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The Mirror Twin Higgs World



The hierarchy problem, once again
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= amount of tuning

<z Look for a top OpartnerO (coloured, S=0 or 1/2)
with a mass not far from 1 TeV



The Mirror World Lee, Yang 1956

Kobzarev, Okun, Pomeranchuk 1966

_ Berezhiani 2006 and ref.s therein
Can one restore parity?

Introduce:

SU321Z(Aa,H,f|_,fR) SUéZli(Aa!,H!,ff_,fl!Q)

and require that Lsm + lbgjnvariant under

(k,t) I (" k1)
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Need:



The Twin Higgs

Chacko, Goh, Harnik 2005

Consider the most general
L = Lsu + Loy + ! [HIF[H|"+ "By By,
L V(HH) = mAH P HP) L R+ H PR
The mass termis SO@Eymmetric

What if the quartic were also Sey8hmetric? | =2"
| V(H,H) " V(H), [H[“=[H|?+ |H|7
2
V(H): SO@4)! SO(3) at v2 = r;—l * 3PGBs, SU@)# U(1)! U(L)en
2
V(H): SO(@8)! SO(7) at v'2 = r;—l " 7PGBs, SU2)'# U(L)'! UL,

+ SU(2)! Ufghproken and 1 massless Higgs doublet
(remember that SO(8)! SO4) " )SO4)’



The Mirror Twin Higgs World

The mirror world with a maximally symmetric Higgs system
L = Lgauge *+ L. + Ly + Ly + V(H,HY)

gauge

V(H, H !) - VSO(8) “inv T VZZ" inv T VZZ" broken

Vi = " (JH|*+ [H %) Vz,1 broken = !'M“|H|?
Minimizing the potential for " << ", Imf<<m ?
me, = 41v'*? me = 81" v
M=sh+ch R=ch! sh
tan! = %

what does one gain?



Fine tuning in the MTHW

12 | m?2
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need to Pne tune vi(or Mhand  Vv/v
i = Uty (ifboth Os > 1)

)

3 y2" 2, | _ dlogv® = 1v~?

VM T dlog'm2 T 2v2

how does one compare it with the SM?

n 2 | I n 2
| oy = 3 Yt sm mit _ Lllsm " 7h
" m _ _ n 2

h 41 2 (mﬁ'\" )2 ' m SM 2! 1y SM

A considerable gainfor !ty ! 1>> gy I 0.1



The MTHW spectrum

bosons fermions
A A
7 —— | TH 7 EE  TH
h! 2 1V ¢ 4= Vv
WI ZI e gV!/ z
W. 7 gv/ 2

all SM (almost) fully neutral



What do we know of ¥

(here called f for historical reasons)

v B, Hall, Gregoire 2005
F=ch! sh tan! = —
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EWPT Higgs precision



ﬁ! production and decays

B, Hall, Gregoire 2005

"""""""""""""""""""""

BR(R'! SM
( )
0.4
0.3l wWWw
0.2}
. h.h
0.1
200 250 300 350 400 450 500
Hlﬁ! GeV

Buttazzo, Sala, Tesi 2015

1200
I 5

V'

1000 H

800 |-

77V BRy.gw =3/7 = Au/psy |
N mn o - SM
\ .
0.05
\ 0.1
\
\
015™
023 i

| (pp! H')" (%)2! (pp! hsy (M = my)) via a top loop

Neglecting phase space, relativeto ! (f'! ZZ)
f WW | hh |w'w!z'z
(Al )| 2 1 2 1




Open problems(/signals?)

1. Where does the breaking of Zparity come from?
VZ.1 proken = !mle‘Z
2. Dark/mirror Radiation

I !

3. Dark/mirror Matter
BO, LO, QO conserved



Anomalies In B-decays



Back to the beglnnlng
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Which direction to take?
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1. High energy exploration =«
10° &
C: ;
L=Lsm + !5 (fsz ) o
10_

l = K( S=2), D(l C=2), By(! B =71), Bs(! B =1)
1= 1,...,.5 = different Lorentz structures

2. Indirect signals of new physics at the TeV scale



A deviation from the SM In [3avour, Pnally?

