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Motivation for a compOS1te Higgs

An alternative solution to the hierarchy =

problem:

* QGenerate a scale Apc<<M,,; through
a new confining gauge group.

* Interpret the Higgs as a pseudo-Nambu-
Goldstone boson (pNGB) of a spontaneously

broken global symmetry of the new strong sector.
Kaplan, Georgi [1984]

The price to pay:

From the generic setup, one expects additional
resonances (vectors, vector-like fermions, scalars)
around 4yc (and additional light pNGBs?).

The non-linear realization of the Higgs yields
deviations of the Higgs couplings from their SM
values.

...and many model-building questions ...

Running of the new
strong coupling
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Some questions in composite Higgs models

F
(

low are quark masses generated?
How) can top-partners be light?

H

low can problems with FCNCs be avoided?

What are bounds from electroweak precision measurements?

What are the "best” LHC search channels, optimized search strategies and
tools, and what are the bounds and indication for

vector resonances

t other composite resonances |

ei orsignatures?
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Composite Higgs Models:
Towards an underlying model
and 1ts low-energy phenomenology

Ferretti etal. [JHEP 1403, 077, arX1v:1604.06467] classified candidate models which:

c.f. also Gherghetta etal (2014), Vecchi (2015) for early related works on individual models

contain no elementary scalars (to not re-introduce a hierarchy problem),

have a simple hyper-color group,

have a Higgs candidate amongst the pNGBs of the bound states,

have a top-partner amongst its bound states (for top mass via partial compositeness),
satisfy further “standard” consistency conditions (asymptotic freedom, no anomalies),

The resulting models have several common features:

All models require two types of hyper-quarks 1, y . The Higgs 1s realized as a Yy
bound state. Top partners are realized as Yy or Yy y bound states.

None of the models has the minimal EW coset SO(5)/SO(4). The smallest EW cosets are
instead SU(4)/Sp(4), SU(5)/SO(5), or SU(4)xSU(4)/SU(4).
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BUT: There are two more common features of all models.

1. All models contain colored pNGBs. In particular, all models contain a
pNGB transforming as an octet of SU(3)..

[c.f. JHEP1511,201 for a first study on the phenomenology and bounds on colored pNGBs in CH UV embeddings. ]

2. All models contain two spontaneously broken U(1) symmetries
(global phases of y, 1), which are singlets under the Standard Model

group. One linear combination (1) 1s anomalous under the hyper
color group (and hence expected to be heavy). The orthogonal
combination (a) 1s an SM singlet which couples to the SM only
through the Wess-Zumino-Witten anomaly.

Hence, a pNGB with (calculable and fixed) WZW couplings is a

genuine prediction of the UV completions under consideration.
[arXiv:1512.07242]

6/29



Example: SU(4)/Sp(4) coset based on GHC = Sp(2Nc)
and COIOI‘@d pNGBS JHEP1511,201]

Field content of the microscopic fundamental theory and its charges w.r.t.
the gauge group Sp(2N)xSU(3)xSU(2) xU(1), and the global symmetries

SU(4) xSU(6) xU(1):

Sp(2Ng) | SU(3), | SU(2), | U(1), || SU4) | SU(®) U(1)
4 N 1 2 0
2 4 1 —3(N; — 1)q
Y3 N 1 1 1/2 ¢ X
Y4 ] 1 1 —1/2
X1
X2 H 3 1 2/3
X3
Ya ) 1 6 0%
X5 H 3 1 —2/3
X6

: 7/ 29



“{form a and n’ SM singlets |

spin | SU@)xSU(6) | Sp(4)xSO(6) names
op 0 (6,7) (1, 1) 3 Y
(5,1) (73X
XX 0 (1,21) (1,1) {0ch
(1,20)
XY 1/2 (6,6) (1,6)
(5,6)
XYy 1/2 (6,6) (1,6)
B i (5,6) s
WYX 1/2 (15,6) (5,6) Uy
(10, 6) 10
Dol (15,1) (5,1) 4
(10,1) p
~oPx 1 (1,35) (1,20) 2%
(1 ) 15) Pc

Bound states of the model:

