Broad composite resonances and
their signals at the LHC

Why they exist: Da Liu, Lian-Tao Wang and KPX, 1901.01674;
Searching for them: Sunghoon Jung, Dongsub Lee and KPX, 1906.02810.

Ke-Pan Xie
eoul National University
9.7.16 KAIST-KAIX



The composite Higgs models

Kaplan et al, Phys.Lett. 136B (1984) 183-186
Agashe ef al, Nucl.Phys. B719 (2005) 165-187
* Two sectors

L= »CSM + [fstrong

Contain the
Higgs doublet

N\
Global symmetry

breakingG — H

Nambu-Goldstone Bosons
\ Y

The elementary sector The strong sector
(SM fermions and EW bosons) (new physics)



* Interactions between two sectors

L =7_L M+ £S trong Kaplan et al (1984) and Agashe et al (2005)
+ T Wi+ Iy uB" +yarOr + yrtrOL
EW gauge coupling: Partial compositeness:

Subgroup SU(2), xU(1)y gauged ¢, and u; fill in the incomplete

representation of G
r
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* Interactions between two sectors triggering EWSB
L = »CSM + £strong Kaplan et al (1984) and Agashe et al (2005)

+ TIWE + Ty, B" +yrqrOr + yrtrOL

EW gaugegoupling: Partial compositengss:
H Subgroup 3U(2)L><U(1)Y gauged ¢, and u, fill in thg incompleteT

representation of

Explicitly break G !!
Higgs potential generated; EWSB triggered
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* Composite Higgs zoo

G/#: the scalar sector

q, & t; embedding

Relevant references

4+4 Agashe et al, Nucl.Phys. B719 (2005) 165-187
SO(5)/50(4): 545 Contino ef al, Phys. Rev. D75, 055014 (2007)
Higgs doublet .
(known as minimal 10+10, 14+1, ... Panico et al, JHEP 1303 (2013) 051
composite Higgs model] 545, 14+1 Matsedonskyi et al, JHEP 1604 (2016) 003
$0(6)/S0(5): 6+6 Gripaios et al, JHEP 0904 (2009) 070
Higgs doublet + 6+6, 15+6, 20+1, ... Banerjee et al, JHEP 1803 (2018) 062
1singlet | 0
SU(5)/SO(5):

Higgs doublet +
2 triplets + 1 singlet

1, 10, 15, 24, ...

Agugliaro et al, JHEP 1902 (2019) 089

SO(8)/S0(7):
twin Higgs

Barbieri ef al, JHEP 1508 (2015) 161
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The collider phenomenology

* Robust prediction: the p*° resonances

+ jp?Wc/; + jY,uB'u
) o
jﬁbLWC’L‘L — —a,ingppZL (gQW/jLL — FHT 5 DMH) + e

1 G/H scale; a,: the order 1 parameter; g,: strong dynamics coupling >> g,

The p-W mixing: sin 9 = g,/g,
=>» The p-elementary quark coupling = g, sin ¢
=>» Can be produced by Drell-Yan process

The p-Goldstone coupling: g, >> g,

=>» Large paritial width to SM di-boson (W*Z, W*h, W*W~, Zh)
channels.
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* Robust prediction: the W resonances (top partners)

+yrqrOr + yrtrOL

1. Giving mass to top quark:

tr
M
\Ij h ytNT\PsinﬁLsinﬁR
\AI/J U, and Jg: mixing angles
tRr

2. Interactions with the p resonances:
Lint ~ Clgppu‘IW“‘Iﬁ C1 ~ 0(1)-

_ - 2
9pw® ~ Gps  Ypqras ~ 9psSin”Or
t,-p, b,-p interactions are suppressed by mixing angle;
t.-p interaction is tiny because of quantum number.



* General predictions of previous scenario:

An SU(2) triplet vector resonance p*Y, can be Drell-Yan
produced, and decays dominantly to SM di-boson (W*Z,
W+*h, W*W~, Zh) channel!

