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Motivation for a composite Higgs

A
Ols

An alternative solution to the hierarchy
problem:

Running of the new

* Generate a scale 4pc<<Mp; through strong couphin:

a new confining gauge group. o

* Interpret the Higgs as a pseudo-Nambu- o]
Goldstone boson (pNGB) of a i

spontaneously broken global symmetry of mn [ Auc=gif~few TV My
the new strong sector.

[Georgi, Kaplan (1984)1 eV

101°GeV

eV

The price to pay:

e additional resonances around Axc o= O(few TeV)

(vectors, vector-like fermiong, scalars), T =+
e (additional pNGBs)/ an extended sector (?) . % £>8300Gev

* deviations of the Higgs couplings from their
SM values of O(v/1).

“Higgs™ %= 125 GeV
a3
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Composite Higgs Models: Towards underlying models

A wish list to construct and classify candidate models:
Underlying models of a composite Higgs should

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

* have a sitmple hyper-color group,
* have a Higgs candidate amongst the pNGBs of the bound states,

e have a top-partner amongst its bound states (for top mass via partial
compositeness),

The resulting models have several common features:
e All models contain several top partner multiplets.

e All models predict SM neutral, electroweak and colored pNGBs
beyond the Higgs multiplet.
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Guc Y X Restrictions | —¢, /gy | Yy |Non Conformal|Model Name

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

SO(Nec) 5x Sy 6 x F Nug > 55 | 2Nuct2) |3 /

SO(Nuc) 5x Ad 6 x F Ngg > 15 |2Nae=2) | /3 /

SO(Nyc) 5x F 6 x Spin Nuc=79 | 2,3 1/3 Nygc =17,9 M1, M2

SO(Nyc) 5 x Spin 6 x F Nuc=79 | 2,32 2/3 Nygc =17,9 M3, M4
Real Pseudo-Real ~ SU(5)/SO(5) x SU(6)/Sp(6)

Sp(2Nuc) 5x Ad 6xF 2Nug > 12 |3t | /3 /

Sp(2Nuc)| 5 x A, 6 x F 2Nyc >4 2D 1/3 | 2Ny =4 M5

SO(Nuc) 5xF 6 x Spin  [Nuc =11,13| 2, & | 1/3 /
Real Complex SU(5)/SO(5) x SU(3)?/SU(3)

SU (Nuc) 5x Ao 3 x (F,F) Nuc = 4 2 1/3 Nuc =4 M6

SO(Nuc) 5xF 3 X (Spin, Spin) |[Nuc =10,14| 5, & | 1/3 Nuc = 10 M7

Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)
Sp(2Nuc) 4xF 6 x A 2Nuc < 36 |gvao—y| 2/3 2Npc = 4 M8
SO(Nuc) 4 x Spin 6 xF Nuc =11,13| %, 1 2/3 Nuc = 11 M9
Complex Real SU(4)2/SU(4) x SU(6)/SO(6)
SO(Nuc) |4 x (Spin, Spin) 6 x F Nuc = 10 8 2/3 Nuc = 10 M10
SU(Nuc)| 4x (F,F) 6 x Ay Nuc = 4 2 2/3 Nuc = 4 M11
Complex Complex SU(4)2/SU(4) x SU(3)2/SU(3)
SU(Nuc)| 4 x (F,F) 3 x (Ag,Ay) Nuc >5  |gwuo=zy| 2/3 Nuc =5 M12
SU(Nuc)| 4 x (F,F) 3 x (S2,S2) Nuc >5 m 2/3 /

List of "minimal" CHM UV embeddings

JHEP1701,0941
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Composite Higgs Mode:

s: colored pNGBs

Colored pNGBs are generic in underlying models with a composite Higgs and top
partners.

Suppose the Higgs 1s a composite state <yy >, then y has to carry EW

charge.

To get colored top partner bound states (<yy y> or <y yy>) requires

additional underlying fermions y which carry color.

Thus, underlying models also contain < y y> bound states which are colored.

Underlying models have been
classified. [Ferretti etal]
ALL models contain a pNGB

color octet bound state.

As this state 1s a pNGB, 1t 1s
likely to be the lightest colored
BSM state in these models.

{THEP o1 Go17) oa4l

Electro-weak coset

SU(?)L X U(l)y

SU(5)/SO(5)
SU(4)/Sp(4)

SU(4) x SU(4)'/SU(4) p

311 +30+ 2412+ 10
2412+ 19

30 +2412+2' 4120 +141+19+ 1

Color coset

SU(6)/S0(6)
SU(6)/Sp(6)
SU(3) x SU(3)' /SU(3)p

i 8, #6(_2/3 or 4/3) + 6(2/3 or —4/3)

SU(3)C X U(l)y

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

1 BodiBays+3 o3
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Color octet PNGBs: eflective Llagrangian

Effective Lagrangian:

1 1 e
B 0P MDY i 0" t%—t
) 2 Jao
Qshg v abc b C g KB a
O VPO B
+87qu> € d GWGPU = GW 0
, : KRB 2 3 9,49
where in CH UV embeddings: kg = dy, T 2Yy, Mg ~ Cy L /&
g
Phenomenology