{ contains SU(2). xSU(2)x}
Sl . bidoublet “H”

-----

20 colored pNGB:
(83 1 9 1 )0@(69 1 ’ 1 )4/3@(69 1 ” 1 )-4/3

contain (3,2,2)23
fermions: #z-partners

contain (3,1,X)2/3
fermions: tg-partners
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Full list of "minimal" CHM UV embeddings

Guc (0 X Restrictions | —g,/qy | Yy |Non Conformal

Real Real SU(5)/SO(5) x SU(6)/SO(6)

SO(Nuc) 5% So 6xF Ngg > 55 | 2Muet2)| /3 /

SO(Nxc) 5x Ad 6xF Ngg > 15 |2He=2)| 3 /

SO(Nuc) 5xF 6 x Spin Nuc=79| 2,2 | 1/3 | Nuc=7,9

SO(Nuc) 5 x Spin 6 xF Nuc=79| 5,3 2/3 Nuc =7,9
Real Pseudo-Real ~ SU(5)/SO(5) x SU(6)/Sp(6)

Sp(2Nuc) 5x Ad 6 x F 2Npo > 12 |2 Mueth) | /3 /

Sp(2Nuc) 5x Ag 6xF 2Nuo >4 |3Mme=D | 13 | 2Nyo =4

SO(Nwuc) 5xF 6 x Spin Nuc =11,13| &, % | 1/3 /
Real Complex SU(5)/SO(5) x SU(3)%/SU(3)

SU(Ngc) 5% Ay 3 x (F,F) Nuc = 4 5 1/3 Nuc =4

SO(Nuc) 5xF 3 x (Spin, Spin) [Nyc =10,14| &, & | 1/3 Nuc = 10

Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)

Sp(2Ngc) 4xF 6 x Ay 2Nue <36 | svs—gy | 2/3 INgc = 4
SO(Nuc) 4 x Spin 6 xF Nuc =11,13| 5,3 | 2/3 Nyc =11
Complex Real SU(4)2/SU(4) x SU(6)/SO(6)

SO(Nyc) |4 x (Spin, Spin) 6xF Nuc = 10 8 2/3 Nuc = 10
SU(Nugc)| 4 x (F,F) 6 x As Nuc =4 2 2/3 Nuc = 4
Complex Complex SU(4)2/SU(4) x SU(3)?/SU(3)

SU(Nuc)| 4x (F,F) 3 x (Ag, Ay) Nuc 25 |gmac—ay| 2/3 Nuc =5
SU(Nuc)| 4x (F,F) 3 x (S3,S5) Nuc > 5 m 2/3 /
SU(Nuc)| 4 x (Az,Ap) 3 x (F,F) Ngc =5 4 1/12 /

The column “Restrictions” denotes
the obvious requirements such as
asymptotic freedom and
compatibility with the reality
properties of the irrep (e.g. the Az of
SU(NHc) 1s real only for Nuc = 4).

The “Non Conformal” column
indicates the sub-range for which the
model is likely outside of the
conformal region: a *“/” indicates that
there are no solutions, 1.e. all models
are likely conformal.

The —qy/qy column indicates the ratio
of charges of the fermions under the
non-anomalous U(1) combination.
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Chiral Lagrangian for the pNGBs

The pseudo-Goldstones are parameterized by the Goldstone boson
matrices

= eic5ar/far

r —

y a a
Zr = 622\/§C5WTTT [fr 20,7“ : i)

)

where r =,y , m? are the non-abelian Goldstones, T¢ are the corresponding broken

generators, Yo 1s the EW preserving vacuum, and a are the U(1) Goldstones
parameterized via the Goldstone boson matrices. (cs is V2 for real reps and 1 otherwise).

The lowest order chiral Lagrangian 1s

i -
Loyt = Z — Te[(D,%,) (D*S,)] + o (0,9,)f(0",).
=ba 2

where we chose the normalization such that mw = gﬂp sin where 6 is the vacuum
misalignment angle.

In the large N limit, expect fo. = VNifr.

