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Why SUSY the Twin? Why Twin the SuSY?

(compare to composSite & low energy orbifold)
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(compare to composSite & low energy orbifold)
+ MSSM-like unification

+ Natuvral uv completion fov

*pertuvrbative* |ineayr Sigwma
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+ calculable:
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the non-linear model, at one loop. Start with the top Yukawa,

Potential from Elementary loops (Top dominates)
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[ Twin Higgs Cancellation
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The quadratic divergences of these two diagramy

The cancellation takes exactly the same form as
theories. The states which cancel top loop need 1

“Can be generalized to all loop orders using 8 spy
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At | loop, only the number of colors enters

Top-down

Charge the top under a symmetry that does not commute with QCD

‘Accidental’ symmetry

global symmetry|
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The Twin Higgs idea

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

Assume that the potential is dominated by a SO(8)-invariant term
MH? + H? - f?)? —! - 7GBs

7 Gbs - (3 W/Z) -(3 W/T) = 1 physical scalar, h ""'» — U

The Twin Higgs Mechanism

¢ The Twia Miggs mechanism helps in reducing the seasitivity of the Miggs pocential te

of the particdles introducad 1o addeesa the h.«r;t\h}‘ |nﬂi(.-.\
the Higgs as a pseudo Goldsioat boson of a global symmetry breaking G'H

1 pymmetry structure and particle conseat is dosbled through a Z; gymmetry (at
rtially) 2nd C is chosen to accomodate a copy of the electroweak secter

A particles are newtral under the twia gange grosp and vice versa (a2 Jeast color)

x ) |’1( Z‘ e ntlr_\‘, lhr "At’_lf contnbution to the !‘Jlllrul p-ri of the
| turns eut to be symmetnic under G 20d therefore vanishing

g T - that the senmtiy Wy o the muss of the stases to which the |l|(_(‘
1 seautive (like “top ;unnu\' or electroweak “resonances”) from the two
tam out to be equal and with cpposite sign

al Bain &

Chacko, Gob, Hamk 95

Use a mirror copy of the SM, SW
HP?\H'?
SM — SM
2

)\ 2 SO8)

SO(7)

+1 “radial mode”, 0 1, ~ VAJ

Low enevgy theon}: |ineavy S’\gvv\a +twin



Top-dowwn Sketch
of¥ SuSY TwiIN

Full Model

Yhewno



Top-dowwn Sketch
of¥ SuSY TWIN

comPavison to compoSite tuning zz -3 U(4)



Scales and the Higgs Potential

V=-m*HH)+ \NHH)?

ms, = 2\v° = 2m?
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Scales and the HiggS Potewntial

Natuvral scale of potential:
set by solution to big hievarchy

b

V=-m*HH)+ \NHH)?

Suppression of weadk Scale
Sor large quartic!
“§at higgs”

mio — 2\? =2m° & 125 Gev

SeV\S’\tW’\t\j +0 Scale /

ve-entevrs w/o0 Suppvession

m2

wedk Scadle !—-’ U2 — T




Scales and the HiggS Potewntial

Natuvral scale of potential:
set by solution to big hievarchy

b

V=-m*HH)+ \NHH)?

Suppression of weadk Scale
- Sovr |arge quartic!

2
“Cat h’\ggs"

T

wedk Scadle !—-) U2 — T

4
ms, = 2 \v° = 2m”° & v
seV\S'\-l;’\\/'\-b\j +0 Scadle /

ve-entevrs w/o0 Suppvession




SUSY completion and Quavtic
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SUSY completion and Quavtic

3 2
Protected bv SuSY: m2 ~ —m log(A)

\ i

—
V=-m?H"H)+ \NH"H)?



SUSY completion and Quavtic

Protected by S : 5 2
y SuSY: m N—m 2 log(A)

¥ 472
V= —m?
m*(H'H) + N(H"H)?

el

decoupling limit
( Hu, H; — H)



SUSY completion and Quavtic

3 2
Protected b\j SuSY: m2 ~ —m log(A)

\ i

-
V = —m (HTH) 4 )\(HTH Singlet

/ ' (NMSSM-like)
decoupling limit /

(Hmed%H) W = )\SSHHd



SUSY completion and Quavtic

3 2
Protected b\j SuSY: m2 ~ —m log(A)

¥ 47‘(‘2
V=-—m (HTH) —|—)\(HTH Singlet
ol = (NMSSM-like)
decou?pling limit / o
(H HdLH) W =A¢SH, H, maximized at
: low tan(beta)

A2 K

A\ = ZS (sin 23)*



The Fat HiggS completion

Mg < 0.7 T
W:)\SSHqu { S~ Gu Sca\e

Landau Poles As S22 ~lo X wigg,

(at W‘SO‘H;)