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

®d decays to gg, gy, gZ, tf with fully determined branching fractions into dibosons:
ForY, =1/3: gg/gy/gZ=1/.05/.015,Y, =2/3: gg/gy/gZ = 1/ .19/ .06.

e The resonance 1s narrow.
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Current constraints from pair production:
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- Pair production and bounds (8 TeV)
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Using ATLAS & CMS searches for dijet-pairs: €.g. cMS-EXO-17-021 , ATLAS-SUSY-2016-09
2 di-top resonance searches: €.g. CMS-EX0-13-08 , ATLAS-EX0-2013-16

and the 4t-sgluon search recast ruks etal 2018). (see JHEP 05 (2020) 027 for full list of references)
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Current constraints from single production:
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Using ATLAS & CMS searches for

I dijets, ditops, and excited quarks.
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Note:

* From underlying models, we expect ~TeV scale mass.
We are only now starting to probe the interesting parameter space.

* For pair-production, only the (jJ)(jj) final state 1s directly covered by
existing searches.

For (tt)(tt), recasts are required for the latest ATLAS and CMS
searches (See Fuks etal (2018)).

e Pair-production channels involving ®— gy decays are not yet
searched for, and they have high discovery potential.
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Colored PNGBs, LHC prospects for ®— gy

. /9
CMS performed a search for di-jet pairs cvs- ?, =
Ex0-17-021. We are interested in the same topology : +/g
with one or two jets replaced by photons. (f)‘ ~ %
p
9

We closely mimic the CMS search strategy with minimal adaptations to
the replacement of jets with photons, demanding pzsm > 1.5 TeV and

7397 JJja Jjaa
final state N; > 4 N; >3, No=1| N; >2, N,=2
pr cuts P’ > 80 GeV P > 150 GeV, p% > 50 GeV
pairs id. min. ) ;oo [AR; — 0.8 min. AR, j,
asymmetry | Timiel <. | sl <0
parameters | 1755, — Njj,| < 0.1 | [nja —nj;] < 0.1
binning none Mjq Mja,
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Colored PNGBs, LHC prospects for ®— gy

For simulation of backgrounds and signals we generate events with MadgraphS5, showered with Pythia 8, and
Delphes 3 (with the CMS Delphes card, and the JetFakeParticle module with a jet-to-photon fake rate of 10-4).
Jets are reconstructed with Fastjet, using the anti-kt algorithm with R=0.4 and pt = 20 GeV.

 For the 4j channel, we use backgrounds provided by the CMS study.
 For the jjja channel, the dominant background is SM 4j with one jet misidentified as a photon.

» For the jaja channel, the dominant background is SM jjjy background with one jet misidentified as a photon.

193] 7JJ)a jjaa
Signal acceptance eg (Mg =1 TeV) | 0.008 0.008 0.67
Background acceptance ep Data 0.002 0.69 0.009
Background cross section (fb) Data | 1.34 x 10° 7 1.34 x 10°

We define 4 benchmark points with (Ma [GeV], opair [fb],

BP1 :: (900,74.2), BP2: (1000,34.4), BP3:: (1100,16.7), BP4 :: (1200,8.3).

Significances are determined using a binned sensitivity function on the reconstructed resonance mass:

Zbin _ \/ > (2(32- + b;) log [1 - z] = 257;)
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Colored PNGBs, LHC prospects for ®— gy

BP1 (900,74.2) BP3 (1100,16.7)
Y, =1/3 Y, =2/3 Y, =1/3 Y, =2/3
Zoggg  10.32 748 | Zygey A8 3.54
Zoggqy  5.02 13.03 | Zyggy  1.09 3.06
Sgegy  0.48 1.74 | 0409y  0.22 0.86
Zggry 191 21.08 | Zyg, 047 5.31
Sy  0.18 2.81 | 049y  0.09 1.5
BP2 (1000,34.4) BP4 (1200,8.3)
Y, =1/3 Y, =2/3 Y, =1/3 Y, =2/3
Zogag 15 545 | Zygqy 2.6 1.91
Zoggqy 219 6.07 | Zy9y  0.63 1.77
Sgeqy  0.29 1.11 | 6,900  0.24 0.92
Zggry  0.98 10.97 | Zygy  0.25 2.83
Sy  0.13 2.01 | 049y  0.09 1.48

Table 6. Estimation of signal sensitivities (Z) and ratio ¢ for different channels at HL-LHC with
3 ab~ ! of integrated luminosity. The multi-jet background at this luminosity is obtained by scaling
the events multiplicities from 35 fb~'. The benchmark points are denoted by (Mg [GeV], 0proa [fD])-

5yugy = 20001 _ Soorn/VBisia 5 _ Zogr _ Sagrl v/ Bijua
Zoggs  Seggal \/Bijjj =
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Colored PNGBs, LHC prospects for ®— gy

[THEP o5 (2020) 0271
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Contours indicate required integrated luminosity in fb-! (@ LHC.