10/29



Sources of masses and couplings of the pseudo Goldstone bosons:

1. The SM gauge group 1s weakly gauged, which explicitly breaks the
global symmetry. This yields mass contributions for SM charged
pNGBs. As the underlying fermions are SM charged, it also yields
anomaly couplings of pNGBs to SM gauge bosons.

2. The elementary quarks (in particular tops) need to obtain masses. This
can be achieved through linear mixing with composite fermionic
operators (“top partners’), which explicitly break the global symmetries.

3. Mass terms for the underlying fermions explicitly break the global
symmetries and give (correlated) mass contributions to all pseudo
Goldstones.

Weak gauging and partial compositeness 1s commonly used in composite Higgs
models to explain the generation of a potential for the Higgs (aka EW pNGBs).
On the level of the underlying fermions, such mixing requires 4-fermion
operators.

What are the implications of the above points for the SM singlet, and the color-
octet pPNGB?
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Couplings of pPNGBs to SM gauge bosons:

The underlying fermions are charged under the SM gauge fields, and thus ABJ
anomalies induce couplings of the Goldstone bosons to the SM fields which are fully
determined by the underlying quantum numbers.

. C"
Singlets: o ZA ZAgab o gnvaB o gb
WZW 87T 5 far T puv*-af o

where r coset 1) C‘% C’g coset x o

complex  |SU(4)xSU(4)/SU4) dy dy [SU(3)xSU(3)/SU(3) dy 6Y d,
real SU(5)/SO(5) dy dy SU(6)/SO(6) dy 6Y72d,
pseudo-real SU(4)/Sp(4) dy/2 dy/2 SU(6)/Sp(6) g i

Non-abelian pNGBs: 50
Lwzw O — C———c
4\/§7T f 7

Chac™ = & T[T2{S°, S}

abc _a _puvaf pa 1b
T, e AL i

where
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Underlying fermion mass terms:

The SM singlet pNGBs cannot obtain mass through the weak gauging. To make

them massive, we add mass terms for y (and in principle ) which break the
chiral symmetry. They yield mass terms

2
fr O Tr[ XY, ] + h.c. = J 2 ReTr[ X%
Z 32 r| | + h.c Z 1 [ ( C5fa,~) eTr[ XY, ]

r=1,x r=1,X

— sin ( ]CCL;) ImTr[X;[ZT]] :

The spurions X, are related to the the fermion masses linearly

XTZQBrmr T:¢7X7

If m,is a common mass for all underlying fermions of species r, we get

2
m2 = ZBT,UT 3 m2 = 2N’I“ 7“,“7“ gr

Tr Qqr Tr

ar
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Couplings to tops and top mass:

We want to realize top masses through partial compositeness, 1.e.

= Ur g Un \TfthR +IC.

where g are the composite top partners, depending on the model either Yy or Yy x
bound states. The spurions y; r thus carry charges under the U(1),.y .
The top mass 1n partial compositeness 1s proportional to yz+ yr fand thus also has definite

U(1),,y charges ny y . For Yy x:

Yr, Yg ~ (£2,1), (0,-1), = my, ~ (£4,2), (0,£2), (£2,0),

The singlet-to-top coupling Lagrangian can be written as

Ay

e

= mtopq):zw Pl trtr + h.c. = mygp tt + dcs <n¢

NOTE:
« The term that generates the top mass also generates couplings of the pNGBs to tops.

e The possible top couplings depend on the model and top partner embedding, with a
discrete set of choices.

* For the singlet pNGBs, the coupling never vanishes as in no case ny =0 = ny,
* The analogous argument yields zero coupling of 7ts to tops i1f ny,= 0. 14/29
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Singlets: masses and mixing

The states ay,, mix due to an anomaly w.r.t. the hyper color group which breaks U(1)y x
U(1)y to U(1)a.
The anomaly free and anomalous combinations are

e

qwfawaw i quaXax 77, = qwfa¢ax = quaXaw
\/ Tie e \/ Ulie s AR GE
The singlet mass terms (including contributions from underlying fermion masses) 1s thus

