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Motivation

© Atlas and CMS found a Higgs-like resonance with a mass m, ~ 125 GeV and
couplings to vy, WW, ZZ, bb, and 77 compatible with the Standard Model
(SM) Higgs.

® The Standard Model suffers from the hierarchy problem.

= Search for an SM extension with a Higgs-like state
which provides an explanation for why mp, v < M.

One possible solution: Composite Higgs Models (CHM)

e Consider a model which gets strongly coupled at a scale f ~ O(1TeV).
— Naturally obtain f << M.

e Assume a global symmetry which is spontaneously broken
by dimensional transmutation — strongly coupled resonances at f
and Goldstone bosons (to be identified with the Higgs sector).

e Assume that the only source of explicit symmetry breaking arises from
Yukawa-type interactions.
— The Higgs-like particles become pseudo-Goldstone bosons
= Naturally generates a scale hierarchy v ~ my < f << Mp,.



ns and Outlook

Composite Higgs model: general setup

The minimal composite Higgs model (MCHM) agashe, contino, Pomarol (20041
Effective field theory based on SO(5) — SO(4) global symmetry breaking.
e The Goldstone bosons live in SO(5)/SO(4) — 4 d.o.f.
e SO(4) ~ SU(2). x SU(2)r
Gauging SU(2), yields an SU(2), Goldstone doublet.
Gauging Tg aSSignS hyper Charge 1o it. Later: Include a global U(1)y and gauge Y = Tg + X.
= Correct quantum numbers for the Goldstone bosons
to be identified as a non-linear realization of the Higgs doublet.
We use the CCWZ construction to construct the low-energy EFT.

Coleman, Wess, Zumino [1969], Callan, Coleman [1969]

Central element: the Goldstone boson matrix

1 0 O 0 0
L 010 0 0
U(I'I) = exp <?|_|,T’) = 0 0 1 07 (l s
0 0 0 cosh/f sinh/f
0 0 0 —sinh/f cosh/f

where M1 = (0,0,0, h) with h =< h> +h
and T' are the broken SO(5) generators.



'd Outlook

From it, one can construct the CCWZ d/, and 2 symbols
E.g. kinetic term for the “Higgs”:

1
2

, _
(0,h) + L sin? (ﬁ) (WH we g
2cw

1
] 22)

f2 i i
En:zdﬂdl ==

= v =246 GeV = fsin (<l;>> = fsin(e).

Note: In the above, the Higgs multiplet is parameterized as a Goldstone multiplet
and it is assumed that a Higgs potential is induced which leads to EWSB.

Concrete realizations c eg. Review by Contino [2010], Panico et al. [2012)], ...

Couplings of the Higgs to the quark sector (most importantly to the top)*
explicitly break the SO(5) symmetry.

= Couplings to the top sector induce an effective potential for the Higgs
which induces EWSB.

*
c.f. Delaunay, Grojean, Perez [2013] for the influence of other quark partners on Higgs physics
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Prospects for ¢ 3 LHC run Il

s and Outlook

How to include the quarks®

In the SM, the Higgs multiplet

e induces EWSB (v in CHM),

e provides a scalar degree of freedom (v" in CHM),

e generates fermion masses via Yukawa terms (+— implementation in CHM?).

keplan 119913 INClude elementary fermions g as incomplete linear
representations of SO(5) which couple to the strong sector via
Emix = yal@ OIO + h.c. s

where O is an operator of the strongly coupled theory in the representation /o.
Note: The Goldstone matrix U(IT) transforms non-linearly under SO(5), but
linearly under the SO(4) subgroup — O'© has the form f(U(M))O/ermion-

Simplest choice for quark embedding:

id, 0 iD — iXs)3
d 0 D+ Xs/3

. ] ( Q ) 1| D+
q=—— iug , Uj= 0 , 1/) = ~ e iU+ IX2/3
\/é —uL 0 v \/é *U+X2/3

0 up \/éD



Partially composite quarks

BSM particle content (per u-type quark):

U X3 | D | X | U
50(4) 4 | a 4 4 [ 1
SU(3). 3 | 3 3 3 | 3

U(1)x charge | 2/3 | 2/3 | 2/3 | 2/3 | 2/3
EMcharge | 2/3 | 2/3 | -1/3 | 5/3 | 2/3

Fermion Lagrangian:
Loomp = 1Q(D, +ie,)y"Q+ iUPU — M;QQ — M DU + (ic@ify“dLU T h.c.) ,
£e/,mix - IaLLDqL + iURmuR - nya?Ugs’l/JR — }/RFU%UgswL =+ h.C.

