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Comgosi&emess,
and the Higqs bosown

QCD kem pto&ez

o Croldstones include the
Llongitudinal d.of. of W and
2

s T Pioms

o the Higgs is a Easeu.do-
Goldstone (FNGB)



Comgosi&emess,
and the Higqs bosown
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Fig. 1. Shown above is the circle of almost degenerate minima for the ultrafermion condensate, with

radius Ay . The true vacuum of a composite Higgs theory misaligns with the SU(2) X U(1) preserving

direction by an angle 6. In the SU(2) X U(1) preserving basis, it looks like the PGB field ¢, corresponding

to angular excitations, has developed a VEV. The mass of the W is then characterized by the scale
Ayc sin 6, and the shifted ¢-field (properly normalized) is the Higgs boson.




Comyos&emess,
and the Higqs bosown

It’s a story of alignment .
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The hot potato: fLavour!
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Still, for the top, one
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Theory in the conformal
window (IR fixed POEM&}

Heo\vv states?

T‘op interacktions?

Tke_c}rj wiitkh
o MaAss gaF;!



The ~CD approack

&G, FSannino
Define a confining gauge group (GTC)  1402.0233

Add in N fermions charged under the confining
group &TC

Assign SM guantum numbers to the fermions (thus
Frov&di&«g embedding in the global Sjmme&rj)

Couple them to SM fermions

Cruides EFT conskruction!

Lakkice results can be used!’



The ~CD approack

o The symmetry breaking patterin determined by the
irrep of the underlying fermions!

o The minimal case of SU(4)/5p(4)'
Rre is reol: Ge = SU(N,) (")) SU(Ny) — SO(Ny)
pseudo-real: Gr = SU(2N,) <¢Z¢]> ST (2N — Sp(2N,,)

complex: Gr = SU(N¢)2 <¢Z¢]> SU(N@D)Q i SU(N%D)



Minimal models =

cosek  &TC @ TF F@NG-BS doubi.e.&s
: : 3 & RjEEov, FSannine 0¥09,0713

----------------------------------: ----------------- ; ------------------------------------- : ----------------------- GO\.LLOWQ‘j; Evahs} LuEv}
h Tacchi 1001.1361

SU(4)/5p(4) Sp(zw) {ium& § | 1 <= Minimal

-----------------------------------------------------------------------------------------------------------------

SU(s)/S0(8) | so(4.) 6 g 0 R v Gort Kpton

-----------------------------------------------------------------------------------------------------------------

SU(‘P)XSU(‘*)/ su(u) afu,v\d 15 o,

&.C., C.Cai, H.Zhang

SU(&)/Spl6) SF(ZN) {umcl 14 2 LA

&.C., A.Deandrea, AKushwaha

SU(6)/50(6) | SUV&-) 6 GO R L

* other models exists, but without underlying description.



A minimal case

T.ijkov, FSannine 0%09,0713
Galloway, Evans, Lu.Ej, Tacchi 10011361

SU@)rc|su@), [sue).|ua)y The EW symmetry
is embedded in the global

flavour symmekry
sU(4) !




The vecktor resocnance

Labkktice resulks:

P =13.14+£22

= 1454+ 3.6

conbinuum Limik!

Arthur, Drach, etk al. 160206559
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The sp@.«a‘:&rum

Labkktice resulks:

Spec&ruw\ campared
ke QCD EamPLa&e:
different structure!

SU(2) N; = 2

sin @ < 0.2

g ev518Tev
sin 0

g2 U5 TeV
7 sin 6

> 16 TeV

1 i LR

A ST

i
4 SN

mp — 125 GeV



Camposiﬁe dvmamiﬁs

o a tale of 3 friends:

B cem)

aka Mr. diboson

TR A 6k © 2 cum
aka Dark Matter aka the Higgs




Comyosi&e Higqs

o Some pNGBs transform Llike the
Higqs doublet

o The Llightest scalar resonance (nown
PNGB) may play the role of the
Higqs boson



A minimal case

Am&insvmmeﬁrits

(Y"9?) = 6su(a) = Bsp(a) D Lsp(a)

SF'(Z{'-) ~ SO(8) cowntains a SO(4) subgrou,p:
identify with custodial symmetry!

Plons:  Yspa) — (2,2) & (1,1)

generators.

£
< o)y 0 > Preserves the EW



A minimal case

Broken SU(4) generators

Xt X% X9 X' Higgs doublet X? singlet
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Let’s give a VEV ko the Higqs:

New EW breawiy\g

3 4
<7T4> = 26 = QZFX : ZO
VAL UUmm



A minimal case

ei%)& o <COS > ’ L i2/2X % sin

V2f 2\;]5]’)

U

(cos 0 + i2v/2X % sin 9) g W

The £ Adi
"D@fmes a rotation n the SU(4) = ﬁ}z’:f:r g,

spaae! To sEu,clv the Ekearv
i the new vacuum, it is enough
to QFF)L‘:} Ehis rotabtion to the |
strong sector: Mis-alignment’

Ls ot ra&o&ed.