[ 1l 1

e — §maxai + §m%afb + 5 j(cos ¢a, — sin Ca¢)2
dxJa : o :
where tan( = qX :7; ~, and Ma is a mass contribution generated by instanton effects.
Y J Ay
The masses of the pNGBs are
Il
2

ax

Mapy = 5 (]\431 +mi +ml F \/Mj}1 + Amg +2M3; Am2 cos QC)

and the interactions in the mass eigenbasis are obtained by rotating from the ay, y basis into
the a,n’ basis with

s \/(Am%, — Am?)? — 4Am?, Am2 tan=? C)

t = 1-—
an o anC( 2Am727,
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Singlet pNGB summary and phenomenology

ALL composite Higgs model embeddings studied contain two SM singlet
pseudo scalars a and # "which both are described by the effective Lagrangian

1 My

L = (000"0 — M2o?) +i C, 7 o tyst
g% /{9 prpo (ya a g% Kw UV PO X1 1 g% KB wpop B
+ — ¢ G+ =5—¢ W Wooe E 55— v po
S [ S s s =

e The mass m, must result from explicit breaking of the U(1) symmetries (e.g.
through mass terms for the underlying y). m, also obtains mass from instantons.

* fo results from chiral symmetry breaking.

 The WZW coefficients k; are fully determined by the quantum numbers of y, 1.

 The coefficient C, coefficient 1s also fixed in each individual model.

Phenomenology
* 0 1s produced 1n gluon fusion.
* o decaysto g9, WW, ZZ, Z~, vy, tt and with fully determined branching ratios.

e The resonance 1s narrow.
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Ew KB

=

a BER R, e - =
model (2,002 4224 A2

1 -0.913 -3.11| -1.05 -038 | -0.3  0.25 0.2 -0.8
2 -0.456 -3.84 | -1.35 -0.68 | -0.3 0.125 -0.05 -0.55
3 -0913 -2.72 | -1.37 129 | -0.34 0.286 -0.4 BECH
1 -1.83 -4.56 | -1.067 1.6 |-0.133 0.22 -0.044 0.489
5 -1.83 -2.03 | -0.75 -0.083 | -0.3 0.5 0.7 -1.3
6 -1.29 -258 | -09 -023 | -0.3 0.5 0.7 -1.3
7 -0.323 -4.01| -15 -083 | -03 0.125 -0.05 -0.55
8 -041 -0.77 | -1.2 147 | -1.2 0.4 -2 2.8
9 -3.27  -429 | -054 212 | -0.068 0.182 0.045 0.32
10 -3.27 -390| -06 207 |-0.075 0.2 0.05 0.35
11 |-0.816 -1.55| -1 1.67 | -0.5  0.33 -0.67 1.33
12 | -0.385 -2.07|-1.125 1.54 | -045 0.2 -0.7 1.1

74 tan( Ky, iy o S—;

model (2,0) (0,2) (4,2)/(2,4) (-4,2)/(2,-4)

1 -0.913 3.41 0875 154 | 025 0.25 0.75 -0.25

2 -0.456 8.40 | 0.28 0.95 | 0.0625 0.125 0.31 -0.19

3 -0.913 298| 1.14 381 | 0.28 0.286 0.86 -0.28

1 -1.83 250 | 3.55 6.22 | 0444 0.22 1.11 -0.667
5 T =05  3.167 1 0.5 2 0

6 S0 =2 0-=15 2167 | 05 0.5 1.5 -0.5

7 -0.323 124 | 0.156 0.823 | 0.03 0.125 0.28 -0.22

8 SEEtE= s 0.2 D87 0.2 0.4 0.8 0

9 ER =0 =0 R 0735 (182 1.63 -1.27

10 e L0907 0.8 857 =8 -1.4

11 |-0.816 190 | 0.67 333 | 033 0.33 1 -0.33

12 | -0.385 5.39 | 0.167 2.83 | 0.067 0.2 0.33 0.067
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Production cross section for a pseudo-scalar o

1 —
5 — Vs =8TeV

— Vs=13TeV

10° k,=1,f=1TeV

o(gg—o) (fb)
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Partial widths:

