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Motivation 1B

SM does not explain neutrino masses or dark matter
= should be viewed as effective theory that is valid up to Agm

Naturalness problem:
2 2 2
mh = (5S|\/|mh + 5BS|\/| mh

We know SM contribution:

Ssmms N Asm \°
m,% ~ \ 450 GeV

Need unnatural fine tuning 55Mm,27 ~ —655Mm,2,

Possible solution: If Higgs is composite particle, then corrections to m,% are naturally
cut off around the compositeness scale



Low-energy QCD

~1R

Two-flavor QCD with m, = myg = O:

A

A

1+ A > GeV: global symmetry G = SU(2), x SU(2)r

1 GeV: (Grqr) ~12= G — H =SU(2)p

Nambu-Goldstone bosons (NGBs): pions 7+, 7% € G/H
Pion decay constant f; = 93 MeV, 4nf; ~ 1 GeV ~ m,



Composite Higgs Models &

Kaplan, Georgi (1984); Kaplan, Georgi, Dimopoulos (1984); Dugan, Georgi, Kaplan (1985)



Composite Higgs Models

Ayv T

Composite sector

YHC, AHC, 1
Global symmetry G

Gauge group: GHc
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Auv T ( )
: Composite sector
' YHC, AHC 1

Auc 1 Global symmetry H

Gauge group: Guc

<@ZJ|"_|CLZ/,._|C> ~ /\3HCZg = breaks global symmetry G — H D Gsm



Composite Higgs Models &

Auv T ( )
: Composite sector
' YHC, AHC 1
Auc 1 Global symmetry H
» € G/H
f +
Gauge group: GHc

Composite states: NGBs ¢ ~ ¥yctyc, with decay constant f ~ Ayc/(4w)



Composite Higgs Models &

Auv T ( )
: Composite sector
' YHC, AHC 1
Auc 1 Global symmetry H
o € G/H; B
f +
Gauge group: GHc

Composite states: NGBs ¢ ~ ¥yctnc, hyper-baryons B ~ YyctyHcHc
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Composite Higgs Models

Composite sector

YHC, AHC .
Global symmetry H

H,¢p € G/H; B

Gauge group: GHc

1B
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Vacuum misalignment

EWS breaking: Technicolor

v=~Fsind

4

A

» EWS preserving: SM

~1R
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Composite Higgs Models

Auv T (
: Composite sector
' YHC, AHC 1
Auc 1 Global symmetry H
H, 9o € G/H; B
f +
Gauge group: GHc
VvV 4

¥:sin9<<1

1B
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Composite Higgs Models

Composite sector
Elementary sector

YHC, AHC 1
Global symmetry H Guva;fu B,
H7¢ S g/H, B Ly TR

Gauge group: Gpc x SU(3)c x SU(2). x U(1)y
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Composite Higgs Models

Ayv T

-

Composite sector
Elementary sector

YHC, AHC 1

’ [’in

Global symmetry H +----- v Guva;fu B,
H7¢ S g/H, B Ly TR

Gauge group: Gpc x SU(3)c x SU(2). x U(1)y

Elementary-composite interactions: gauging Gsym, mixing of t with B

= explicitly breaks H =- generates scalar potential: EWSB

1B
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Partial compositeness kaplan (1991)

No elementary Higgs: have to generate Yukawa couplings dynamically
Postulate top partners Q € (3,2);/6, T € (3,1),/3 among the hyper-baryons
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Partial compositeness kaplan (1991)

No elementary Higgs: have to generate Yukawa couplings dynamically
Postulate top partners Q € (3,2);/6, T € (3,1),/3 among the hyper-baryons

Lmass = —M (QQ + TT) - (ALEILQ + )\RZ’RT + h.C.)

Diagonalize mass matrix:
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Partial compositeness kaplan (1991)

No elementary Higgs: have to generate Yukawa couplings dynamically
Postulate top partners Q € (3,2);/6, T € (3,1),/3 among the hyper-baryons

Lmass = —M (QQ + TT) - (ALEILQ + )\RZ’RT + h.C.)

Diagonalize mass matrix:

A ] \
(5)- (1) (m 22)(8) oy
—sin cos
2 ¥R PR Mz_i_)\%?
Top Yukawa:
Leomp D —g*C_)TI:I + h.c. D —gysin gpLCle sin R 7A_1l-l + h.c.

