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Twin Higgs

( Higgs 3S PNGB of approximate Su(4) )

Necessary ingredients:

_ Su(%)’ P Su(z)’ X u(l)’
(1) twin sector — copy of the SM —— v’ (twin Higgs)

t' b etc-
both wwatter and gauge intevactions

—V 9“3 9-

(11) Zo symmetry between twin and SM sectors
~a \j-bz ‘7.;; etc---

wmakes couplings in both sectovs equal
(1) Higgs quadratic term satisfies an accidental SU (4)
global symmetry due to Z-

the Higgs particle we have obsevved 1S
vealised 3s 3 PSeudo-Nambu-Goldstone
boson of the approximate Su(4)



* Tree-level Higgs scalar potential (fully SU(4)-symmetric):

8 veal dof o
\\_y @ = <:> transforwms 3as fundamental of global Su(4)

V;f'ree(q)) — _quﬂq) -+ )\((I)T(I))Q
=~ (H + |H?)

MH[ + [H'| + 2| H 2| )

SU(4)-nvariant quavtic

= (o) = (HP) + (P = 5 = (L)



* Tree-level Higgs scalar potential (fully SU(4)-symmetric)

§ veal do§
Ny ¢ = (:,) transforms 3as fundamental of global Su(4)

V;free(q)) — —WQCI)T(I) -+ )\((I)T(I))Q
= —m?*(|H|* +|H'|?)

NH|+ | H'|* + 2| HIP H' )

SU(4)-TWariant quartic

= (o) = (HP)+ (B = 57 = ()
—

Su(4)—» Su(3) =P 7 Goldstone bosowns

( vather: o(8)—»0(7) ) \_,y_: edten b\j Su(2)
3 eaten by Su(2)’

2 uneaten scalars: | le§t: the Higgs we've seen

- Goldstone m? =0

( ’ r2 2
- ‘Normal M= =2\f



o SU(4)-breaking quartic (generated at 1-loop):

:\‘ *' g \‘“% ’ \:, Yukawa and gduge
J | £ wwtevactions
e . s’ . break Su(4)

SU(4)-breaking
¥ quartic

swall wass for the
Pseudo-Goldstone ')

2 mZ _ 5f2
> R =P~ () 4 e o



But, cruaially:

3%2 9 9 3%’52 20 71712 3%? 9 9
= SV ~ A2 H A H'|? = A2 (|H H'|?

1672 T T L—fi
[

Sensitivity of the quadvatic tevm i the potential
+to the cuto§§ scale 1§ Su(4—)—s\ijw\e-l;\r’\c!

k._y Radiative covvections to the quadvatic piece don't
aSfect the wass of the pseudo-Goldstowne

The vev § gets Pulled up: cuto§§ ~ 5-1o0 Tev



Pavtwners of SM pavticles
(twins) that stabilise the
weak Scdle dave wot chavged

under SM group

~—_m 107 Pavtner not colouvred
S very wuch unlike SuSY



o SU(4)-breaking quartic (generated at 1-loop):

\:“" - oS ) \:’ Yukawa and qauge
ﬂ | £ U 4249
ﬁ | wtevactions

f,’ S f"‘f’ S break SU(4')

Su(4)-bredking
Y quavtic

. This is experimentdlly vuled out.
The HiggS we have observed doesn't
have ’B’R(fﬁ-—=> wwisible) = bods



« SU(4)-breaking quartic (generated at 1-loop):

- Vs = 4
LN Ve LN Vs
S T )
o L |+ Yukawa and gauge
ﬂ wtevdctions
s’ S pad RS break Su(4)

Su(4)-bredking
¥ quartic

Z, wust be broken
3 to 3llow fov
" difSevent vev's




» 7o symmetry must be broken (we will be agnostic about
breaking mechanism): Z, bredking

~ term




» 7o symmetry must be broken (we will be agnostic about
breaking mechanism): 2, breaking

This iS wheve the tuning in the Twin Higgs
~P wmechanism 3rises: need to tune Size of
Z, breaking tevwm to get vight vev!