ATLAS 1906.08589
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* Why? Two possibilities:

1. The p resonances are much heavier than expected.

High mass

3TeV 4TeV S5TeV 6TeV 7TTeV 8TeV



* Why? Two possibilities:

1. The p resonances are much heavier than expected.

e Ty

High mass

1 TeV 2TeV 3TeV 4TeV 5TeV 6TeV 7TTeV 8TeV

2. The p*%s are not that heavy, but hidden in some
unexpected channels.

Our work: what happen if SM 3 generation quark g, = (¢, b,)”
itself is a strong dynamics bound state from new physics?
Da Liu, Lian-Tao Wang and Ke-Pan Xie, 1901.01674
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g, = (t, b)" as new physics bound states

Da Liu, Lian-Tao Wang and Ke-Pan Xie, 1901.01674
* Symmetry group: SO(5)/S0O(4)

The “minimal composite Higgs scenario”;
Scalar sector: one Higgs doublet.

* Fermion embedding: g, in (2,2) while t;in 5

1br, — 11X,
v, — L b+ Xe | (h:) & <XL)
V2 ity + 17, br, 1/6 17, 7/6
_tL _|_TL ~ ~~ - ~ ~ -
aL qf
1
t3 =(0,0,0,0,tr)", qn° = ﬁ(—z’XR,XR,iTR,TR,O)T.

g* = (T, X)', top partner: g * is composite; g;* is elementary



More details about the fermion sector

1. Whygq,in(2,2)?
\ifL’}/lJ’(’I:a,u + eu)\IfL —

v a a v A
— @qm“a qrH 0D, H + @qm“qLHTDMH

. h)? | o h)?
iH'D, H — —% (92W32 — q1By); iH'0"D,H — <T> (g2W 5 — 915“3BM)T

Zb b, vertex protected. Consequence of the P symmetry.
For P, see Contino ef al, Phys.Rev. D75 (2007) 055014

2. Why introduce g*?
— y1rfTR UYL — yor fIRU YL

— —lefoz)%(qg _?JQR(ERHTQL —ERHTC&() T
L -~ v \ﬁ/—/

top partner mass top mass

To fulfill the SO(4) representation and give masses.



* |nteractions

1. Most remarkable coupling

ar

2

Ling D Cl\IJL’y“TaL \IngppaL — ClgppZL CjL’YM qr, + - - -

I, Ip

gp—tLEL - \/57 ngtLEL — _ngbLl_)L _ ?7

pt t,, pb b, and pt b, vertices strong couple without suppression!

2. The decay of p*° IOO_IOO%
i t7 or bb ~— R
Di-fermion dominates & -1 r Torxx (80%
di-boson; b= =5
= [ / 160% <
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Interactions

1. Most remarkable coupling

ar

_ 3 o
Ling 5 WLy T Wrgpp™ = c1gppp auy” ——qr + -+
9. 9p

gp—tLI_)L - \/57 gpotL‘EL — _ngbLl_)L - ?7

pt t,, pb b, and pt b, vertices strong couple without suppression!

2. The decay of p*°
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e Collider phenomenology

Current constraints from the experiment (the di-boson
bounds are too weak to show):

A A M M 177
6% pp-p’-lt” g ’
; pp—p"—ti
St :
: 140%
=
0% —
10%
7

M, [TeV]
A light but broad p is still allowed!



e Collider phenomenology

Current constraints from the experiment (the di-boson
bounds are too weak to show):
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6 pp-p’ It 13 TeV LHC, 36.1 fb™! :
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A light but broad p is still allowed!
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e Collider phenomenology

Projections for the HL-LHC: tt, I/, and the tttt channels.

E| ||||||||||||||||| [RARLRERRRNLERRRRRRY [T RLRRRRRR E 80%
6;— i ppop’-ltl
i o pp-p'otf -
5; 3! pp-tip’ it ]
: 140%
: EQ
i N
: Q
120% —
110%
7

M, [TeV]
More dedicated searches are needed!