Harnik et. al. hep-Ph/031349; chang et. al. hep-Ph/o405267



The Fat HiggS completion

As S 0. 0
W:ASSHqu{ s 20T GUT Seale
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The Fat HiggS completion

As S 0. T
W:ASSHqu{ s 20T GUT Seale

Landau ?Poles As S22 ~lo X wigg,

(3t wigost) \ )\2

1 “5 (5in 283)? <
Singlet

| comypoSiteness

S

- Wigoft

wedk Scale

Harnik et. al. hep-Ph/031349; chang et. al. hep-Ph/o405267



The Fat Higgs completion

Ag < 0.7 T
W:)\SSHqu { S~ Gu Sca\e

Lawndau Yoles

S

As S 2 ~(0 X Wigog

(31; W\goﬂ;) \ )\2

1 “5 (5in 283)? <

| Singlet (o - ‘ )
comyosSiteness Slimmeyr Fat H\QSS
(V)

S-confining (no XSB):

W05t < A*
(1) Elementary Higgs + Yukawas

- W\
o (no composite quarks)
wedk Scale (“T{) SUSY uwnification
() dualities

Harnik et. al. hep-Ph/031349; chang et. al. hep-Ph/o405267



The Fat Higgs M3ss Problem

“Naive Fat Higes”  “Nnaive Dynamical EwSD”

Protected by SuSY Protected by compositeness
2 2
112 _ msoft fUQ A
’ N '\
~ | ~ (41)°

msg ~ Mg > (125 GeV)? m7g ~ A2 > (125 GeV)?

same problem sawme solutions



YNGD Hig9S

Light higgs as pSeudo-goldstone
(1) extend su(2) to larger gvoup H — H = (H,...)

(1) Protect fvowm yukawa and qauge bredking

SuUSY Fat Hig9S composSite HigqS

Just lower wigye, ? <= coloved Pavtwners vestove g\oba\
Symmetry at My ~ § < A,

SuSY TWIN: TWIN:
SuSY + Exact #, Symmetry - coloved PavtwnersS vestove 3\oba\
GENERATES Symmetvry at A*

dccidental v(4) + Exdct Z, Symmetry



SUSY Twin Sketch...
10'° GeV =——————o  GuT

Amess ———— SUSY bveak’mg wediation

A* S | Singlet

O~ (00
composSiteness (‘ ~| X Wigost)

Wigos = STOPS
loop §actov {
Wsosy — higgs

~ 1/A {
(§3t higqs) _ twin wivvovr

, Pavtners (~%) (+ 3 heavy higgs)
v o1
Csw

tu\vx’mg wedk scale (~v)



Top-dowwn Sketch
o§ SuSY TwiN

Full Model

detdiled construction, higgs wiass, tuning, example model

Yhewno



The (MSSM)* - u(4)

MSSM, MSSMg
(SUB)a x SU(2)a xU(1)4) x (SUB)g x SU(2)g x U(1)B)

Su(z)a ~~

h h?
e (o) (i) + 9

Su(z)y =Y

Z, Symmetric Superpotential

Woay = p(hiyh +hEhG) + AS(hiahi + hEhE) + MsSS
= pH,Hy+ \SH,Hy+ MsSS.

higgSino /

Protection

Singlet ortal ACCIDENTAL Su(4)



Full u(4) Potential

gauge wedidtion?
~

+ Z, S\jW\W\e-l;\r’\c So$t tevyws

Y

Vow = (miy, + 1?)|Hul? + (m3;, + %) |Ha|* — b(HyHa + h.c.) + N*|HyHa|?

¢
)0\
\ f / A o
O
e o8

Z, Symwetric Superpotentia



U(4) Breaking

Quavtic Terms:

2 12
g +g A A B B A B
Vigear = T | (RS = [h3 )2 + (RS712 — [h37 )] + xRS [ + B[ + ...

— —

D-Term Tree Level quavrtic Radiative Quartic frow

(No 0(8) wneeded) toy/sto?




U(4) Breaking

Quavtic Terms:

V. _g+g” 042 04212 0B|2 0B A B
ey = g | (RS2 = 0% + (RSP = [BG° 2]+ oXa(R2* + 12P1) + ...
— s
D-Term Tree Level quavrtic Radiative Quartic frow
(No 0(8) wneeded) toy/sto?
Twin Hiaas
’93’ 77A ) A
Mass Prediction: . B e
A - - :’ - Y G A
9 H ¢ o -
mi o ~ V % mZZ COS(Qﬁ)Z X" K J ~~\ H
v ¥ X X X
(7 =0} ff f




U(4) Breaking

Quavtic Terms:

Vi 92+g,2 042 0A42\2 0B 2 B A B
ey = g (021 = WG P)? + (B2 = 7 P)2] + a1l + BS7 1) + ...
—e e
D-Terw Tree Leve|l Quavrtic Radiative auartic fvom
(No 0(8) wneeded) toy/sto?
Twin HigqS
’99’ 774 A
Mass Prediction: ‘\ B e
HA =-mmp = ol == - A
mso ~ 2 X my cos(23)° X" A s\ H
v f X X X
(720 fofr

Z, bredking n Soft tevms for v/§ tuning:
Vzr = Amyg (|h1? — |hS 1) + Amg (1hG P — [RZ]?).