7135



Partially composite quarks

Derivation of Feynman rules:
e expand d,, e,, Ugs around (h),
e diagonalize the mass matrices,

e match the lightest mass eigenvalue with the SM quark mass
— this fixes y; in terms of the other parameters
(light quarks: mq < v/V2;ifya ~ 1=y < 1)
(top quark: m; ~ v//2; requires yr ~ 1 and y, ~ 1)

e calculate the couplings in the mass eigenbasis.

8/35



Masses and couplings

The SM like quark:

My — M. f f
mu:\Lf‘ M n il o)
2 VMe+ 212\ I+ y3r2

Partners in the 4:
st/s = = My + O(€%)

2+ Y22 = My + O(€°)
Singlet Partner:

Mus = \/IMi? + y3£2 + O(?)
Couplings (examples):

€

A g yrf My J/Rf 3
’gXWu 35 | Malle V2cr +0()
L g ¢ ny (M1 My + y,%fZ) \/>CLny 3
‘gUsWd‘ = = > +0(e)
V2.2 Mur2 Mg, Murz



Partially composite quarks

How to (qualitatively) understand the “mixing” couplings:

/f

v,
X
X W X; V¥ T : X, W I
5/3R t 5/3R 2/3R 2/3L V't 5/3R T T t
. - oLtV L S (R il A LEVE UV S
9% g2 M —ypf/ V2 gere/V2 My yrf
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Production mechanisms (shown here: Xs,3 production)

u/c Dule

(a) EW single production  (b) EW pair production  (c) QCD pair production
Decays:
X5/3 — Wtu (100%),
D — W~u (~100%),
Uy — Zu (dominant),
Us, — hu (dominant),
light quark partner: Us — hu, top partner: also Us — Zu, Us. — Wb

11/35



LHC run Il

nd Outlook

Bounds on top partners from run |

e ATLAS and CMS determined bounds on (QCD) pair-produced top partners
with charge 5/3 (the X;,3) in the same-sign di-lepton channel.

/\/I)(S/3 > 770 GeV ATLAS [1409.5500] st/s > 800 GeV cms [PRL 112 (2014) 171801]
e ATLAS and CMS determined a bound on (QCD) pair-produced top partners
with charge 2/3 (applicable for the Ts, T¢, Tro). [Similar bounds for B]
CMS (s=8TeV 19.5fb™
BR(bW)
= 850 <=

S ATLAS % o
T Preliminary J-\:lite;:\,agzoa'b 800 é D I800 §
E Summary results: 750 § L <
s o Smesont 700 & i g
Ht+X,Wb+X comb. B8650 = L -|70 _:

’ 1 2 r 8

550 5 r —700 X

Q [ 3

500 £ C ﬁ

450 & F Jeso 2

400 F 3

~350 t —600 "

0.8 1 [ @

s 2

BR (T — Wb)

1 1
BR(tZ) BR(tH)
CMS [PLB 729, 149 (2014)]
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P compt e quarks
Bounds on quark partners from run |

at LHC run Il
and Outloc

Bounds on top partners from run |

e Bounds including single-production channels: watsedonskyi, Panico, wuizer [2014]

14 ~
] 120~
10 -
A . 08
R B
-02d ¢ 06
04 -
] E— Vs =8TeV
02 L£=20pm"
00 00
700 800 900 1000 1100 1200 600 700 800 900 1000 1100 1200
My [GeV] Mr  [GeV]

Note: In the above plots cp = ZQQWU /g and cXVb = ZgbsWd/g as compared to the coupling formulae given earlier.
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at LHC run Il

'd Outlook

Determining bounds on partners of light quarks from run |

e Bounds on partners of light quarks in the 4
Delaunay, TF, Gonzales-Fraile, S.J. Lee, Panico, Perez [JHEP 02 (2014) 055]
o From QCD pair production: Mj’d’s’c > 530 GeV

