The Standard Model
and (some of) its extensions

R. Barbieri
GGI, Florence, January 9-27, 2017

III. Minimal Mirror Twin Higgs



The (historical) Mirror World

LMW p— £321(gi,yf, )\,mH) —+ ’Cé’Z’l’(gi’ayf’y )\/’mH’)

N = A, My = M, gir = g, Yr = Yt
3 motivations:

1. Restore space parity Lee. Yang 1956
ee, Yang

Kobzarev, Okun, Pomeranchuk 1966

2. Mirror baryons, as DM, may explain comparable €2p and 2ps
Blinnikov, Khlopov 1982

3. Make the Higgs a (quasi) Goldstone boson: Twin Higgs

Chacko, Goh, Harnik 2005



Restoring space parity
Introduce:
SU321 : (A?laHafLafR) SUéQl : (Az/aHlafiafjl?)

and require that Lsar + L, be invariant under

Jr < Wo(f/L)Ca Jr < VO(ffz)c [fL — WofR]
H «— H/, AZ > A%’
Need:

/ / / %
mH:mH/, )\:A, 93’271 :g3’271, Y:Y



Comparable Qpy and Q5
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ppym = Myny, pp = Myny

Why ny/ny, ~ M, /My if they are all
independent quantities?



Twin Higgs

Lru = L321(9i,Ygs Ay ma) + Lo (g, yp, N ompr) + 2" H HH'TH'

and take A=)\ = )" so that
V(H,H) — V(H), |H|*=|H]?+|H'|*is SO(8)-symmetric

: ©,
V(H): SOR) — SO(7) =7 PGBs, SU(2) xU(1) - U(1).,,
+ SU(2) x U(1) unbroken and 1 massless Higgs doublet



3 problems

1. Where is the Dark/Mirror radiation?

V', V' = ANgyy (bounded by Planck)

2. QDM ~ QB , SO not QDM(: QB/) — QB
as expected in an exactly mirror world

3. Some breaking of the mirror symmetry needed
toget <H>=v < <H >=v , where

h = cosOH + sinfH' the observed Higgs boson
h' = —sinfH + cosH' a heavier Higgs boson

tanf ~ 3, (hence bounded from above)
(9



Minimizing the Higgs potential

V(Ha H,) — VSO(S)—inv -+ VZg—inv + VZg—brok:en
Vso(s)—inv = m°[H|? + AH|?
VZg—infU — 5>\(‘H‘4 + ‘H/‘4) VZQ—broken — 5m2‘H’2

Minimizing the potential for  d\ << X, dm® << m?

2 /2 2
/2 /2 m 2 o9 U om
v < H > 3 vt =< H > 5 ( 25}\?},2)
2 2 2 2
m:, = 4\’ m: = 80\v @
h' = sgh + coh’ h = cgh — sgh’

v
tan @ = —
v



Fine tuning in the MTHW

2 12 2
12 ! 2 m 2 2 U om
V=< H >= ——— v =< H >= —(1 —
2\ 2 ( 25)\”0’2)
need to fine tune v’ (or Mmu ) and v /v’
g 1w _omb _ 3 gy
vV dlog dm2 2 02 hns ms, 472 ms3,

Insist that Amh, <]1= ATH Sj 3.0 my,
how does one compare it with the SM?

A, = 5 Vil Bt _ 1Asm Ay
"h 42 (mfM)? Apsv 2 Arg Ay,

A considerable gain for Arg 21 >> Agy =~ 0.1
_ dlogv? ~ 10"
" dlogdm?2 T 2 0?2

The only fine tuning in A,/



The MTHW spectrum

bosons fermions
A A
' == Arm ? Argr
R —— 2V ¢ Yy’
A gv' /N2
(V)
L —4—  9v2%5w ¢ vt
W,z == gv/V2 ;)
l
q,
) a1
Y =1 g

Physics at A7 (SUSY, composite, extra-dim.s, etc.?)
affects my (1 TeV?) but not my,



Towards solving the Dark Radiation problem

Standard Big Bang

A

oy 3-2-7/8 T,

~ 0.68
Py 2 (T’y)

B, Hall, Gregoire 2005

Mirror World
f A
f/
>
f h h f/
T, q,l, g
N
Y, v v,V




Towards solving the Dark Radiation problem

Standard Big Bang

A 1. At 1y =~ 1 MeV neutrinos decouple
pv  3-2-7/8
P 2
1y .
2. At T' =~ m, electrons and positrons
€ disappear while in equilibrium with
ol y»  photons only
3. From entropy conservation TS, g(>me) =T2,, g(< me)
T>me :Ty, g(> me) :2+7/2 T<me :T,y, g(< me) =2