4-top -> same-sign di-lepton
final state, insensitive to
width!
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Searching for a broad tt resonance

Sunghoon Jung, Dongsub Lee and Ke-Pan Xie, 1906.02810
The traditional search: only fit M,

10? e Srr——"m—r——r—r——r 5
—_ For 1 TeV resonance: 1 ]
g Red: T/M = 10%; - 13TeVLHC 36.1 fb! :
E Blue: T/M = 40%. s 4; Semi-leptonic, 1804.10823 ;4
— 10! | & - ---- ATLAS expected .
EN - = : 6-3\ 3% — ATLAS measured §3
=2 T :
s QU F -
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The bound gets worse when the resonant peak is smeared out.
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* Our approach: input all the kinematic features

Input low-level observables:

Four momenta of 1 lepton + MET + 4 jets

N A ABAE >
SN
B~ XH
e
TN K2
@5‘,’,‘5‘ S

1 2 3 4 5 6 7 8 9 10 11 12 13
Ef p% nt | ¢¢ | BEr | ¢BT | EN p%} i1 | @it | bI1 | E92 p]TZ
14 15 16 17 18 19 20 21 22 23 24 25 26
nJ2 pI2 biz | EJ3 p%g» i3 | ¢I3 | bI3 | EJ4 p%é 4 | pIa | bi4
Main background: SM ttbar
Y
1
|
|
|
|
|
I
: Machine learning on
I~
! the DNN: Tune the
! w [weights] and b
| .
P [biases], such that
’I the output r and the
label y are as closed
~/ as possible.
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* Our approach: input all the kinematic features

Input low-level observables:
Four momenta of 1 lepton + MET + 4 jets

1 2 3 4 5 6 7 8 9 10 11 12 13

Bt p%w nt | ¢¢ | BEr | ¢BT | EN p%} i1 | @it | bI1 | EJ2 p%g

14 15 16 17 18 19 20 21 22 23 24 25 26

nJ2 pI2 bi2 | EJ3 pz_p?’ i3 | ¢I3 | bI3 | EJ4 pZ‘,fl 4 | pIa | bi4

Main background: SM ttbar

o (pp—p—ti) [pb]
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~ -+~ DNN low-level observables 14

- -—— ATLAS expected ]

; — ATLAS measured 53

2 ) The DNN results are
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What information dose the DNN make use of?

Adding high-level observables and test
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e What information dose the DNN make use of?

Adding high-level observables and test

The receiver operating characteristic curves (ROC)

1 2 3 4 5 6 7
_ CS CS CS CS Mus. Mus.
Mz | cosfy cos 0y N | cos Oy cos Oy,

=

0.8F

Background rejection

04F

0.2F

- ROC, resolved region
M,=1TeV, T/M,=10%
F — DNN, Low (AUC=0.922)
- — DNN, All (AUC=0.923)

0 Coiiii111 [ FEENRREEE [FEEERRERE [ FEEEREEEE [FEEERREEE .

0

0.2 0.4

0.6 0.8 1
Signal efficiency

Background rejection

1C

0.8F

0.4F

0.2F

- ROC, resolved region

M, =1TeV, T,/M, = 40%

C — DNN, Low (AUC=0.880)
L — DNN, All (AUC=0.881)

0 Ciirii111 FEENREERE [IEEERREEE [ FEENRREEE [IEEERREEE n
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0.8 1
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What information dose the DNN make use of?

Adding high-level observables and test

1 2 3 4 5 6 7
n CS CS | 4CS [ 4CS Mus. Mus.
Mg | cos07> | costy N | cos Oy cos Oy,

The receiver operating characteristic curves (ROC)

1 rejection
1 rejection

ROCs don’t change after adding high-level observables:
High-level information is included in the low-level inputs!