(from ATLAS and CMS searches applicable to WWjj, ZZjj final states)
o Single production:

(from ATLAS and CMS searches applicable to Wjj, Zjj final states)

10. 10.
Sr v .
2t 2.
= Lp [ us—partner | =
r [ cg—partner 2000
0.5 QCD prod. | sk 1400
- M=03 3600
02f] f=600GeV] 0ah 1000 3000
’ i ; - 600
partially composite quarks
500 1000 1500 2000 2500 3000 3500 02 o1 2 FRTY
M; [GeV] "
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otivation

Bounds on quark partners from run I
e t LHC run Il

nd Outlook

Determining bounds on partners of light quarks from run |

e Bounds on partners of light quarks in the singlet
TF, J. H. Kim, S. J. Lee, S. H. Lim [JHEP 1405 (2014) 123]

o From QCD pair production: MY"%5¢ > 310 GeV

(using pI", Njet, p’lﬁt from the h — ~~ search in (arLas-conF-2013-072])
o Single production:

T
1
1
\
A
\

=== /My, =1/3

eff

A

i
1
[}
1
1
\

- T/My, =1/3

500 1000
My, (GeV)

1500 2000

Constraints neglecting events with p;'y > 200 GeV
(conservative; ignoring overflow bins)

500 1000 1500 2000
My, (GeV)
Constraints including events with pJ 7 > 200 GeV
(projection; including overflow bins)
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Bounds on qu
Prospects for composite quark partners at LHC run Il

Conclusions and Outlook

Prospects for composite quark partners at LHC run Il

At run Il, we have more energy
= searches are sensitive to higher quark partner masses.

However, for composite quark partners there are two additional genuine aspects:

1. Single-production channels (if present) will become more important
as compared to QCD pair production channels.

2. For heavier quark partners, their decay products become strongly boosted
= we need dedicated search strategies for boosted tops, Higgses, EW
gauge bosons.

Two examples:

1. Maximizing the sensitivity for the “most visible” quark partner:
An optimized search strategy for top partners in the 4.

M. Backovi¢, TF, S. J. Lee, G. Perez [arXiv: 1409.0409]

2. Maximizing the sensitivity for the “least visible” quark partner:
An optimized search strategy for singlet partners of light quarks.
M. Backovi¢, TF, J. H. Kim, S. J. Lee [arXiv: 1410.8131]
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Prospects for composite quark part t LHC run Il

Conc and Outlook

Search for top partners in the gftW final state with semi-leptonic decay of tW.

Xs/3 + X573 production

single production £ =800GeV
- = - pair production My = 15TeV

yr=14

b=m

o1

S}
ootk /s =14TeV \i
inclusive So
(no top partner decay) So
10 . . L
1000 1500 2000 2500
My (GeV)

. q

v, q

v, q

The final state is characterized by

We use this by

- a high energy forward jet — used as atag

-two b's = demand two b-tags
- a highly boosted tW system with:

— one hard lepton, —  pr > 100GeV cut
— missing energy,

— “fat jets”, —

reconstruct boosted t/ W
using Template Overlap Method (TOM)




Prospects for composite quark partners at LHC run Il

Tagging of Boosted Objects

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Tagging of Boosted Objects

- We use the Template Overlap Method (TOM)
- Low susceptibility to pileup.
- Good rejection power for light jets.

- Flexible Jet Substructure framework
(can tag tops, Higgses, Ws ...)

For a gruesome amount of detail on TOM see:

Almeida, Lee, Perez, Sterman, Sung - Phys.Rev. D82 (2010) 054034

MB, Juknevich, Perez - JHEP 1307 (2013) 114

Almeida, Erdogan, Juknevich, Lee, Perez, Sterman - Phys.Rev. D85 (2012) 114046
MB, Gabizon, Juknevich, Perez, Soreq - JHEP 1404 (2014) 176

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Tagging of Boosted Objects

o Blue - positions of truth level top decay products.
The red dots with dircles are peak Gray - Calorimeter energy depositions.

template momenta. They Red - Peak template positions.
represent the “most likely” top
decay configuration at a parton

level.
1.0—
2.25
Overlap info:
2.00 Ovy =0.91
0.5 175 Event info:
pr=1021.91 GeV'
m=212.39 GeV'
1.50
Partonic info:
1.25 pp =421.80 GeV