A== 3
93/{/ MO’
Clo = 99) = o8 zns
3
4,2 2 2\ 2
gokyy (Mg — 4My,
T(c— WW) = (512]%5 ) |
3
T o _ 92cost bw (kw + kg tant Oy ) (M2 — 4M2)?
- 1024 f275 :
I 7 e’ g5 cos? Oy (HW — kp tan? <9W)2 (Mg = ]\4%)3
(0 = Zv) = SOy Y ’
et (kw + KB)° M3
I'(oc — vy) = T
302 2
(o — t) = =2 —L(M2 — 4m3)"/?,

ST /2

Note: Branching fractions are independent of fo.
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Branching fractions:

- —
BFZ —0.6] ’
gg/bosons ]
4r 07 | 42 BFtvrvw/bosons 4005 BF72/bosons 1
08 |
0.1
2r 09— 2t 2r
005 P — N
095 Ool— E
x° 1 &0 00 & \K—o.om\
< X 01 X 001
| Py S — ol 0.05 Ll _
¥ 0.1
—4| 0.7 -4 —02 —4-\05
—0.6)
S A — 4 2 0 2 4 4 ) 0 2 4
KB/Kg KB/Kg KB/Kg
T —— T — . T — T —
0.05 2.5

—2lo.

0.03

BFiyge

BF{/q, for Cy /x; = 0.1




(Current) experimental constraints:
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Resulting bounds on pNGB production cross section [pb]

0.02

M, = 2000 GeV

' 001

Bounds on the pNGB production cross section in pb for different masses as function of the

4l \
2r 006 1
. 0.05
L
30 |
< 0.05
ol - 006— ]
_4_\
—0.02
o0t~
-4 -2 0 2 4
Kp[Kg

anomaly coefficients. Dominant channels: gg (red), WW (green), yy(blue), Zy (yellow).
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Values of (g/K, above which resonant top pair searches dominate:

S
N

L E

404
[ 1.0
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Colored PNGBs
CH UV embeddings contain color sextet or color triplet pNGBs
(model-dependent), but all models contain a color octet pNGB ¢ .

Effective Lagrangian:

Lo = Tr [(D,®)2 — m302] +i Coort FysBt

P
2, .P !, . D
g3k, | b g Kp
+ OUehrre | —d* G G+ G B
3272 fp 2 SO
2
. . 3
where in the CH UV embeddings: #y = dy, 5 =Yy dy, m2, ~ e o
& SIn=¢€ 4

Phenomenology

e @ is single-produced in gluon fusion or pair-produced through QCD.

° <I> decays to gg, gy, gZ, tt with fully determined branching fractions into dibosons:
* ForYy=1/3: gg/gy/eZ=1/.05/.015,Y,=2/3: gg/gy/gZ = 1/.019 /.06.

e The resonance 1s narrow.
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Right: Pair production cross
section and bounds from pair
produced di-jet searches [CMS,
PLB747, 98] and 4t searches
|[ATLAS, JHEP08,105 and
JHEP10, 150]. All data from
LHC @ 8 TeV, still.
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0.50}

0.20¢
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Constraints from pair production:

10.

Pair production and bounds
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Left: Implied bounds on the Cy/
K¢ VS. My parameter space.

Red: 13 TeV bound from ICHEP
on di-jet pairs [ATLAS-
CONF-2016-084]
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Constraints from single production:

Colored PNGBs
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Colored PNGBs

Constraints from single production:
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Example: Bounds on fy in *Model 6

<SU(NHC) \ 5% Ag \ 3 x (F,F)

\ . \ 1/3 \ NHC:4>

WUt

with n,= 4, ny=-2)

0 —
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2000} g
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Conclusions

Composite Higgs Models provide a viable solution to the hierarchy
problem but — being strongly coupled theories — they still provide many

chal

lenges and room for exploration.

EFT descriptions of composite Higgs models are only part of the story.

uv
nov

We
uv

embeddings need to be studied in more detail, and they will lead to
el (as well as already well-known) BSM LHC signatures.

showed that di-boson signatures are predicted in a large class of CH
embeddings. The models are highly predictive because the branching

ratios of different di-boson channels are fully determined by the quantum
numbers of the underlying fermion field content.

Another feature common to all models we considered are potentially light
colored scalar resonances which can be tested at the LHC.
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