= RS B A



Towards solving the Dark Radiation problem

A Mirror World A
/ l/ /
T, q,t,4
q,l, 9
v,V v,V

AN ., — P gl (Ta)/g.)4/3 & heating of mirror rad
eff — —|now — 7 VYL
P 52(9(Ta)/9(T7))

S heating of SM neutrinos

g(T),¢' (T) = effective d.o.f. of the SM and of the MW at T}

g, = effective d.o.f. of the Mirror radiation now

7 7
g(T5)22’7+§23‘V+§4‘6i = 10.75



A careful definition of ¢(T)

For any particle A (m4,n%’) in equilibrium

1.0}

7 45 pa(T) +pa(T) |
9a(T) = 9.2 T4 0.8]

“5 0.6}

g(T) =) ga(T) = 0.4f

4 02]

0.0}
do 00 1/2

pa(T) = ”Af/ prap M)

212 o exp(E/T)+1

do 00 3/2
pa(T) = "4 [ aptl )
ma  exp(E/T)+1



Consider only +/, ¢, /., 7" with me v = (V' /v)me pr
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Ty GeV
can reach the 1o bound only at v’ /v > 40!

Need to push up m¢ = ypv' by Yukawa couplings as well



A (the only) common solution
Minimal Mirror Twin Higgs

B, Hall, Gregoire 2005
B, Hall, Harigaya 2016

Yr =Y = 1
Ygpr£tr > (33) Yft

as in a Froggatt-Nielsen ) f £ 1
picture of flavour N <
p f / h h/ f/
yrze = (@/M)Y ypze = (¢ /M) ¥
1, q,
Yy ~ 1 yp ~ 1 z
with q,!l
<> > <¢> v,V ~ L
from the same source of 7, -breaking
_ 2 17+ 2 Ny > 1 v,
AV = Am*’HTH Am? oy o yp (A A = 2 —om,



Constraints on vr of the light f

. N ¢/ 1
1. Require that Am?|yu ~ Z 8752 y]%, (A) A* ~ Z(%fm%
f#t
Z Nf’ m2 N (100 GeV)2 ”U//’U 4 5 TeV 2
= \ 303 A 3 A
2. Respect bounds on Higgs decays
v . -
h = cosOH + sinfH'’ tanf ~ o h — LS M, f/f/
o (pp —igm) )
ilisnr) = aSM(pp — ignr) = p = cos0(L = Brin) @
. I 3 ! Nf’ Myr oc 92
Bripe = Br(h — f'F) ~ 0.1 x <v’/v) 3 T (Toee) 07

f/,sz/ <mp
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To deal with the remaining freedom in the mg

affect (and are constrained by) Am?

mh/2

determine (and are constrained by) B7n.

Allow N4 and IN_ to move, while keeping the sum fixed
N, +N_=5-3+3=18



Program

1. At various m_ and N_ calculate T, and see if
AN,.s¢ can be made consistent with Planck

This needs to compare T; with T

In zero-flavour QCD goop(T), starting from the perturbative
value of 16, sharply drops near 0 at T ~ T,

AN rr = Py’ v’ | _ g;(g/(Td)/g;)Ll/g
i T2(g(Ta)/g(T}))°
hence require T,; < T/

2. If 1 passed, look at observable consequences



Towards computing 7" : an example

Take My = Mg = Mg = Mo = My = M

1. Start at a common scale my = y,v' where ag = a8, = ag(y:v')
1 1 yiv' Ytv
= — —bglo — b= lo
agmy) ol e g oo )* — bs log( Z)
1 1 TV M?
= — —b:lo — bp log(——
as(@) ag  oioslr )T boloelyy)
2
2. Define — b1 d and eliminate o
as(@) - sz ) s
AQCD’ 9 1 b6 — b5 b() — b5 M 9
lo = — + log & + log(——
1 M
pocr =1 Gy Gy ()
f mz

At ¢q=0O(GeV) << M QCD'is pure gluonic



Mirror QCD phase transition temperature
From 2 loop running and pure SU(3) Yang-Mills on the lattice

Brin, =0.02 0.05 0.1

3.0 TECES RRARRSAS / ..... / ........ :
25F 4 ¥ / ¢ \
[ ] p < 0.75
% [ 3 Z
D 2_0:/0/‘ i
1.5i/1//
' 0 V'/v=3
1.0;// A=3TeV
4 6 8 10 12 14 16 18
mq | GeV

N4 = number of degenerate ¢’ with mass above my, /2

and determined from Am%

m, = mass of degenerate (5 — N.) ¢
and consistent with p 2 0.75



Calculating the decoupling temperature
the main mechanism that maintains coupling between SM and MW
N o e
; /"'fi'x'h""< E ( /" — fJ less important)

assume dynamics of f’ in thermal bath as free fermions
(a posteriori, considering f’ inside quarkonia’, gives similar results)

d — _
Ep’ o ZNf’nF(mf’yT)20'U(f/f/ — ff) X me/ @

f
Nf my 2 v g 2 (mf, mf)3/2 2, ~ 3m /T 2
(f f — ff) Ar ( N ) ( 02 ) m;}/m% pf/ pf f /

Define T, from (dp'/dt)/p'|r, = H(Ty) at varying N; and my:



Decoupling temperature
Té - Td(G€V)

Ty ! GeV

mye | GeV
full lines: decoupling temperature T}

dotted lines: QCD’ phase transition temperature 7.