Mass eigenvalues and eigenstates are now given by

h — VYo —sin( 2w
B2 g2 h—cos<f>h sm<f>h

M? =2\ f? H = cos (%) h’+sin<%>h



Mass eigenvalues and eigenstates are now given by

o ST =
;:‘
> A
-
5 coe

couplings to | Isib\e sectov

wodified b\j a §actov coS(%)

cou?\’\wgs to tw’m sectov
suppressed by a factor s’m(-%)

Two very important features of Twin Higgs models:

* Higgs portal
~3 Intevractions between visible and twin Sectovr only thvough the Higgs

* Collider signatures

Q Twins not produced very wiuch 3t LHC - the\j ave SM wneutvall
HigqS cou?\’ma weasurements should deviate Srom SM prediction

Nown-zevo Higgs wvisible width



N. Craig et al.

Fraternal Twin Higgs [

( Minimal implementation of Twin H1ggS wmechanisw )

Minimum necessary ingredientsz

(1) twin SU(2) with twin A’ in the fundamental

( 3t the heart of the Twin Higgs mechaniswm)
) )
_y &, t,
—P bZR, L' (anowmaly cancellation)

1) partial twin 3rd generation
( ) P S \ﬂH leptons optional

(111) couplings 1n the two sectors similar to a high degree

= (1v) twin SU(3) gauge group.

N

e SO that vunning o§
+0?P Yukawas 1§ Similar



* How similar do the couplings need to be?

- Top Yukawas:

ye(A) — (D)
Yt (A)

- SU(2) couplings:
g2 (A) — g2(A)

g2(A)

g5(A) — g3(A)
g3 (A)

(e.q. Sov 3 5 Tev cutof¥)

the two yukawas
wust be equal
N within (9 |

4 SU(3) couplings (feeds into running of ;):

<0.15

- other Yukawa couplings allowed to differ from SM
(as long as yy, Y/, Yo K yp = 1).



« Twin SU(3) qcp(GeV)

015

- less /twm qt.larks 010 ” :
= g5 coupling runs |
quicker to large 0.05— "
values 1n the IR. 395 o,

Twin SU(3) confinement gs3 i
Scdle /\,acp \S b’t%e\r ’ -0.05

- no light pions 1n —0.10m! *
the twin sector P 5]
(regardless of my): 1 2 y /yz 4 5
there 1s only one ’ /
generation of quarks. (for A =5 TeV, = = 3)

v

NO Vouy Sywimetyry 1
flavour sy try s N. Craig et al. (hep-ph/1501.05310)

vecovered v the limit wipy—po |



N. Craig et al. (hep-ph/1501.05310)

Collider signatures/constraints:

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

. 047
- twins not very ~
produced at LHC
o . 0.3
- deviations from Higgs -
coupling measurements. 2
= flvz3 1 02
. . . . g
- Higgs invisible width. =
consStrainsg twin Yukawas aa
(other than v’ )
- Twin glueball/ |
. 00
quarkonium 0.0

(for mo < 40 GeV, Agep S 6 GeV)

o++ i,‘\

—— X — -‘\4 To++ ~ 10 cm (



° IGG, RL, JMR (hep-
Twin WIMPs BN

( most natural DM candidates w 3 Fraterndl Twin HiggS Scenavio )
Simplest possibility:

* First, we assume no asymmetry in the twin sector

P §inal abundance determined puvely by annihilation cross Section

e Heavy quark limit (m» > Agep), naturally the case for
Yo = yp and f/v >3 (= my = 15 GeV)

global: U(1) g, U(1),U(1)q
discrete: C’, P’ broken; CP’ may be conserved.

focus on this case but wtereSting
things can potentially occuv 1§ P’ '

1S brokewn

* Symmetries



e Natural Dark Matter candidates:
- Lepton sector:
',V (assume m,, < m, for simplicity)

Since mw: = g5 f/2 2 240 GeV, both twin leptons are
naturally stable

K\» automatic DM candidates

evades Higqs Wvisible width constraints

We take
{ My = mp/2 =7

Ty, >

Y

myp/2 or massless.
\\V Ness Within bounds



e Natural Dark Matter candidates:
- Strong sector:

Twin baryon A’ ~ b'0'b" 1s the lightest state with B’ = 0 but
't annihilation to twin gluons is very efficient

= A’ 1irrelevant as DM candidate unless my = 1 TeV.

vevry bad level| o§ tuning - ¢ J
wovse thawn 0.5 9/,

Very interesting glueball sector: lightest glueball 1s scalar.

v Plays 3 big vole tw ndivect detection



e Natural Dark Matter candidates:

- Strong sector:

Twin baryon A’ ~ b'0'b" 1s the lightest state with B’ = 0 but
't annihilation to twin gluons is very efficient

= A’ 1irrelevant as DM candidate unless my = 1 TeV.

vevry bad level of tuning - ¢ J
wovse thawn o5 4/,

Very interesting glueball sector: lightest glueball 1s scalar

\‘-‘V Plays 3 big vole tw ndivect detection



Comment on SU(3)’ phase transition. R

@
S
- 1 flavour QCD: N =2 /ﬂ
o |
expect smooth A ~ 8 Aé;)CD
crossover for masses j
up to ~ 8Aqcp
smooth
: crossover =z
|
Ny =3 —

st

TNy 11 o0



Comment on SU(3)’ phase transition.

no non-equilibvium dynamics

Ny =2
smooth 7
s crossover =z
|
Ny =3 -
st




* Comment on SU(3)  phase transition.

no non-equilibvium dynamics

- 1 flavour QCD: N, =9
P . f
‘Or TNasses j
smooth !
K crossover =

|

- even 1f we go above N F=39 —_

~ 8Aqcp, the phase N

transition 1s weakly 1st 1

order, with neghgible 'St

entropy production



» why weakly first order?

Consider pure SU(3) phase transition. Most recent &
detailed lattice studies tell us following facts

T.~1.96 A M(:g / “Cormal’ Tc (equal fvee energy densities
0§ confined and plaswma phases)

o ~ (),()155')Té3 bubble wall surface tension (swall)

p1, = 1.4Tél latent heat

We care about amount of supercooling of actual transition in
expanding universe

Tnuc — ( — 5)TC



A bubble of the confined phase can expand if the pressure

ditference A P between phases overcomes surface tension
AP = Pconf (T) — Pplas (T) ~ —0 Tc(Sconf (T ) Splas( )) — 5,0L

This happens for bubbles of size greater than critical
20
AP
The free energy to temperature ratio of such a critical bubble 1s
AF, 167 o3
T 3 piT.

R, =

072 ~3x 107252

Nucleation in an expanding universe happens when

T = o\ m




Thus nucleation occurs after a very small amount of
supercooling and nucleations quickly become very ethicient

[for 6 ~ 100,,,. have exp(—AF./T) ~ O(1) ]

But latent heat of nucleations bheats surrounding plasma back up

to T.unless heat capacity of supercooled unconfined phase

just below T, very large (lattice studies indicate not, but

relatively poorly determined)

Bubbles stop expanding apart frow sSlow quasi-

~ equilibrium growth with Hubble (Phase sepavation
dynamics with tiny gravity wave Signals)

In any case the entropy production 1s bounded and small

52 A 5nuc
1077 ~ nuclL < i < few X 4'0L ~ 1073

I T T T




* Comment on SU(3)  phase transition.

no non-equilibvium dynamics

smooth

( we are typically .
W that regime ) ~

crossover |-
Ny =3 —

- even 1f we go above
~ 8Aqep, the phase
transition 1s weakly 1st

order, with neghgible

entropy productlon B

' c\\\u«t\ovx of re@

B =




e Twin 7 Dark Matter:

- Annihilation
cross section:

mp = 15 GeV

— flv=3
e fy=35
e flv=4
mee fly =5

L
[ -~y
b - bl ]
- ....----

IGG, RL, JMR (hep-ph/1505.07109)



e Twin 7 Dark Matter:

- Annihilation
cross section:

