contrlbutlon to the potential, from a model

2 4 H
V, = 29 g25|n2—+ gzcos’-—

92 512 2
Twin Higgs miracle: 92= Qz I Vg2 =const.

Enforcing the cancellation: Twin Parity

0 14 automatically a
. = | y
PTwin 1, 0 ° SO(8, symmetry of the CS

times W.. | W If imposed on_the ES
g H requires O2 = Oo

Broken by not gauging the Twin Hypercharge:

V 3g.f " 2 5in? H not canceled (not dangerous)”

0f ~ 51 2 g1 f quadratic contribution
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Twin Composite Higgs

The Top quark sector:

Composite Sector
SO(8) SO(7)

times
U)x! U@)x! SU@B)Y SU®B)

OtimesO
thin

_

Nt

Elementary Sector

Twin Top and Bottom:

Qu# Q, tr# tr
Mixed with CS operators"
in 8 (8)and1 &)

Line = YL G, Or+yrigOr+ V. b O, +yR|fR(bR

SM top
m; = é/L_ VA yLyR
2 O

-V

mt!

Twin top

YL Vr
O

af .
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The Top quark sector:

Auv Composite Sector Elementary Sector
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The Top quark sector:

Auv Composite Sector Elementary Sector
SO(8) SO(7 | Twin Top and Bottom:
U1y L!J(l;[m']eSSU(S)' 4U(3) i Qu#t Qu, ta# s
M= Gx | X O? & ' ~@—P>| Mixed with CS operators"
mes in 8 (B)and1 )
iy P twin
M’W L o d) - d)
Lint =YL T, OL +YrIrROr+ YL G OL + YrTr OR
mEW SM top Twin top
b m:gi-v" yLyR-v m; | yLyRétf
t z . = g! .

Still massless Twin Bottom

Plus resonances at [Tl , like in ordinary CH, but heavier



Twin Composite Higgs

The Top quark sector:

Composite Sector
SO(8) SO(7)

times
U)x! U@)x! SU@B)Y SU®B)

OtimesO
thin

Nt

Elementary Sector

Twin Top and Bottom:

Qu# Q, tr# tr
Mixed with CS operators"
in 8 (8)and1 &)

Line =YL T OL +YrIROr+ VL b O, +yR|fR(bR

Potential has cancellation (8=7! 1! 1 operator)

N .f 2m?
Vy2 = 3272

yist + Yicy]
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Twin Composite Higgs Potential

3g°f 4 H

_ 2 cin2 |

1) From Hypercharge Vg = g1 291 SN <
2) From the To Vil Nef* 4 sin® H
P v T2 LTy
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Twin Composite Higgs Potential

3 2f 4 _ H A YL _ VL
1) From HyperCharge Vg% = 5?—*2 QQ% S|n2 f_ uv
2) From the Top Vya! 7y sin 5 o 1
e YU ggraYilooT
N.f“m?

3) From Detuning V. o

v = a5 YLST + Vil
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Twin Composite Higgs Potential

3g3f 4 H A YL =YL
1) From Hypercharge Vg = 522 591 ; sin? I3 oY
| ch4 4 . 2 H v
2) From the Top Viya! 162 /L 51 7 b ,. !uv
My y !y = 16 ZyLlog—
N.f 2m?

3) From Detuning V2 = y4s%, 4 ¥4 ¢34

7 32n2

- _ 4 m I\
4) From IR running  Vir () = 1675 mu(H) log s + me(H) log s
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Twin Composite Higgs Potential

V(H
;4):!52—%# s4log%+c4logc%
2 4
3gig , . 3 y°df _ 3y 2m; yL
| — | | | = log a=1lo | F
' TE1p 27 a2 P 64" 2 ST 22 ;
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Twin Composite Higgs Potential

V(H
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Twin Composite Higgs Potential

V(H

;4):!52—%# s4log%+c4logc%
B 1 I R log a—log 27 yLF
“B1z20 gy O 642 5 . Y f2 :

g =4!'! m =41f" 9TeV 10"
Naturally light I—\Iviggs:

loga' 6+log % OK for { YL = Yt: composite tr

Elementary tr is disfavoured

m ng1 gt — bB
large scale separation

Minimal VEV tuning @i/ !) if: log
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I Twin Higgs protects my from partner scale .
But only under certain conditions (1 invariant in the potential)

| "ReasonableOO model with Twin breaking froga &ty

| Phenomenology: (more in backup)-
1.Future Top Partner bounds avoided (currently not an issue)"
2.0rder! modibed Higgs couplings are still there (and EWPT?)"
3.Resonances might be at 10 TeV, FCC-hh is needed"
4.0OPortalNlikeO 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

NonNTwin implementations of
Twin cancellation?
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[Matsedonski, Panico, AW, to appear]

MCHM Models, simplibed model approach:
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Top Partners

[Matsedonski, Panico, AW, to appear]

MCHM Models, simplibed model approach:

1.( oy —————————————
( , Js'13Tev . -
n #1 ]
| X5!3!BFXCI | 20 fb y
0.} : i
L f\.] | " 0.1 |
\ — c"0
5 0.6 ‘ -—- c" 2
- \ -
(7 \ :
\ charge?2!3 -
0.4 1 excl .
0.5l Theoretically
ol excl .




Higgs Couplings

A rough comparison with data :

CMS Preliminary js«7TeV,L<51f' Ys«8TeV,L<19.6M"
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Expected Final LHC Reach: ! =0.1



Vector Resonances

[Pappadopulo, Torre, Thamm, AW, 2014]

V>l

o P
~ theoretically ,"
- excluded 1 EWPT

: |
| | A0

S 3 \ V>WZ>3Iv

| \ V>WZ>jj

2

1 O SN
50C 100C 150C 200(C 250(C 300C 350C

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

DN

%!} (Eh Q cet\ ]
ol®

2

%&




Vector Resonances

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

Direct versus Indirect @ FCC




EWPT

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

Strict EWPT have a dramatic impact!
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EWPT

However E

’o mtop%171.4c%ev " 9= 9?—;2 |09. ;f;\f:.vv!_ )
0.4 T B 3g'2I Iog. 8 Mw_
0.3 3% 9Mn
0.2 ModibPed Higgs couplings go in bad direction.
0.1

0
10.1
o: om
083 !032 !051 o 061 052 oi3 0.

S
[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]



EWPT

However E
0.5 T . o? | 8#myy mg,
| % 66! gm, 1 & mp
. : : : : : : ~ 3g|2 . 8#:"]\/\/
"P=#_—>llog ~——
0.3 3242 gmp |
0.2 Modibed.Higgs couplings go in bad direction.
0.1 Resonance exchange as well
0
10.1
10.2 from cqtoff

3 ; ; ; ; ; ;
c3 !02 !'01 O 01 02 03 0«
S

[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]
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EWPT
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ModiPed Higgs-eouplings go in bad direction.
Resenance exchange as well

Light Top Partners come to rescue.
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[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]
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