C

N¢ = number of " with 2my <my (Np =1,N, = 3)

What's needed to suppress AN.;sis T. > Ty
mgr ~ (5 - 20) GeV



Signals
1. Dark radiation ANy
2. h/ production

3. Precision on Higgs decays

4. Dark matter detection



Dark Radiation AN ;s = p”;”/’f/ | now
1lv

. @

4, (g;+g}(Td)>4/3 (10.75)4/3

ANeg iy 1 = =g,
=gl g g(Tq)

2029X< 80 )4/3<7.25+g}(Td))
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, °
h PrOdUCfIOn Clnd decays B, Hall, Gregoire 2005

U

o(pp — h') ~ (J)Qa(pp — hgyp(m =myp)) via a top loop
r
Neglecting phase space L > 1
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Electroweak precision tests
(see lecture I)
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any other contribution?



Precision on Higgs couplings

. v - ! 7/
h = cosOH + sinfH'’ tanf ~ = h — ZSM»]B f
TH :
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Br(h—-inv)

Higgs invisible decays h — f'f’
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Dark Matter

B’, Q, L conserved - Mirror DM depends on the spectrum
of the lightest mirror fermions

Consider 1 configuration at a ftime

at T <me € —a'dv with v/,d stable

2
|
Il

/ /
S'I'Clble hddl"OﬂS: Mud7Buuu7 uud? udd?ded

In the thermal bath
M/d + ded — Budd (""'}//) (m(M{L ) + m(ded) ~ m( udd) -+ de/)
g+ B — 2B, o (+7) (m(Byuq + m(Bjgq) > 2m(By44))

The mirror neutron B, is the residual DM particle

with selF—m’remc’rlng cross section = O(mB, )



Dark Matter

B’, Q, L conserved - Mirror DM depends on the spectrum
of the lightest mirror fermions

other configurations:

d'—— B .. and e’ stable

fg,’:: and recombining into a mirror atom B, + 2¢'

u,__ P » (the self-scattering of mirror atom
4 —— ddd T € may be too strong)

a1 d,u,e all stable

u/:: ’ .

€ e’ disappear by e'u’ — v'd’

scattering among B’ leaves only B.,; due to mirror charge neutrality



Dark Matter direct detection

r— h _(5)2 Z mf/f/f/_ Z mqqq—+3.5X$Ga Glapv

1%%
\/i?) i f'eN’ q=u,d,s 12 |
/ /
N\/ N heed: )
\/ > < Ny f fIN' >=2m3,
! Cfen :
_ a3
N| |— 3.0 x —G' G| |N
N//\ N ‘ qzuzdsmqqq_l_ “12m >

trace anomaly formula for the SM nucleon:

das o o _
2m3 =< N|TV|IN >= — < NIGLGMIN > + Y < NlmgqqN >
q=u,d,s

lattice calculations:
Z < N|mgqq|N >~ 0.1 x 2m3,

q:u7d?s



Dark Matter direct detection

N/ / N/
\4 ONN' = 0.028 miy my ( MNMN )2
1 & T vmy \my +my
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® "“ Viv=3 PandaX-I|
n
-46 :\‘\\ L —
“ 0 :‘\\\ VIv=2 XE_I\I__O_[\U_T
g 47 : \\ NN e e —————————
- \
PP .z
3 iy
S _
1 0 48 ||
‘\ neutrino fl_c_)9[
I A RS




The MTHW spectrum

bosons fermions
A A
' == Arm ? Arp
(h’ — 2\/Xv’) t th/
w! Z' gv' /V2
(V)
h ——  2v2%5w ! bt
W,z o= gv/V2 ;o
q,!
, a1
Y =1 g

Is this why nothing new has been seen so far at LHC?



Open problems

Improve on the ad hoc choice of the mirror masses
in explicit Froggatt Nielsen schemes

Refine the calculation of T}
(hence of ANc¢s )

Properties and cosmological effects of different
DM candidates, all self-interacting

UV completions (?)



Precision on Higgs couplings Ay /usy = s2
(and direct ' — SM searches)
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