10,‘ 7]
: mp = 15 GeV
L I“
8+ \ .
: AN — f/v=3
L » \
i --- f/v=35
6,
QT/ I
QDM 4+
Higgs
2 width HE e | 4
- r‘:‘?\z«’v - RO ] \j'[’ .?
0L .\ VY S T———eele |
20

m., (GeV) IGG, RL, JMR (hep-ph/1505.07109)



Similar work dowe by
Nathawniel cvrdig &

4 Andrey katz:

“The Fraternal wiM?P Mivacle”

hep-Ph/(505 07113



e Twin 7 Dark Matter:

- Direct Detection:

purely Higgs portal.

SM wnuclet

1074

10—47

IGG, RL, JMR (hep-ph/1505.07109)

-
| // 4
= ]
L 3 i
B 00 ]
- 20% @ *-. (0% i
e/ e :
= _
3 / |
> 6 ®~__
< . 11
- % 9 \\.\ n
i == e, 15
- [LUX 300 live—days] 1:’//’ 1
I [9/o ]
* my = 15GeV|
50 100 500

(P (GGV)



e Twin T Dark Matter: IGG, RL, JMR (hep-ph/1505.07109)

1074

- Direct Detection:

purely Higgs portal.

LUX projected

1079 i
0>} |
cm? |

10746 -

I [LUX 300 live—dast
I LZ projected
Sev\s—‘-t“-v"'t\j! mpg = 15 GeV
10_47 B | \ | L ]
SM wvucle 50 100 500

(P (GGV)



o Multicomponent Dark
Matter 1s a very natural

possibility

-if my ~my =7, DM

2-comyonent DM Scewnadvio
very Similav to
Single-component case

( wot very exciting--- )



o Multicomponent Dark
Matter 1s a very natural

possibility

-if my ~my =7, DM

2-component DM Scenario 0O |
tota

very Swilar to O
DM
Single-component case

( wot very exciting--- )
-~ if mT/ —I— m’// Z mW/
= 7',/ , W™ DM

\

3-component Scenavio

IGG, RL, JMR (hep-ph/1505.07109)

Sr ;
’ : mp=15 GeV| |
2% .
, P 10%| mer=my i~ 0.55 my | 4
4 [ ; 5% [} -
i . 1%
P 82T s
| i e gh=llg ;
3 P : , : i
P e gh =09 g :
£ : g g P
= ; 4
& E A
1 V4 1 ¢
L .2‘0 E ’/' E ,/,
2r & (i~ 745 GeV) oA
L E ’,o, ,,/ E """""
. ’ A
1 '/' ,’ ’o' 1
: ,, ,, ," :
[ P P4 * L]
. Rl 7 .
: ,o, ,’, '''' :
| -=———— e g ————— 4=== -
: '/' ’¢’ ‘¢¢' \ :
1 e - . 1
' "o”¢ ““““ :
R ttent / [mwvz 920 Gev]:
PR Pc '
, ezzETE T [y 840 GeV] :
O MF‘.F - - R e S B - TR
2 4 6 10 12 14

8
f/v
Though tuning 1S bad---

(13rge §/v needed)



Twin glueballs: in the heavy quark limit, lightest twin
strong-sector states are glueballs.

- lightest twin glueball: V;;?Z (2):_ B
If 07" — 'V not allowed T e 3+ =
kinematically, decay happens | O
mostly to SM states. 2:

. L

/ .o
. - =S e —— _
o++ * ’v“ \ )’Pcb




Twin glueballs: in the heavy quark limit, lightest twin
strong-sector states are glueballs

W\QSS A 0t—

- lightest twin glueball:
If 07 — vb not allowed

kinematically, decay happens
mostly to SM states

*“%7’“4
o++ h \

- if there are no light states in the twin sector, two other

glueballs become interesting: 0=+ and 17~

—c

Potentidlly very lowng lived !

0~" may be cosmologically stable very Lv-dependent
. . ey —deyendewn
17~ lifetime depends strongly on Afqp. ’ ?