(Higgs Deczou\’\?\‘(vxs)Z

2 Heavy CP-even,

(ZHDM)Z 2A, 2 H™
m3 + O(N f?)
MmA = Gem)
v Uo M | -
2 B H S
H A2 f% sin”(2)
WB, ZB
m%/v,z X (f/v)2

W, Z

(SM)

2HDM DecOU\?\'\V\S:

' b(Hqu + h.(‘.)
U(4)y x U(4)g = U(4)n

A2 < my

Goldstone Decoupling:

0 0
sin 9 sin &
H, = fsinf vV2i | Hy; = fcosf3 v2f
0 0
= o
COS —= COS —=—
v2f v2f



HiggS Mass cavefully

.« .. .. o\ , 20°
Goldstone Limit: /llé - (INZZ ('()S‘2 203 + —l()/\ul'z 51114 -f) (2 — ;,2 )
/ N TN
D-Term: O(l) IL top/stop: O(I) BONUS factor of 2
2
|L Electroweak: ~10%, Full LL top/stop: ~10%, higher order % :~10%
sofis| p e T vadigtive swall:
45 \avge tan 3
0 vadiative |avge:
35- i
f / swall tan
30 7
tan 5 ;
2.5 U2/f2 — 2/9
20" A=14
: m% = 1.5 TeV

15-

(mg, =mz, Ay =0)




’l'U\V\‘\'V\S

Tuning #i: higgS propevties A~ O 1n(v?/ f?) _ <f2 - 1)

v/§ OAM? 202

Tuning #H2 Separating § from wig,e,
Sto?P contribution

oln(f2)  Smy, &
Af ~ ~

T 0ln(dm?2,)  8Af2
— \avge U(4) Presevving quartic

2

- — 5mHu 2/ £2
combined tuning: A X Av/f ~ D (v7/f° < 1)
U (4)

no v/§ dependence



Tuning comparison

(N)MSSM Twin MSSM
om3; om3;
Amssm ~ ANy, V2 Ao X Av/f ~ BAL (4)V?
e

Set by (25 Gev Higgs A ~ 1/8

Anissm 2Au (4)

2
A, x Ao/ T sin”(26)

Expect factor of 2-10 improvement in tuning! Need:
Large singlet coupling A\
Low tan (8

perturbativity &
Higgs mass




Tuning (cavefully)

;

N Ten £2
N > o0 12
- s
2 2 2 2 2 dlna ‘Amess
:1:={mt~L ,mth,]\/lg,mHu M ,u,ms,}
_ 1
2
V1o 0.2 / £2 2
Ao — Olnv®/f*|m..
T ZQ . Olnx|p.
x:{AmHu,Ade}
A, X Av/f
Compare to suitable NMSSM
dIn v?|
ANMSSM __ Z T Mot
, Olnx|p

:v:{mfi M=

2 2 2
tR’A/IB’mHu 7deau‘ams~}

Amess — loomf

;

b | =

B| =



T um’mS - \—\I%S Mdss

A=14

Tra= 14mA—15Ter 3v,u= OSTeV]

GeV

votentidlly

would be better to live

heve

~TeV

h’\%S'\V\OS

20+

A=14
stops and higgsinos

0.4%

0.6%

30 35 40 45 50

;ﬁo mz, (TeV)

whole vange out of veach of LHci4
fov split Spectvuwm



Tuning - compavison

NMSSM O\ = 0.6) vS. Twin MSSM (\ = 1.4)

2025 Ty Ty 1

Bettevr veldtive

1.5+

S
= 10
i L
05
* higgS wmass
!

15 20 2. . . . 5 50 .
1

~10% tuning at | TeV
~3% tuning at 2 TeV

tuning Sov heavy
—— sto?P because o§ low tan 3

v

can improve tuning at low

wasses with non-minimal




A (TeV)

Tuning - 'Pevtwbat’\v'\t\j

How |arge can Singlet coupling be?