"’* CQMFQSEE@.
i ‘/‘?’f Dark Makter

/

o Some pNGBs may be stable due to
residual unbroken gtabai
svmmeﬁrms

o Stable techni-baryons may give rise
to asvmmeﬁric DM it

Phys.Lett. B16S, 55 (19%6)



SU(4)/5p(4)?

Frigerio, Pomarol, Riva, Urbano
1204 2% 0%

d Y : :
L= yp COS U] (92 W,uuWMV o 9/2 BMVBMV)

No Linear couplings in the chiral Lagrangian,
however ik det&js via the WZW interactions,.



SU(4)/5p(4)?

TC Limik: 0 —

1 1
f2 Tr(DuE)TD“Z = §(auh)2 + 5(@”7)2

1
+

1 -1
—I—g(cwhz — s%n2

L\wzw =

Rkvft&ov, Sannino

0%09,0713 In the TC Limik, SF.*(ZQ—) C U(l)em % U(l)bm

e h +1in is charged under the unbroiken U(1)om,
V2 and thus stable (TIMP).

T



A ﬁampas&e 2HDM

&.C, TMa
SU(S)HC 150%,07014
SU(4) x SU(4) — SU(4)
Triplet Complex bi-doublet
(RHDM)

SURIR Triplet



A ﬁompos&e 2HDM

&.C,, T.Ma

SU (3) HC 150%.07014

Is it there o pariby stabilising the pions?

st 5L p. 5T b 0, )

Si=pS

H1 it Hl } Mimics the minimal case
H Do —H 2

A — —A Dark Sector!

N — —N



A tampas&e 2HDM

&.C, TMa
1§0%.07014

y cosf 1 e’ sinf 1
T\ =Pt costd

Beba can be removed bj
an SU(4) rotation:

Beta = relative phase of the two T-quarks:



A tampas&e 2HDM

&.C, TMa
1§0%.07014

Ly = —f @tr) | TlPra(un® + ] + (i02)as TP (ys® + 9] | + hc.

LV Lo o Lo b oo
y, = Y~ ve — (Y3 — ya) y, — Y1~ + (Y3 — Yra)
2 22 ’ 22 ’
4 “Yukawa” couplings! v Vvt Gt e) Y — (v )
2/2 ’ 22 '

Potenkial
for theta

Vion(0) = o0+ 8102 oinkiB

h1
f

P +4v/2 Im(Y,Y;) sinf —

2v/2|Y,|? sin(26)
ho

Set to zero
by phase-shift

T

b * . AO
Custodial > +2\/§ RQ(YDYt> SIH(QQ) 7
violating

VEVs!! No + Ao

f

e Sy, Im(Yj:kYt) sin2 0



A tampas&e 2HDM

&.C, TMa
1§0%.07014

Ly = —f @tr) | TlPra(un® + ] + (i02)as TP (ys® + 9] | + hc.

LV Lo o Lo b oo
y, = Y~ ve — (Y3 — ya) y, — Y1~ + (Y3 — Yra)
2 22 ’ 22 ’
4 “Yukawa” couplings! v Vvt Gt e) Y — (v )
2/2 ’ 22 '

Potenkial
for theta

Vion(0) = o0+ 8102 oinkiB

h1
f

P 41/2 Tm(¥5Y;) sin @ —

2v/2|Y,|? sin(26)
ho

Set to zero
by phase-shift
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A «a‘om[posiée 2HDM:
spe&&rum

The spea@rum &sse%&iau.j d@.[za@.ncis on 2 parame_&@.rsz

e A Yulkawa COMF?LEMS; Yo

o A wass difference., 5 b SR




A aomgos&@. 2HDM:
spea&rum

- singlet
- charged

(DM?)

Zl r - TN RN TN U TR TR (Y T /OO I N NS YS! [ 1]
0.00 0.05 0.10 0.15 0.20 0.25 0.30
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A COMPOSE&@. 2HDM:
Darle—-Makter

Qﬁtiﬁ O\b%v\d&hﬂﬁf 1703.06903

3 - : —Jl
Ex«:tudercj,_ ‘ |

r'
= ]

by
t
!
r

1000 2000 3000 4000
M, [GeV]




A &OMF’OSEEQ 2HDM:
Dark-Matter

Direct Debection i

Thermal relic Fixing DM relic
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A &om[pos&@. 2HDM:
Dark-Makter

Indirect Detection o

Thermal relic abundance
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A &om[pos&@. 2HDM:
Dark-Makter

Indirect Detection o

Fixed DM relic abundance
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A aamgos&@. 2HDM:
Darke-Matter

&.C, T Ma, YW, B.Zhang

1703.0&£903
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Another t‘z‘ompcm&@. 2HDM

Lets add two more flavours to the SU(4)/5p(4) model:

(2,2,1)
[(2,1,2)if £ = 1]

SU(E) » SU(R): x SU(R): x SU(R):

145,66 — (2,2,1) ® (2,1,2) ® (1,2,2) @ (1,1,1) & (1,1,1)



Con«\jos&&e 2HDM:
S (6)/5{:9(@)

&.C., CCai, HH.Zhang
1%08.07619

Hy

G
2 2
- \/; N20
bunch of singlets

14 pseudc)m(}@i.ds townes!

