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Composite Higgs

New strong force with coupling, g,
A .
Js

87'&'2

A, = Mp e 9l < Mp

T(;V AS Mp
Higgs boson = bound state of new strong dynamics

0> 1l ~ A2 < M2 (where V(1) = —u2|H[? + M| H|")

BUT why is Higgs boson much lighter
than other bound states!?
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Possible New Dynamics
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[Higgs = pseudo Nambu-Goldstone boson) o 2

Global symmetry, G spontaneously broken to subgroup, H at scale, f

EE p(n)z TeV Resonance mass: mp ~ gpf 1 SJ 9o 5 47
Coset G/H D h —I— ‘/I/v‘[/7 ZL}Higgsdoublet
e.g. SO(5)/S0(4)
A 5 Higgs mass protected by shift symmetry (h o COIlSt.)

-- like pions in QCD !

Strong dynamics does NOT break electroweak symmetry!

BUT global symmetry must be explicitly broken to generate V(h) # 0
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Global symmetry broken by mixing with elementary sector

[Contino, Nomura, Pomarol "03; Agashe, Contino, Pomarol "04]

SM matter and | ~
gaugefields | m - ;m - e e - === —— - Sttl)-ng y-couple
Loizc = Ao .rY 1 ROy + gy A*J iggs sector
\Ijia AM L.rY L rROv + gv A" J,
h\\llh .:‘.
Higgs potential: |V (h) = —puj | H|" + A | H| @ S

2 2
2 9smMm 2 f2 9sm 2
Where //Lh, ~Y 1 657'('2 gp Ah Y 1687'('2 gp [gsar = SM gauge or Yukawa coupling]

s, = B
> ()

i.e. light top partners m7 ~ grf

(= fermionic resonances)

Higgs mass: mj, = 2\,v° ~

ﬂw‘oz
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Bonus feature:

Partial compositeness (ﬁ = ALYLOR + ARleC’)L)

Explains the fermion madss hierarchy [Kaplan 91;TG, Pomarol 00]

myg ~ )\L)\R’U YL
)\L \IJR
A dim OL,R—% H
where AL R~ <_> Ae VT
’ Auyv "
R

5

e Light fermions are mostly elementary [E» dim Orp > 5

. M 1 5
* Top quark is mostly composite! '::> dim Or,r ~ 3

6 IBS Daejeon - 6 December 2017



A “Natural” Composite Higgs spectrum :

750 GeV < f <1 TeV

10 TeV +
—_— n spin 2 resonances
P 1 <g, <d4nm
— (vector resonances) NP
1 TeV + S w(n) (top partners) gr ~ 1.3
 — pseudo NG boson
100 GeV h ( )

Dark matter = pNGB (enlarged coset)
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LHC Limits:

® Massive spin-1, spin-2 resonances

= 1 05 & CMS Prellmlpary 127 fb & 36 fb (13 TeVL

IV!II
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. . . . 2
e Deviations in gauge, Yukawa couplings 9»ww _ 9nrr - J4 U7

SM SM 2
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e Top partners ¢9- 92/3 = 27/6 + 2176 +12/3 20T

ATLAS-CONF-2017-015

f_,\ 1 rrrrprrrrrrre [rrrrprrrrprrrrrrrrrrrrrr T T 1200;
L 0.9 ATLAS Prellmlnary O
(e Is=13TeV, 36.1 b 1100 G,
ttb — 0.8E =
=~ miss e
- e % 0.7 Zt+X1I+.ET 1000 £
06 + SU(2) singlet A
7 7. HW ' e SU(2) doublet 900 ©
0. =
LLb 0.4 800 (—-|)
0.3 700 &
0.2
600 3
0.1 \ N %
% 0.10.20.30.40.50.60.70.80.0 1 209 £

BR(T — Wb)

» mT Z 1050 GeV
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[Barnard, White 1507.02332]

MCHM 14-1

1 2 3 4 5
my  [TeV]
—
~ grf

2

mr 2 1050 GeV :> tuning ~ % < 5%
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“Natural” models provide “complete” picture BUT :

® UV completion!?