O T T T
! 4 —
Singlet Landau pole
before messenger scale
1.5 --------------
O fom
0.5F

tanf

To? Yukawa Landau pole before GUT Scale

Tension with
scale of S'\V\g\et completion

A\ = 15, Asinglet ~ 100mt
A= 20, Asinglet ~ 1Omt1

Tension with

gauge coupling unification
tan 8 2 2.0



How wuch do we win?

Exawple Point: mz, = 2 TeV 1 ="700 GeV

tuning
NMSSM 0.5%
Twin MSSM
wminimal higgs wass, X314
tan(beta)~4 \ambda~1.4
low tan(beta
ow tan(beta) X6 39 %
|ambda~z (low scale completion) .
toP yukawa |andau pole x
X 10 ~5% .

|1ambda~2 (low Scale completion)

supevconformal technitwin? X 4pij



TopP-doww Sketch
of SuSY TWIN

Full Model

Yhewno

EWPT, couplings, tnwisible width, di-higgs



HiggS couplings

coupling to SM states

TWin mixing A-Sectovr SuSY wmixing

Ci = Ghii / Ghgpyiis /

cy ~ 1-— QL_fQ = 87:22‘; sin?(43) +
A
¢, ~ 1— L—Q - QmZ cos? B cos(23) +
T QfQ A el /
2 2m
c,b=cr ~ 1— QL—fQ — 7:22 sin? 3 cos(23) +
A

coupling to wvisible (b-sectov) states

1-4

3

= :‘Jcrsto
ot H\:I\

2)3/2

Invisible width limited b\j divect seavches + total cvoss Section

['(h — bgbg) ~ I'(h — invis.) ~ T'(h — bb) tan®(v/f) (
1-4

m

ol V)



coupling limits

95% CL Combined Fit, ATLAS+CMS(+PEWK)

1000_
IR electroweak S |
9

700

f (GeV)

HE .
-~ -
M

T i i r

" * ' ' '
- “ . . .
B ' ' '
b
-
e ! 1
-~

f ~ 800 GeV
(safe)

— [~ 500 GeV
(tension)

wvisible

| 100\

\itits also apply
t0 composSite

+win wodels



Hea\/\j Twin H‘\'%S

2 Heavy CP-even,
2A, 2 H™

m% + O(A\° f?)

\ -2 TeV

(too heavy)
H° l l A2 2 sin?(2)
w?e, z5
m%/v,z X (f/v)?
\/
W, Z

H— WBw?B zBz5B

o x BR(hh) ~ 10 — 500fb

(mp = 1000 GeV)

8 TeV Results!

CMS-PAS-HIG-13-025

Brxo [pb)

(mg = 500 GeV)



H1gqS Phewo SU\W\W\QY\j

HiggS coupPling wmeasurements constvain

2

72~ < 1/4 (~1/10 for comfort / LHC [4)

Heavy higgS c\’\—H’\%S deca\) sensitive +0 ~| TeVv

- natuval scale Sov toyp

now: SM higgS wass
Pavtners ~ 700 Gev

twin hedvy higgs wass

oSt-
YOS + - natuval scale fov top

LHCI4?: ~ 2T
02/]02 COM?\’\V\gs Yavtwnevrs ~ 2 Tev
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Why SUSY the Twin? Why Twin the SuSY?

(compare to composSite & low energy orbifold)
+ MSSM-like unification + Reduce tuning by X 5~(o

+ Natuval uv completion for + BooSt HiggS wass

*pertuvrbative* |ineayr Sigwma

+ heavy higgsinos
—> Wntevesting higgS Phewno

+ calculable: \ / + applicable

EWPT NA’I'U’RALNESS to wmany wmodels
Flavor /
Higgs Mass

+ Accidental global symmetry

+ NO wixed A-9 States



Thanks!



Back-up



Cosmology - Relativistic DOF

BBN + CM B: ANeff SJ 0.5 Light B-sector quarks and leptons removed

with asymmetric Yukawas, but
TAx_p eq ™ 0.1 — 1 GeV neutrinos+gluons+photons give ~|.4 DOF

Option |: Low asymmetric reheat
(successful BBN possible)

Option 2: Splitting between QCD phase transition

TSCD < TA—B,eq < T(§CD

Option 3: Entropy production in QCD phase transition
N(¢") # N(¢”)



Singlet UV completion?

“Slim Fat Higgs”
only singlet composite
SM charged states only

enter in complete
multiplets

S. Chang et. al., arXiv:hep-ph/0405267

SU(N. + 3)
j\rf — 1'\;'(_‘ -+ 14

Interacting Coulomb

M

SU(N.,)
1'\rf — 1'\rc -+ 11
Free Electric

M T

SU(N,)
.l‘\rf — 4'\'1- -+ 5

Interacting Coulomb

1"[ D

SU(N,)
.1'\rf — 1'\rc -+ 1
S-Confining