ROC, resolved region
M,=1TeV, T /M, =10%

— DNN, Low (AUC=0.922)

— DNN, All (AUC=0.923)

ROC, resolved region
M,=1TeV, T /M, =40%

— DNN, Low (AUC=0.880)

— DNN, All (AUC=0.881)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Signal efficiency Signal efficiency
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e What information dose the DNN make use of?

Ranking the importance of inputs

We define the learning speed of the j-th hidden layer as
(5) |8£loss<w7 b)
v =

ob(d) ’
And what we found is:
L L L L L
0.8;— MII'4, Low, resolved region —
0.7F —Layer 1 —Layer 2 -
0.6F —Layer 3—Layer 4

. O.Si— Layer 5 _

T2 045 : The first hidden layer always
0.3 ; has the largest learning speed!
0.25 -

0.13
ot | | |

Epoch
24



e What information dose the DNN make use of?

Ranking the importance of inputs

A weight W _ assigned for
h input ob ble:
each input observa e/

If the fist hidden layer has 200 neurons,
the 15t weights w, (1) form a 26 x 200
matrix. Define [,

W, o Z (wﬁr%)z,

n=1

Then for each input observable we have
a weight.
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e What information dose the DNN make use of?

Ranking the importance of inputs
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= r

I = _|_1_ L]

= | [ 1|

« Low-level High—level -
1 1 1 1 1 111 1 1 1 1

Input observables '

0.06

0.04

0.02

-0.00

E! pTl ,71 ¢l Er ¢ET E/l ijl 771'1 ¢/1 b1 Ejszjz ,71'2 ¢j2 b2 EJ3 ijs ,71'3 ¢j3 b4 Ej4ij4 77}'4 ¢j4 bia My CthCthC¢th¢thCCthcthM

Unsurprisingly the invariant mass M,, is still the most

important observable, even for a broad resonance!
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What information dose the DNN make use of?

Subtracting the information of M,, from input
“Data planing”, see Chang et al, Phys. Rev. D97, 056009 (2018)

0.06 ‘ ‘ ‘ ‘ 0.06
u'_ﬁ For 1 TeV resonance
0.0SL!E Red: F/M: 10%, | 005/
g Y Blue: I'/'M = 40%. g
;é 0.04+ :=1 E 0.04L
g =
5 o p—
2 003} 9, 0.03;
S 8
Té 0.02} Té 0.02/
3 3
Z Z
001 001}
00§’ 10 520 25 30 008’5 1.0 15 20 25 30
M [TeV] My [TeV]
The distinguish accuracy reach:
Widths T,/M,=10% | T,/M,=20% | T',/M,=230% | T,/M, =40%
Low-level input 85.2% 83.2% 81.6% 80.8%
Planing away M,z 76.8% 75.3% 74.1% 73.0%
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What information dose the DNN make use of?

Subtracting the information of M,, from input
“Data planing”, see Chang ef al, Phys. Rev. D97, 056009 (2018)

d Distribution

For 1 TéV resohance
Red: I'/M = 10%;
Blue: I'/M = 40%.

0.06

d Distribution

0.05}

_O
o
g

e
<)
%)

Even though the DNN knows nothing about M,,, it still distinguishes

There is plenty of information we can use

signal from background efficiently.

Mtt [TCV] Mtt [TCV]
The distinguish accuracy reach:
Widths T,/M,=10% | T,/M,=20% | T,/M, =30% | T,/M,=40%
Low-level input 85.2% 83.2% 81.6% 80.8%
Planing away M,z 76.8% 75.3% 74.1% 73.0%
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Conclusion

 The composite vector p resonances may be hidden in
their large width and the dominant tb, tt and bb

decay chan nels; Da Liu, Lian-Tao Wang and Ke-Pan Xie, 1901.01674

* Deep learning can help to reveal such a broad tt
resonance at the LHC.

Sunghoon Jung, Dongsub Lee and Ke-Pan Xie, 1906.02810
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Thank you!
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