— What are UV d.o.f that lead to global symmetry breaking pattern?

— Can partial compositeness be realised without elementary scalars?

® What about the tuning!?

— Tuning worse if include flavor constraints

— How to eliminate electroweak and flavor constraints?
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1. UV completion
Candidate: SO(6)/SO(5) ~ SU(4)/Sp(4) (O pessities asitet b
Symmetry breaking-pattern SU (4) —f> Sp(4)

What is the dynamics that realizes this!?

SU(4) gauged NJL model emarc s roy 3116562

Sp(2N,) | SU(4) SU3). x U(1)
KA abNT T KB [ @[ B (s Coind ] Y O 1 1o
Lint = P2Y?) (a0 € b (Y h.c.
int QNC(l Y )(ﬁa.lb)+8NC abcd(lt U )(L Y )+ - . 30
H 1 3-2/3

Spontaneous breaking of global symmetry
driven mainly by 4-fermion interaction!
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Partial compositeness: L=X110r + A\rtrOy,

UV description: OL,r <> VXY
\—_—

= tightly bound 1)) by 4-fermion interaction, bound to X
by Sp(2Nc) gauge interaction (f > \/&)

l\DICJO
l\DIO‘l

dim O p = dim Y xy ~ dimyyp +
3
S

Marginally irrelevant!

» Allows for order-one top Yukawa coupling

> Va

» Top partners are naturally lighter than uncolored partners!

(Interesting UV completion for lattice studies)
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2. Indirect Constraints

2
EWPT: 5 Hi+e g BHY S — 2w
167202 ! Wapw 2T m%
! (D*HY'HY(H'D,H) T = Lo
167202 : 8re2  f?
g; g
o ey .
eg. FCNC  eeere,~20dq"q ¢ ~, B
P P

= [f>>v]

2.5 TeV
[z
> 0

B f>55TeV

f 2 10TeV

[Bellazzini, Csaki, Serra 1401.2457]
[Panico,Wulzer 1506.01961]

“Little” hierarchy

Tension partly alleviated by complicating minimal models

e.g. custodial symmetry, flavor, symmetry, twin parity....

15

IBS Daejeon - 6 December 2017



Embrace Unnaturalness!

Assume (f 2 10 TGV) — no need for custodial or flavor symmetries!

Tuned Higgs potential: vV ~ ¢, f?|H|? + c4| H|?

2
U
tuning ~ — < 107* Compares to ~ 10728 in SM!

f2

Is there a motivated upper bound for [ ?
Yes! &)
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G auge cou p I i ng u n ifi cati o n [Agashe, Contino, Sundrum ’05]
Assume composite tr and coset G/H
(tR, Xc) = complete H multiplet

—
Decoupled with top “companions” X Dirac mass: My ~ Ay f

New contribution to the running of SM gauge couplings

:‘._.,‘top “companions” contribution
a;(p) — a;(p) = SM — {H, 57}

composite Higgs, top

Ao~}

20¢ GAUGE COUPLING ,
UNIFICATION d (1) _bi  Bijaj Cia A
E> dinp \ o; 2r  2m4Am 27w 16m2
0
/ Bstrong ~ strong € ~ 3M\bstrong  bstrong = 1,5
: . H

5 10 15 2\ Gev

Requires: [ f <500 Ter
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Minimal Coset: SU(7)/SU(6)xU(I)

[James Barnard, TG, Tirtha Sankar Ray, Andrew Spray: 1409.7391]

e contains SU(5) --universal corrections to running

o S C a I a r S i ngl et d a rl( m atte r [Frigerio, Pomarol, Riva, Urbano 1204.2808]

0 1 H
w = e ( (16)) = ? S
V 2 —|H|? —|S|?

|2 Nambu-Goldstone bosons :)i

= 5of SU(5) + 1 singlet

H = Higgs doublet, D + SU(3) triplet, T
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Dark matter stability
Enlarge global group:  U(7) = SU(7) x U(1)g