The diagonal ones Coupiﬁ o Ehe WZW &mamatv.



Composite 2HDM:
S&Q/Sp(é)

&.C., CCai, HH.Zhang
1%08.07619

Higgs doubleb g
* tHyj

-
o — L — §ﬂ20
*Dunch of singlekbs

Two possf?:ie VAU misat&gmmet«&sz

3 directions,
the 2 Higgses
plus a singlet



Composite 2HDM:
S&Q/Sp(é)

&.C., CCai, HH.Zhang
1%08.07619

Two possibte VAU misat&gumet«&s:

3 directions, Only one Higgs:
the 2 Higgses or

plus a singlet DM-U(2) preserveci!



C‘.on«\jos&&e RHDM:
SOke)/Spieas i . W%

2 Yukawa operators for top and 2 for bottom:

h’l
2v/2f

(R Ya Y + R YinYp5) casy + \g’f (R YV — R YiyYp5) saso+

(S YaYs — S YoYpp) coso +

Vyuk = —Ci f* {(|Ytl|2 + | Yo1]?) s5 + (1Y |* + |Yo1]?) s20+

hg
V2f
Ao

Vaf

13

V2f

(S YaYy + S YY) Sg.Se}



J:osi;?:e 2HDM:
SOke)/Spieas i . W%

2 Yukawa operators for top and 2 for bottom:

lll
2ff

(R Vs + % Y,,lyb’;) Cosg+ — (?R YaY; — R Vi b2) g0+

Vyuk = —Ci f* {(|Yt1| + |Yiu|?) s (1Yer]® + [Yor|?) s20+

h- 2
vap
' A()

| 0 * R
| 7 thg){o VoY) coso + ¢’§ £ YnYth% Y ¥3)) 8%80}

Vanish for real Yukawas!
(o CP vielation)



C‘.on«\jos&&e RHDM:
SOke)/Spieas i . W%

2 Yukawa operators for top and 2 for bottom:

) . h

Y <. W /-, W -

"V

t / L9

(R Ya Y + R YinYp5) casy + \g’f (R Y — R YinYp3) saso+]

2],

~-’-_\‘ PR EIOIE .- _~ T IC SO v ‘ gt vz’v ; S S S S 2
77 (O thXs YinYpn) cash + ¢g -9 YHYQX% Y1 Y;5) e}

Cannot vanish simu&aneoustj, unless:

top-bottom cancellation,  or Yio = Yo =0



Composite 2HDM:
S&Q/Sp(é)

&.C., CCai, HH.Zhang
1%08.07619

Two possibte VAU misat&gumet«&s:

3 directions, Only one Higgs:
the 2 Higgses or

plus a singlet DM-U(2) preserveci!



U(l)w vacuum

&.C., CCai, HH.Zhang
1¥05,07619

DM mass (GeV) Splitting from charqged




U(1 om vacuum
&.C., CCai, HH.Zhang

1508.07619
Problem: both doublet and singlet have

a e:oupi&hg to the 2 bosown!

> <>
+LZ“ (14 cp— 43%@’) H i0"H" + (1 — ¢y — 4331/) n-iotn”T

4c 1% %

A A
+(1 + cg) HYiO*(H®)* + (1 — cp) ni0*(n°)*]

Excluded by Direct Detection, unless

sinf < 107% OCXENONIT = W & %

(1 — co)?g*m% ] ; for protons, N = p;

4

Oy, ON =
V.
167cy,my : for neutrons, N =n.

Numerically, this leads to

ovnop ~ 2.7-107* (1 — ¢4)? cm?, OVnon ~ 2.3-107% (1 — ¢g)? cm?,



Further ci@.vempmam&sz

o Case SU(6)/50(6) under s&u,dv

&.C,, ADeandrea, AKushwaha

o Creneralisation to SU(‘Z)/SF?(?) can
lead bo models without Z toupi.iv\g

G.C., CLai, HHZhang, M. T Frandsen, M.Rosenlyst

Interestingly, they are all 2HDMs!!!



Conclusions

o Composite 2HDMs emerge naturally

B H cem)

aka Mr. diboson

TR A 6k © 2 cum
aka Dark Matter aka the Higgs