=

S

5%
=00 k] £ pp=385.85 GeV
100D Pr3=233.45 GeV
Template info:

Pl =414.24 GeV
—0.5 Ply=401.14 GeV’

050 Phy=215.18 GeV
0.25
L5650 05 .0 00 .
3 Typical boosted top jet

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Tagging of Boosted Objects

Blue - positions of truth level top decay products.
Templates are matched to jet energy Gray - Calorimeter energy depositions.
distribution by collecting radiation Red - Peak template positions.
within some small cone around
each parton and minimizing the
difference between the energy of the
parton and the collected energy.

2.25
Overlap info:
2.00 Ovy =0.91
5 Event info:
05 l L7 pr=102191 GeV
§ m=212.39 GeV'
1.50
v %\ Partonic info:
B 1250 K
= 0.0 ~ z .
1.00 ‘gi Pry=233.45 GeV
0.75 Template info:
Because templates are : Pl =414.24 GeV
sensitive only to the 0s0  Pm 2‘;;; gf“;
i~ ,=215.18 Ge
energy depositions P
o 0.25
within the small cones
the method is Yery i 50 05 1o -o.oo )
weakly susceptible to 2 Typical boosted top jet

pileup.
Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Tagging of Boosted Objects

- Template Overlap Method
- Good rejection power for light jets.
- Flexible Jet Substructure framework
(cantagt,h, W ...

No Pileup 50 avg. pileup

My, 5= L75TeV My, 5= LT5TeV

12 12 MadGraph + Pythia
MadGraph + Pythia o (Norx) = 50
o No pileup 10 Ve = 14TeV, =
V5 = 14TeV. !
) ) L
2 g !
H 5 |
£ g !
g g !
1 1
|
4 - . 4 H !
— Hadronic Top Candidate - Hadronic Top Candidate 1l
1
H I
! |
e S i T, B
o 02 04 05 08 10 %o 02 04 3 08 To

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Forward Jet Tagging

X5/3 ) l

q

Forward Jets as useful tags of top partner production also proposed in:
De Simone, Matsedonskyi, Rattazzi Wulzer JHEP 1304 (2013) 004

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Forward Jet Tagging
Detector in “eta phi” plane

Forward . Central - Forward
* . . ; . .. . .‘Li. . . . . :. ..
‘.0.. . ..- . X N .
L . *oe . 10)
- % | )
\ n
HE forward jet
Pileup

Seems easy, but actually quite difficult!

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea

24/35



Prospects for composite quark partners at LHC run Il

Forward Jet Tagging
Detector in “eta phi” plane

Forward . Central - F?Nvard
\ n

HE forward jet

Pileup

Complicated at high pileup (fake jets appear)

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Forward Jet Tagging
Detector in “eta phi” plane
Forward . Central - Forward

S g B
@' . o are less likely
to pass a pr
X

small radius
pileup jets

. : ) j 9 threshold cut

L \ Ability to reco. the jet
(Simple) Solution: energy/pris

diminished, by we are

Define forward jets as (say) r = 0.2 jets with interested in tagging

pvd > 25 GeV, 2.5 <n™ <45, the forward jet, not
measuring it

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

Forward Jet Tagging

My, 5= 1T5TeV.

r = 0.2 - good compromise
tween pileup insensitivity and signal
efficienc

My, 5=

TT5TeV.

= ¢ hadrorino plecp.
22 W harond

pr > 256GV

Tiwd =0.2

My, 5= LTS TeV.

[ ¢ hadonicropieup

MadGraph + Pytria
VA= TV

Blue -
No Pileup

Red -
50 Pileup Events

Standard ATLAS r = 0.4 forward jet will not work without

some aggressive pileup subtraction technique (open problem!)
from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

b-tagging Strategy

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

b-tagging Strategy
Full simulation of b-tagging requires consideration of complex
detector effects (e.g. tracking info).
We use a simplified approach:

Assign a “b-tag” to every r = 0.4 jet which
has a truth level b or ¢ jet within dr = 0.4
from the jet axis.