U(D); U(); UWg UL ]U(Ds 2

T 0 0 —2 0 0 —1

NG bosons D 0 0 _9 0 0 0
_ s L0 710 0) 5 1) e et

G | —1 6 11 0 170

q(d) 1 6 11 0 % 0

ue 1 -6 -9 0| -1 o0

SM fermions de 1 -6  —13 0 -3 0

e 0 0 2 1 0 0

e 0 2 2 1 0 0

N¢€ 0 0 0 —1 0 0

_Je L0 =2 =4 S 00
| -1 6 9 0 1o
| é 1 6 o o] L1 1
top companions -
d° —1 —1 -3 0 0 1
[ -1 -1 -3 0 0 0
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The Unnatural or “Split” Composite Higgs model

100

10

m(TeV)

[James Barnard, TG, Tirtha Sankar Ray, Andrew Spray: 1409.7391]

resonances

0.1

.....
. 'R

————X :top “companions”

.
‘a

S
____ amnt®

0 *
L

> T i color triplet

¢ »
.....

......

Low-energy spectrum: Standard Model +S +T +X

——

What are experimental signals?
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Dark matter:

singlet Higgs partner S -- Higgs portal coupling V D x|D|?*|S|?

1
I[New limit from 1609.09709]
1

8o =4n Ay > gpl3

100 : 10000
ms (GeV)

» 840 GeV < mg < 10 TeV

21

4
where & ~ 0.02 (%)

Cf — 10 TeV)

10 TeV S m, <40 TeV

IBS Daejeon - 6 December 2017



Collider searches:

e top companions X @ €B.2)p ée(l ). de@B1)y le(1,2)y

f — 10 TeV E> m, ~ (1*2)f ~ 10-20 TeV —» Guture 100 TeV coIIideD

* color-triplet Higgs partnerT T € (3,1)_1 (iike RH sbottom in SUSY)

f=10TeV > mp ~ (1- 2)— ~ 3-5 TeV
T

LD
247 2f2

|/\bc | |/\,, ||)\T| Sz(Tfl‘cbc) dimension-6 term

f> 10TeV = long-lived decay

1\2/8\? /3 TeV NARS
P s @ ooz (1) (1) (S1Y) (L2)

can produce a displaced vertex!
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Color triplet decay

[James Barnard, TG, Tirtha Sankar Ray, Andrew Spray: 1409.7391]

10p : :
3|
prompt :
- decays
7 6} : :
c : s
= : s
collider :
2 stable :
- i
1 10 100 1000
: 1 f(TeV) :
«: € > !
“natural” composite Higgs: Unnatural or “split” composite Higgs:
[ <1 TeV 10 TeV < f < 500 TeV
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LHC: [Barnard, Cox, TG, Spray: |510.06405]

LHC 300 b (f = 10 TeV)

0.8
[ —— R-hadron

DV-+let & Sy
. DV+BT

0.7

my [TCV]
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leptonic decay
X x AL
MATHUSLA: .
o o (r\)n
Scintillator A .
ssive 11min odoscope for Ultra Stable neutra rticles surrounda RIS . ir
(MAssive Timing Hod pe for Ultra Stabl L pArticles) ; Ai S =
Surface etector B _—

[see for example Curtin, Peskin: 1705.06327] ," Le* -

g l" o""

’ - neutral
'o_ :I’"EmAsS .’ ¢"’ TI“‘P
[Cox, TG, Spray: in preparation] .— =S esh plpe
Projected Sensitivity e 100m S0
4
0.8} g .
m 10 TeV ol
4
m 30 TeV )l
» Complements LHC searches
1.8

IBS Daejeon - 6 December 2017

25



Summary

— Higgs = pseudo Nambu-Goldstone boson

— Explains electroweak and fermion mass hierarchy

1 TeV 10 TeV /
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Future Directions

® Other signs of unnaturalness?

— long-lived neutral top companions or neutral pNGBs?

® Other “unnatural” possibilities?
— Iarger cosets e.g. SU(6) x SU(6)/SU(6) Icontains neutral color octet]

® UV completion?

— reason for tuning?

® Alternate ways to deal with tuning?

— composite twin Higgs fe.g. 1501.07803]

— relaxation of composite little hierarchy ies. 17oso0sse
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