I pn
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A deviation from the SM In [3avour, Pnally?

R(D') =

B(B! D'I")
B(! D'I")

Vagnoni 2016

0.15

SM prediction )
PRD 85, 083025 (2012)
0.252 + 0.003
) ) BABAR, had.-tag. [426 b™']
0.332 £ 0.024 = 0.018 ® PRL 109, 101802 (2012)
- LHCb, 7 — 1 v v [3.0 fb™]
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0.293 = 0.038 = 0.015 — e PRD 92, 072014 (2015)
X . Belle, sl.-tag [7111b )
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‘ 0.276 = 0.034’ ., ® A Ay )7 ]
1 2 1l l 1 1 ' l 1 1l 1l 1 l 1 1l 1 1 l 1 2 ' 1 l 1l 1l 1 1

R(D%)

a 4! deviation from the SM

from a collection of different experiments



1.

2.

B-physics OanomaliesO

b! cl”

il B(B = DTV )exp/B(B — D*1v)sm
D* B(B — D‘[V)exp/B(B — D*tv)sm
B(B — D7V)exp /B(B — D7v)sm

R/ _ =1.37+0.18 ,
D B(B — D)oy, /B(B — Dtv)sy ‘ |

= 1.28 £ 0.08

bl s|t|
B(B— Kp p~) 090
R“€ — exp — 0.74579990 4 0.036
0 B(B — Ke'e )exp 100,074

(could be related to the  Pc anomaly in the distribution)

Both a 200 3@eviation from the SM
However tree (1) versus loop level (2)!



Minimal Flavour Violation in the quark sector
Phenomenological DePnition:

In EFT the only relevant op.s correspond to the
FCNC loops of the SM, weighted by a single scale !
and by the standard CKM factors (up to  Ogoeff.s)

Strong MFV UB)o! UB)u! U(3)qg

Y. =(3,81)! YP Ya=(3,1,8)! VY/
. 41 M
Adi 1 d)= Vg Vi Agh ™ (L + ag(——)?)
<Z . 4 M
Mij = (Vg Vi )2 Ay =2 (1+ a( W))

Chlvukula, Georgi 1987
Hall, Randall 1990
DOAmbrosio et al 2002



Weak MFV  U(2)o ! U@2)y! U(2)g! U(1)gs

yb:(]-’l’l)!l !u:(2,2,1)0 !d:(2’112)0 VQ:(2’111)0

1. gives a symmetry status to heavy and weakly mixed top
2. allows observables deviations from the SM by nearby BSM

mimicked in the lepton sector by:  U(2)L ! U(2)e! U(1)es3

yi =(1,1)1 'e=(2,8)0 VL =(2,1)
(except for neutrinos, dueto  Ng MN g

B, Isidori, Jones-Perez, Lodone, Straub 2011
B, Buttazzo, Sala, Straub 2012



Question

Is there a Bavour group @&nd a tree level
exchange ! such that:

1. With unbroken Gz ¢ouples to the third
generation of quarks and leptons only;

2. After small Gareaking, the needed
operators are generated

(ﬂ_!uh_)(bL | u#L)

(B!, s.)(@!' 1) at suppressed level



Answer

G =G! G  OminimallyO broken
G =U@2)o! U2)! U@2)g! UQ)gs
G = U@)! U@Q)e! Ul)es

with mediators:

1.Vu=(3,1)23  Lorentz vector, Gsinglet
2.V, =(3,3),3 Lorentz vector, Gsinglet
3.1 =(3,3), y3 Lorentz scalar, Gsinglet

(unique, If | were a mathematician)



Couplings In the physical bases

Li=gu(a !'"F""L + & '*FPe )U, +hc

and similar for L 3

Vub(SI!I)Au Vub(CI!I)Au Vub(l | a)ru”