For each “b-tag” we use the benchmark efficiencies:
e, = 0.75, €. = 0.18, ¢, =0.01

b
hadronic top / hadronic W
(one b inside fat jet, (two isolated b tags)
one isolated)
b ( b ( ' ’

l

from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Prospects for composite quark partners at LHC run Il

We can reconstruct the resonance mass
- Use the peak template (pileup insensitive) % :
* hadronic top: m% = (™ +p' +p")’

* hadronic W: m% = ("™ +p' +p” +p°)?

% because of a boosted topology, assigning v = 7 works
X well for the purpose of resonance reconstruction.
v

red - pileup blue - no pileup

My y= 10TV My, = 15TV

MadGraph + Pythia
Nopleup.

| vi-umy

by s

s

Note: very difficult to reconstruct the resonance

mass with same sign di-leptons!
from: M. Backovic's talk, NPKI 2014 workshop, Jeju, Korea
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Conclusions and Outloc

Prospects for composite quark partners at LHC run Il

Search for top partners in the qitW final state with semi-leptonic decay of tW.

M. Backovi¢, TF, S. J. Lee, G. Perez [arXiv: 1409.0409]

My,,,/5 =20 TeV, ox, 45 =15, L =351, (Ny) = 50

X553+ B o, [fb] o7 [fb] oW 4jets [fb] €5 € €W Lets S/B S/VB

Fat jet candidate | ¢ |W | w 3 w t | W t w t w t w LW

Basic Cuts 1.6 ]2.3] 76.0 |556.0|5921.0{3879.0(0.36|0.51| 0.06 0.46 0.19 0.12 [3x107*|4x107*[0.1]0.1
pr > 700 GeV 1.3]2.0] 60.0 |506.0|1322.0|1082.0{0.28|0.45| 0.05 0.42 0.04 0.04 [9x107*|8 x 107*|0.2|0.2
P > 100 GeV 1.211.9]23.0349.0| 912.0 | 733.0 [0.27]0.41| 0.02 0.29 0.03 0.02 0.001 0.001 |0.2{0.2

Ov>05 1.0[1.3]12.0|170.0| 354.0 | 254.0 [0.23]0.30| 0.01 0.14 0.01 0.008 0.003 0.002 |0.3]0.3

MXm/U > 1.5 TeV [0.9(1.2| 0.7 {106.0| 168.0 | 160.0 |0.20|0.26 |6 x 10~*| 0.09 0.006 0.005 0.005 0.003 |0.4(0.3
mj > 300 GeV 10.8]0.4| 0.5 | 12.0 | 111.0 | 27.0 |0.17]0.08 |4 x 1074 0.01 0.004 |9 x107| 0.007 0.02 |0.40.7

b-tag & no fwd. tag|0.3]0.1]0.08] 2.7 | 0.2 | 0.5 [0.07[0.03]7 x107°] 0.002 [5x106[2x 1077 1.3 0.09 [3.7]10
fwd. tag & no b-tag|0.5[0.3] 0.2 3.7 [ 32.0 | 7.8 [0.10[0.06]2 x 107*| 0.003 | 0.001 [3x10~"] 0.02 0.05 |0.6]0.9
b-tag and fwd. tag [0.2/0.1/0.03] 0.9 [ 0.03 | 0.1 [0.05/0.02]2x107°|7x 107*[1 x 1076[4 x 107 3.7 02 [5.3|13

Table 5. Example cutflow for signal and background events in the presence of (Nyi) = 50 interactions per bunch crossing, for My, /5 =
ions o, /5. No pileup subtraction/correction techniques have been applied to the samples. o, 7w juis are the
signal /background cross sections including all branching ratios, whereas ¢ are the efficiencies of the cuts relative to the generator le ctions.
The results for My, ,/5 = 2.0 TeV assume both X;/3 and B production.

2.0 TeV and inclusive cros

31/35



Prospects for composite quark partners at LHC run Il

Prospects for composite quark partners at LHC run |l

10

- ‘:MadGraph + Pythia: E
(Nyix) =50
V5 =14TeV

b-tag
fwd. jettag

1
]
1.
i
1
i
1
i

1
1
1
1
1
I
1
1
-
-
e
o
-
~
1

15

0X;5)3/B (fb)

M. Backovi¢, TF, S. J. Lee, G. Perez [arXiv: 1409.0409]
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Prospects for composite quark partners at LHC run Il

Conc nd Outlo

Search for light quark singlet partners in the hhjj final state with h — bb decays.