~7 Twin |
| fragmentation
| Yvocess |

Very wes3y yrocess -
nobody understands lots of diffevent
twin 9\ueba\\s



Very wessy yvocess \—14

Glueballs will finally decay... twin glueballs
- quickly to 07 plus v'v/' pairs if m, =0

- some metastable states might hang around 1if there are no
hght twins ( \ate decaxjs wmight Provide Striking Signatuves ()

- 07t will decay mostly to bb = strongest constraints come

from antiproton injection and gamma rays
\ seewsS $ine with cuvvent bounds but better
understanding of twin fragmentation wneeded



Relativistic DOF?

You might be worried that with light dof in twin sector we have
too large changes to Negr (as SM-Twin sectors weakly coupled via
Higgs portal)

Even if glueball decay rate to light twin dof >> glueball rate to SM
as long as glueball rate to SM >> H then re-equilibriate after

twin-QCD PT. Requires Agcp > 2.5 GeV it t/v~3

7 4 |
Lo on = 1077V ( = ) (750 GeV) 1.00+
7GeV f OSO: PsM
T \?° :
H~10"%V i
0 “e (GeV) o 0.20
Prot 0.10-

f Jo
AN,¢p > 0.075 ) \

0102 — e e e |
( vvinimumw Possible Srowm

Single light twin neutrino ) 0.1 02 05 10 20 50 100 200
I_‘G—>SM/I_IC




. . IGG, RL, JMR
Twin Asymmetric DM S
1505.07410)

e Asymmetric DM: tries to explain why Qpym/Qbaryon = 5
by assuming a non-zero asymmetry in the DM sector.

)bmM _ mpm DM

Qbauryon M N Tlbaryon

A model with mpm ~ my and |npm| ~ [9baryon| naturally
explains the O(1) ratio of energy densities.

ImPortant that Symwmetric component annihilates very efficiently,
So that §nal DM abundance is wmostly set by the asymmetry



* Twin Baryon Asymmetric DM:

- We consider the case where only the twin baryon A" ~ b0t/
i1s affected by the asymmetry, which can be achieved if
npr =~ —1Q’ # 0 and My = 0.

- Concentrate on light quark limit: my < Aqep =
twin hadron masses set by Aycp and spectrum of
quarkonia 1s lighter than glueballs.

N with my =~ 2Aq0p /JV?SW\C\OSC&\QY

X with mg ~ 3AQcp ——p scalar
A’ with mar & 50hp ~ O(1 — 10) GeV



Twin Baryon Asymmetric DM:

- We consider the case where only the twin baryon A" ~ b0/
i1s affected by the asymmetry, which can be achieved if
np ~ —1Q’ # 0 and My = 0.

- Concentrate on light quark limit: my < Aqep =
twin hadron masses set by Aycp and spectrum of
quarkonia 1s lighter than glueballs.

N with ms; =~ 2A5cp /)V?Seudosca\av

/

1’ with ma:r =~ 5A/QCD ~ (9(1 _ 10) @

attractive ADM wass that is Set

b\j twin conSinement scale



e Direct Detection:

Scattering off SM nucleil happens via Higgs portal.

HiggS exchange: TWin S\U\eba\\/wxesovx + H1ggS wmiXing:

SM wnuclet SM wnuclet

‘g unknown coupling: vequives
dedicated |attice Stud\j

4 mas fa



e Direct Detection:

Scattering off SM nucleil happens via Higgs portal.

HiggS exchange: TWin S\U\eba\\/wxesovx + H1ggS wmiXing:

It 1S uncleadr
which 18 the
dominant process

SM wnuclet SM wnuclet

@ unknown coupling: requives
dedicated |attice Study

4 mas fa



IGG, RL, JMR (hep-ph/1505.07410)

144 | excluded

neutvrino Sloor -

—
.}\‘
| I B

10_45§ LUX =
= fly=3 o
) . i TWin wvmeson
107 exchavxse
dowminates
o 47
— 107
cm

(\)
T T TTTTTT

L N

10~ HiggS exchange

| \‘(\HH

domingtes

b\

10—+

10—50

(twin baryon - twin meson
coupling: A = 47 )