FU — Vcb(SI!I)Au Vcb(CI!I)Au Vcb(]-! a)ru$
Vin(sih)(b! 1) Vp(ch)(b! 1) Vio
Vid (S111)Ad Vie(a!)Ag  V[l! (1! a)ry]
FP =" Vis(s')Ag Vis(G!)Ag  Vis[1! (1! ayr,]$

Vin(siti)(b! 1) Vw(al)(b! 1) Vib

in terms of !}, and 4 O(1) coefbcients



Tree level effects

2 2
MG 95 9 Y

5
> "MZ'M2'M?2

In terms of (Ru, Ry, Rg) =

b
bl CI "
| . 1 . 1 "
Rbll(!)! 1+ (Ru, ZRU, éRS)ru(l a)
b! slp
B(@%K(!)!b) 1! ,
Rk o) = ~ - 3+2R +
K ()1 B(@_)K(I)l b)Sl\/I 3 3 e(X) ‘X‘
(Xu, Xy, Xg) = ! ;W [1! ru(l! a)]:o,! R2“,R8S
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<zOnly Ugurvives tree level test (trivially)

B, Isidori, Pattori, Senia 2015



Consistency with data (and expected signals) 1

EWPT: No S,T,U:; mild bound on Ky
Z! 'pbB ' ky! 3-10 *gi/gg’
b! cI" and correlated processes

n | B! Klp

A // K I I" % (allloop effects)

| —be! B

SUNCINCES
A/ /// Ru=4g5M /g“M ]
o ' | 0.200.3
1 B! Kl RM ! 1010
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Ry B, Isidori, Pattori, Senia 2015



The phenomenological model passes the tests
but cries out for a UV completion

A sketch

A strong sector with a global SU(4)! SO(5)
<z Composite vectors in adjoint of SU(4)! SO(4)
in SU(4)  Gu+ X, + Uy + Uy
Composite fermions in
L =(4,2,2)y2! (4,2,2) 42! (4,14, 1)y2! (4,1,1)12

|f Mvi | @ﬁén

! 2
Qu'! o9 Ry ! (v/f)
B, Murphy, Senia, to appear



Phenomenology

1. Leptoquark pair production
2. Exotic Leptons
3. Resonancesin! !

Since

Y = /2T + T + X

expect 3 neutral composite vectors
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B, Murphy, Senia, to appear



Conclusion

Let us see If the anomalies
get reinforced or fade away

e.g. from the LHCb program

- not only Ry (B - Ke*e-/B - Ku*u-) but similar ratios with
different hadronic systems (K*, @, A, etc.)

- not only D*tv, but also Dtv, D_.tv, A_1v, efc.

e also trying hadronic tau decays

If they are roses ..
take seriously the leptoquark and  U(2)°

and perhaps a composite picture



An “Extreme Flavour” experiment?
Vagnoni - SNS, 7-10 Dec 2014
* Currently planned experiments at the HL-LHC will only

exploit a small fraction of the huge rate of heavy-
flavoured hadrons produced

— ATLAS/CMS: full LHC integrated luminosity of 3000 fb, but
limited efficiency due to lepton high p; requirements

— LHCb: high efficiency, also on charm events and hadronic final
states, but limited in luminosity, 50 fb™* vs 3000 fb™

'« Would an experiment capable of exploiting the full HL-
_ LHC luminosity for flavour physics be conceivable? )

— Aiming at collecting O(100) times the LHCb upgrade luminosity
= 10% b and 10> ¢ hadrons in acceptance at L=103°> cm2s

Motivation: test CKM (FCNC loops)
from " 20% to ! 1%




A minimal list of key observables in QFV
to be improved and not yet TH-error dominated

-+ fromtree: B! D#éc (now better from loops)
- ‘Vub" ‘Vcb‘ N

- B! 1",u" (+D")) /£

- B! KO 11" 11 (in suitable observables?)

- Ks,D,Bsg! I"I' (OHiggs penguinsO)
. ly4s (CPVin! Bgs =)2

_ K + | K . I !IIII

- I Acp inselected D modes