(The projection 1s based on a naive, non-optimized cut scheme, closely following the two di-jet
search CMS-EXO-17-021).
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Color sextet PNGBs: ettective Lagrangian

Effective Lagrangian:

2 2 : —
L D s — M726 6| + (mij trg(Prt)°+ L < R+ h.c.)
76 carries charge 4/3.
76 18 pair-produced through QCD. Single production 1s only possible via top-fusion.

7 decays exclusively to ¢ ¢.

1 —
The resonance 1S narrow. 0.500 Ttotal L LO
o(pp - THTTg)
''''' o(pp - 7TgTT3)
\\
0.100F <. a(pp - Tistt + h.c.)
o) \’\~
£ 0.050 F S,
g .
&
m
o}
0.010 F
0.005 - N
\~
~ \\
~ \~
\~
~
0001t L
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M, (GeV)

Cross sections for the sextet and octet scalar production at the LHC 13 TeV
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http://inspirehep.net/record/1382164

Color sextet PNGB can be searched for in the 4t channel
(or same-sign lepton searches)

» The signature is really a pair of top-pair resonances.

» Hadronic tops in the final state would allow to reconstruct invariant masses, but backgrounds are large (SM tt~ +
jets). = Challenging but not hopeless given the developments in ML and boosted-top tagging algorithms.

» [ftwo tops (or two anti-tops) decay leptonically, we have a same-sign lepton signature which has very low

backgrounds (and searches are available).

We recast the CMS search of CMS-B2G-17-014 (charge 5/3 top partner search in the same-sign lepton channel),
and determine existing bounds as well as projected reach (for LHC with 3 ab). JHEP 1910, 134
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We recast the CMS search of CMS-B2G-17-014 (charge
5/3 top partner search in the same-sign lepton channel),
and determine existing bounds as well as projected reach

(for LHC with 3 ab). [JHEP1910.1341
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Fun-fact: In SSL searches, 4t from color-octets
and color-sextets can easily be distinguished via

the SSL opening angle. {]HEPI;II,zoI]
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Color Vector-like Quarks (VLQs) and color PNGBs

Vector-like quarks (with charge 5/3, 2/3, -1/3, -4/3) are actively

searched for at the LHC.

Xsi3 (With Xsi— tW™): Mx=z 1.3 TeV,

T & B:

ATLAS Prellmlnary
Vs =13 TeV, 36.1 fb"
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0.7 Observed limit
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http://cds.cern.ch/record/2630080

Top partners in GCH UV embeddings

[JHEP 1806, 065]

UV embeddings of composite Higgs models come with additional pNGBs,
which are naturally lighter than the top-partners, so decays of top partners
to top / bottom and a pNGB are kinematically possible.

With respect to colored pPNGBs: X573 — bmg — btt
T — twg — ttt

— 19g
— g7
B — brg — btt
— bgg
— bgy

= Many new possible final states for VLQ pair- and single-production

which are currently not targeted and which deserve further studies.
Common features: (many) tops, (many) jets, (for some) hard photons.
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Conclusions

Colored scalars 1n the TeV mass range are well-motivated in Composite Higgs models (and
other Standard Model extensions).

The color octet pair production cross section only depends on Mg , as the production occurs
through the QCD interaction.We surveyed current LHC searches to obtain a bound of Mg, >
600 -1000 GeV (depending on the dominant decay channel(s) of the color octet scalar).

We demonstrated that a search for ((jy)(jy) (or (jy)(jj)) resonance pairs has a high discovery

potential.
Our feasibility study closely follows an existing CMS study for (jj)(jj) resonance pairs.
Further optimization of background suppression 1s possible.

For color sextets, we established a bound of M6 > 1250 GeV, and a projected LHC reach of
M6 = 1600 GeV within search strategies already used by CMS.

Colored scalars could also be produced indirectly, in decays of vector-like quarks. If VLQs
are light enough to be produced at the LHC, their decays can be tested in numerous new final
states.
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Example: SU(4)/Sp(4) coset based on GHG = Sp(2Nc)

Underlying field content

Sp(2N,) | SU@), | SU(2), | U(), || SU@) | SU() u(l)
z; 0 i 2 0
Vs 0 1 1 172 4 1 —3(Ne — 1)
Va O 1 1 —1/2
X1
X2 H 3 1 2/3
X3
v - 1 6 Qx
X5 H 3 1 —2/3
X6 .
[THEPI 2011
spin | SU(4)xSU(6) | Sp(4)xSO(6) | names
oG 0 6.1) (T.1) oy
(5,1) |
XX 0 (1,21) (1,1) Y
(1,20)
Yo 1/2 (6,6) §1,6; wi‘ﬂ
5.6 W
Bound states v Ry 1.6) o
(596) % A
Of the mOdel wYE 1/2 (1,6_) (1,6) 3 __I
vy 1/2 (15, 6) (5,6) U3
(10,6) Vs do |
Dot 1 (15,1) (5,1) o ]
(10,1) P
XoFx 1 (1,35) (1,20) a
[THEP1s11,201} (1,15) Pc

{ contains SU(2), xSU(2)x]
bidoublet “H”

e md
20 colored pNGB:

(8,1,1)0®(6,1,1)43D(5,1,1)-473

contain (3,2,2)2/3
fermions: #.-partners

contain (3,1,X)23
fermions: fz-partners
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