= Yy = g« SINQ Sin PR
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Navigating the space of models
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Assumptions and requirements [Ferretti et al, 1312.5330, 1604.06467, 1610.06591]:

>

>
>
»

Two species of hyperquarks in distinct irreps of Gyc: ¥ (EW) and x (color)
Consider only simple Gyc

Consider only lowest-dimensional irrep for each reality

Require SU(3)¢ x SU(2), x SU(2)g x U(1)x C H where Y = T3 + X, presence
of top partners and custodial Higgs bidoublet

Consider only lowest possible number of flavors: minimal cosets

> EW: SU(5)/SO(5), SU(4)/Sp(4), SU(4) x SU(4)/SU(4)
> Color: SU(6)/SO(6), SU(6)/Sp(6), SU(3) x SU(3)/SU(3)
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Cosets

» Real irrep: SU(n)/SO(n)
» Pseudoreal irrep: SU(2n)/Sp(2n)

» Complex irrep: SU(n) x SU(n)/SU(n)

~1R
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Minimal models

Name  Gyc P X Coset  Top Partners
M1 SO(7) 5xF 6 x Spin (R, R) XVX
M2  SO(9) 5xF 6 x Spin (R, R) XYx
M3 SO(7) 5 x Spin 6 xF (R, R) XY
M4 SO(9) 5 x Spin 6 xF (R, R) Yxp
M5  Sp(4) 5xA; 6 x F (R, PR) X¥x
M12 SU(5) 4x (F,F) 3x(AzAy) (C Q) YxY

Ferretti et al, 1312.5330, 1604.06467, 1610.06591

~1R
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The model M5

Name  Gpyc P X Coset

Top Partners

M5 Sp(4) 5xA; 6xF (R,PR)

X¥x

IR
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The model M5 IR

Name Gyc P X Coset  Top Partners

M5 Sp(4) 5xA, 6xF (R, PR) XYXx

Global symmetry:
SU(5) — SO(5)
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The model M5 IR

Name Gyc P X Coset  Top Partners

M5 Sp(4) 5xA, 6xF (R,PR) XWYX

Global symmetry:
SU(5) x SU(6) — SO(5) x Sp(6)
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The model M5 IR

Name Gyc P X Coset  Top Partners

M5 Sp(4) 5xA, 6xF (R,PR) XWYX

Global symmetry:
SU(5) x SU(6) x U(1) — SO(5) x Sp(6)
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The model M5 a0

Name Gyc P X Coset  Top Partners

M5 Sp(4) 5xA, 6xF (R,PR) XWYX

Global symmetry:
SU(5) x SU(6) x U(1) — SO(5) x Sp(6)

Embedding:
SU(2); x SU(2)gr € SO(5), SU(3)c x U(1)x < Sp(6)
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BSM particle content

Scalars
SU(6)/Sp(6) : 35— 21 = 14 pNGBs in the 145,
Decompose Sp(6) — SU(3)c x U(1)em:

14Sp(6) — 80 +32/3 + 3_2/3 =mg+ 73+ 7'(‘:;K

~1R
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Scalars
SU(6)/Sp(6) : 35— 21 = 14 pNGBs in the 145,
Decompose Sp(6) — SU(3)c x U(1)em:
14556) — 80 + 32/3 + f"—2/3 =mg + M3+ 73
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BSM particle content R

Scalars
SU(6)/Sp(6) : 35— 21 = 14 pNGBs in the 145,
Decompose Sp(6) — SU(3)c x U(1)em:
145,6) — 80+ 323+ 3 53 =7+ M3+ 73
Top partners

by € (5,6 x 6) = (5,15) + (5,21) of SU(5) x SU(6)
— (5.14) + (5.1) + (5,21) of SO(5) x Sp(6)
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BSM particle content of M5

G+, GO
8
g
Xs/3
3 T123
B
h*, RO
1

octoni

gluoni

higgsoni

boni

octet top partners (g

triplet top partners Q3

singlet top partners @

~1R
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Spectrum

13

B T2
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Gr==¢0
Gt
Xs
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Octets Triplets

M

Singlets

. [
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Spectrum
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1B
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Phenomenology

Gt — 7T8h+, 7T3B,

~0 70 7
G” — mgh”, mst,

~1R
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Phenomenology

é+ — 7T8h+, 7T3B,

g — tt; gg, g7, 87

~1R
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Phenomenology

Gt — 7T8h+, 7T3B, GO — 71'8/70, 7T3t_',

g — tt; gg, g7, 87

If my, > mg:

73 — bht, th°, tB

ht0 — B + soft

~1R
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Phenomenology: g — tms — ttB

~1R
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Technical details

» Simplified models implemented in FeynRules

» Generate 10,000 events with MadGraphb

» PDF set NNPDF 3.0

» Showering with Pythia8

» Rescaling cross section to NNLO,ppr0x+NNLL from calculations for gluinos
>

Calculate CL; exclusions for recasted searches in MadAnalysisb and CheckMATE

~1R
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Phenomenology: g — tms — ttB

~1R
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Phenomenology: & — tms — ttB
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Phenomenology: & — tms — ttB
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Phenomenology: Gt — brrs — btB

~1R
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Phenomenology: Qs — Gms — GtB

mgg
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Phenomenology: Qs — Gms — GtB

My, = 1.4 TeV
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Phenomenology: Qs — mgQ: — ttB/ggB (+ soft)

~1R

39



Phenomenology: Qs — mgQ: — ttB/ggB (+ soft) Qi
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Conclusion

Summary
P Realistic composite Higgs models are complicated

» Model M5, based on SU(5) x SU(6) x U(1)/SO(5) x Sp(6), has especially rich
phenomenology

» Color octet top partners excluded up to 2.7 TeV

» Bounds from pair production of vector-like quarks are negligible since mg, ~ mgq,

41
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Conclusion

Summary
P Realistic composite Higgs models are complicated

» Model M5, based on SU(5) x SU(6) x U(1)/SO(5) x Sp(6), has especially rich
phenomenology

» Color octet top partners excluded up to 2.7 TeV

» Bounds from pair production of vector-like quarks are negligible since mg, ~ mgq,
Future work

» Electroweak pNGBs in SU(5)/SO(5)

» Different mass hierarchy: m,, < mg: lepton-number violating decays
m3 — bt T, ti;, neutrino masses via B

» Different top partner embedding: color sextet fermions, Qs — 5t + MET

41
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The Model M5: Microscopic Field Content

Sp(

SU(5)

SU(6)

P12

V3.4

Us

S
EED:DZHZ

_ 3%
5(N.—1)

X1
X2
X3

O

X4
X5
X6

qx

1B
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The Model M5: Spontaneous Symmetry Breaking Qi

SSB pattern: SU(5) x SU(6) x U(1)/SO(5) x Sp(6)

We embed SU(2), x SU(2)s € SO(5), SU(3), x U(1)x C Sp(6) and Y = X + T3

» EW pNGBs: under SO(5) — SU(2), x SU(2)z — SU(2)p,

1450(5) — (373)+(272)+(171)
=nt+m+m+ot+h+n

» Colored pNGBs: under Sp(6) — SU(3). x U(1),,,,

145,6) — 80+ 32x + 32 =g + T3+ 73
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The Model M5: Top Partners 1B

Top partners must have same SM QN as t; € (3,2);/6 and t; € (3,2)_2/3
Hyperbaryons ¥ xx € (5,6 x 6) = (5,15) + (5,21) — (5,14) + (5,1) + (5,21)
Under Sp(6) — SU(3),. x U(1):

14 — 8¢ + 3o, + 3_oy, 21 — 80 +6 o, + 62, +1p

= top partners in 145,g) for x =1/3

EW sector: Under SO(5) — SU(2); x SU(2)g, 5 —(2,2) +(1,1)
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The Model M5: Top Partners 1B

Let's look at the hyperbaryons in the antisymmetric (5,15)¢ under
SU(2); x SU(2)g x SU(3),. x U(1):

(5,14)y — ((2, 2)+(1,1),(80 + 32/3 + 372/3))
=(2,2:80) +(2,2:35/3) + (2,2:3_5/3) + (1,1;80) + (1,1;353) + (1,1;3_53)
= G + QL + Qf + & + Tr + Tr

(5, 1)y — (2,2:10) + (1,1;10) = h + B

Xs5/3 T
Top partners: Q; = , and T5
((Xm) <B>> "
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BSM particle content
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Top partners, B

oy}l

B1

1B
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Mass splitting

2(m§ B mX5/3) i

2Ame™

r =

as(TeV)

mg + mxs s

" Qem(GeV)

mp + my

(3

4

3

>r~ 1.4%

~1R
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Phenomenology: Gt — brs — btB
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Phenomenology: Mixed decays
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