* Natural modification: gauged U(1)’

u?hys“cs changes 3 lot
- Neutrality of the Universe under twin electromagnetic

charge requires g =0

= Asymmetric population of A’ needs to be
compensated by an equal population of 7/

- A’ - 7/ form bound states

In §3ct, they'd better Sorm
atoms: DM n P1aswma forwm 1S
very constrained §rom plasma

nstability effects




e Constraints on Twin Atom DM:

. L IGG, RL, JMR (hep-ph/1505.07410)
- Sufficient recombination

So that theve 1S 1F

|“ttle ?\QSW\Q \e‘}-l; (self interactions] R=10

- DM self-interactions
101 ¢

(recombination}

/
@

In the allowed region
of parameter space, 02
annihilation of the 7
symmetric components

happen very efficiently

(even for hight 7') 10731 e
mﬁ(GeV)



e Direct Detection:

- Via Higgs portal interactions, very similar to twin

baryon DM



Direct Detection:

- Via Higgs portal interactions, very similar to twin

baryon DM

Kinetic Mixing:

Twin and visible sector photons are massless and 1t 1s
possible to have a term

€ 128 nl
LD §F“ F,,

= twins pick up charges ~ e’ , but atoms are neutral
and have zero electric dipole moments
wagnetic dipole viowents will provide the \ead’mg constvraint
Moreover, radiative contributions to ¢ absent up to 3

loop order: at most, expect € ~ O(1077)
Seems totdlly Ok with curvent bouwnds



Twin Nuclear DM?

In just 3rd generation case don't form significant di-B and beyond as
even with photon present the radiative capture rate too slow (both M1
and E1 processes zero by fact that B 1s only (semi-)stable nucleon)

Can get twin nuclear DM — possibly with large nucleon number A
if turn back on 2nd generation with now both “p” and “n” like
states (if mp>m, so that p eventually decays to n + twin leptons no
Coulomb barrier at large A, and no dark atoms either)



Twin Nuclear DM

Comment: Get all the attractiveness of ADM with mp = 5GeV without having
halo DM states actually at mass 5GeV. They can have much bigger mass
Ax5GeV with baryon number A (potentially changes DD region/pheno a lot)

Q_X — Nx mx This would still be true with
() nB mMB nx = NB

Note: example of davrk-Sector BBN vesult $ov nuwmber dist w
(dn/dR) / fm™

001+
10—4 L

10—6 L

! ! ! ! ! ! R/fm
10 15 20 30 50 70



Twin Nuclear DM

If get through bottleneck region at small A
number then can potentially build up large
nuclel. Interesting case for us 1s A~10

Such large-A, and thus spatially
extended, dark nuclei have effective
coherent enhancement of DD cross
section by A? (but more massive by A)

Can effectively move DD signal to higher

mass and cross section even if mp=5GeV

10-44 L

10—45 L

10746 -

10—47 L

| | \ \ | |
10 20 50 100 200 500



Twin Dark Matter

cowmments

whewn you twin the SM theve are (U\vxsuv?visiwg\\j) a hu\se range of
Possibilities fov stable states with vich dynamics (vaviety of WIM?P’s
but 31so nucleon DM atowmic DM wucledr DM weson DM SPin | DM ---)

n widny Pavts of Pavaweter space the DM 1S 3 wulti-component
cocktdil. Sub-dowminant parts can be interesting (halo dynamics, |ate
decays &% BBN, Spectvuwm of States n divect ov indivect detectiown,
welasticity, .- )

HigqS povtal gives defnite and very intevesting pPredictions Sov DD and
\D s’\gwa\s even tn moSt miniwmal vanilla cases



* Theories based on the Twin Higgs

mechanism have very rich physics

K even vichey as soow as you add wove gevxe\ra-l;’\ovxs

e.g. M. Faring hep-ph/(506.03520
GG RL IMR---

/ UV com?pletion

* Lots of things left to do e\-;? twin hadvonisation

. bettevr U\V\de\(S-l;a\ndTV\S of twin

Phase tvansition
‘??? oo