M. Backovi¢, TF, J. H. Kim, S. J. Lee [arXiv: 1410.8131]

Signal Cross Sections

MadGraph
10 V5= 14TeV

Tlfb)

Difficult to probe at
LHC Run Il w/ 35 fb™

o1

oo \\ b
1000 120 1400 1600 500 2000 "

b
My, [GeV]

Demand at least four fat jets (R = 0.7) with
pr > 300 GeV, |n| < 2.5
Declare the two highest pr fat jets

Basic Cuts ) n N
Cut Scheme satisfying Ovy > 0.4 and Ovg < 0.4
to be Higgs candidate jets.
At least 1b-tag on both Higgs candidate jets.
Select the two highest pr light jets (r = 0.4), with pr > 25 GeV
to be the u quark candidates.

[An| <0.1
Complex Cuts [Av, | <0.1
mu,, , > 800 GeV.
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Conc and Outlook

Search for light quark singlet partners in the hhjj final state with h — bb decays.

M. Backovi¢, TF, J. H. Kim, S. J. Lee [arXiv: 1410.8131]

os [fb] | ow [fb] | opp [fb] |omuni—jer [fb]] S/B S/VB
Preselection Cuts 6.8 4.6 x10% | 8.4 x10° | 2.8 x10° |2.4x 107°|7.5 x107?2
Basic Cuts 1.2 4.6 16.0 6.8 102 [1.7 x1073|2.7 x107*
[Amn| <01 |82 x107! 1.7 6.5 2.8 x102 (2.9 x107%|2.9 x107*
[Amu| <01 |56 x107'(5.5 x10~* 2.0 87.0 6.3 x107%|3.5 x10~*
mu,, ., > 800 GeV|5.0 x107'|3.6 x10~" 1.6 67.0 7.3 x107%]3.6 x10~*
b-tag 3.4 x107"|4.4 x1072|1.1 x1072| 1.5 x1072 4.8 7.5

Table IV: My, =1TeV , 0, =681, L=35h""

s [fb] o4 [fb] oup (D] |Tmuti—jet [fb] S/B S/vVB
Preselection Cuts 2.4 4.6 x10% | 8.4 x10° | 2.8 x10° |8.15 x 107%|2.6 x10~2
Basic Cuts 6.0 x10™* 4.6 16.0 6.8 x10% | 8.6 x107* |1.4 x107*
[Amn| <0.1 3.9 x10™! 1.7 6.5 2.8 x107 | 1.4 x107% |1.4 x10*
|Amu| < 0.1 2.7 x107! [5.5 x107| 2.0 87.0 3.0 x107 |1.7 x107*
mu,, , > 1000 GeV | 2.2 x10™" |1.9 x10~* 1.0 45.0 4.8 x107% |1.9 x107!
b-tag 1.34 x1071(2.2 x1072|8.5 x107?| 1.2 x1072 3.1 3.8

Table V: My, =12 TeV , 0, =241tb, L =35b""
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at LHC run Il
Conclusions and Outlook

Conclusions and Outlook

Composite Higgs models provide a viable solution to the hierarchy problem.
Realizing quark masses via partial compositeness requires quark partners.

Top partners (in the MCHM) are constraint from run | to Mx = 800 GeV.

The phenomenology of light quark partners strongly differs from top-partner
phenomenology.

o For partially composite quarks with partners in the fourplet, we find a flavor and yg
independent bound of M:/C > 525 GeV as well as stronger flavor and yr

dependent bounds ( e.g. MY 2 1.8 TeV, MS > 610 GeV for y,‘:’,/c =1).

o For partially composite quarks with partners in the singlet, we find a flavor- and AT
independent bound of My, > 310 GeV as well as increased flavor-and

Xt _dependent bounds.

For run Il, single-production channels and strongly boosted top and Higgs
searches become important.
o Performing dedicated searches for boosted tops, the Xs,3 can be discovered even
at masses beyond 2 TeV.
o Even the (currently weakest constraint) singlet partners of light quarks can be
discovered at masses beyond 1 TeV.
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