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VLQ decays
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Motivation for Vector-like quarks:
a composite Higgs

Ols

An alternative solution to the hierarchy
problem:

* Generate a scale Agc<<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.
[Georgi, Kaplan (1984)1

The price to pay:
e additional resonances around Auc
(vectors, scalars),
« | additional light pNGBs J an extended sector (?) .

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

A

Running of the new
strong coupling

1019GeV
eV

P Pu

O(few TeV)

- >800 GeV

125 GeV
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Composite Higgs Models: Towards underlying models

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

e 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 1ts bound states (for top mass via partial
compositeness),

o satisfy further “standard” consistency conditions (asymptotic freedom,
no gauge anomalies).

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

» All models predict pNGBs beyond the Higgs multiplet.
4132
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Example: SU(4)/Sp(4) coset based on GHG = Sp(2Nc)

Sp(2N:) | SU(3), | SU(2), | U(1), || SU4) | SU(6) U(1)
v = 1 2 0
Ve 4 1 —3(Ne: — 1)q
V3 ] 1 1 1/2 X .
G | O 1 1| —1/2 Underlying field content
X1
X2 H 3 1 2/3
X3
v - 1 6 N
X5 H 3 1 —2/3
X6 .
[THEPI 2011
spin | SUM@)xSU(E) | SpA)xS0(®) | names | o arrror ot 1o
~==— §contains SU(2)L xSU(2)r}
v ’ © g,lg el | bidoublet “H”
XX 0 (1,21) (1,1) A
(1,20) oY MY and e SM s nolete)
o 12 | (6.6 19 o e———
5,6 L2
Bound states xpyp 172 (6,6) g;,g; wé 20 colored pNGB:
) w
of the model oxo 12 (1,8) (1,6) wg A (8,1,1)0®(6,1,1)45D(8,1,1)-4/3
Y 1/2 15,6 5 6 ,
o (15.6) ((10, 5)) ffq_» | contain (3,2,2)2/3
ATV (15,1) (5,1) " | fermions: #.-partners
(10,1) P
Yofx 1 (1,35) (1,20) ac ,
[JHEP1511.201] (1,15) po contain (3,1,X)3

fermions: fz-partners
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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 Ay 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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Top partners decays in Composite Higgs UV embeddings

{[JTHEP 1806, 065l

UV embeddings of composite Higgs models come with additional pseudo-
Nambu-Goldstone-bosons (naturally light scalars).

'4 ‘ 1. a and n’: SM singlets with WZW couplings to gauge bosons and
i couplings «my to fermions. JHEP1701.094, EPIC 78 (2018) no.9, 724, FiP 7 (2019), 22]

- [JTHEP1701,094, CDFI]
3. Additional colored and uncolored pNGBs (model dependent)

1TeV 2. ms : Color octet pseudo-scalar pNGB which couples to gg, gy, g7,

Electro-weak coset SUR2)L xU(1)y
Ty SU(5)/50(5) 311+ 30+ 2412+ 1o
f Z 0(200) GeV : SU(4)/Sp(4) 2412 + 1o {Agugliaro etal}

SU4) x SU4)' /SUM4)p |30+ 24172 +2' 1172+ 141 + 19 + 1

Color coset SU3). xU(1)y
SU(6)/S0(6) 80+ 6(_2/3 or 4/3) + 6(2/3 or —4/3) [JHEPs11.001}
SU(6)/Sp(6) 80 +32/3+3_9/3
SU3) x SU(3)"/SU(3)p 8o
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Singlet pNGB summary and phenomenology

arXi1v:1902.06890
a and 7 ": Arise from the SSB of U(1), X U(1),.. One linear combination has a Guc anomaly

(") and is expected heavier The orthogonal linear combination (a) 1s a pNGB. ¢ = {a, "’}
Eeff e ( u@ (8M¢) = _m¢¢

¢ a auy T YIS LY
= 1672 £, (g?K;bGWG g +92K$VWWWM + 9K} By B )
C“bmf =
— iy L4y
=
2?) 2mZ

&h (0u9) (0"0) h + 3 K (0,0) Z*h

m, must result from explicit breaking of the U(1)s. m, also obtains mass from instantons.

Jy (decay constant of the EW sector) results from chiral symmetry breaking.
« The WZW coefficients K¢ are determined by the quantum numbers of y, w (and (m., my)).
« The coefficients C¢r are also fixed (depending on dominantly mixing top-partner).

o hep¢p and hepZ couplings are induced at 1-loop order.

e q and 5 are produced in gluon fusion.

« The resonances are narrow. 8/32
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a and n’: For a given model, we can combine bounds and sensitivities
from resonance searches to get a bound on the compositeness scale £ .

[arXiv:1902.06890]

10 [all other models
~ in backup slides]
)
= M5
'4-3

- 4
> S
3 32
\t B H‘s
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constraints 1
for light a
101 1 L B B B R | LA B B B LR Y | L B B B B R0 R 0
101 1072 103 1 10
m, [GeV] fy [TeV]
—— 2jet — WWw —— tt@8 TT
——— Zh — ZZ — /.1_/.1@8 ————— Brilcm
—— Yy@Ss — ZY tt _____ pgyh
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NOTE: Low mass region has a “gap” between 15 - 65 GeV.

10000:

5000}
3000
E% 2000,
3

|ATLAS-CONF-2011-020] |

HHU
[PRL109, 121801]

m Ml
m M2
m M3
m M4
w M5

mEM6 mMlI
M7 mMI2
m M8
m M9

m MI10

/\ yy
[PRL113, 17801]
Aﬁ\/\/\/\j\ (ATLAS)
f | [CMS-PAS-HIG-17-013]

BR(h—BSM)<.34
[JHEP1608, 045]
(ATLAS+CMS)

3q NSYS
O 20 30 40 50 60 70 80 90 100

m, [GeV]

[arXiv:1710.11142}

(CMS)
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Projected reach at HL-LHC

[arXiv:I os .06890|

[all other models

>
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= — . e
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Colored PNGBs (the color octet @)

Effective Lagrangian:

1 1 A
B 0P MDY i 0" t%—t
2 2 Jo
Qshyg v abc b C g KB a
b HVPT d GG G B
3 87Tf<1> ‘ e ,00 gsKg =

. : 3
where in CH UV embeddings: x4 = 2Y,, Mg ~ C| 193 f2

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:

For Y, =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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Colored PNGBs

Constraints from pair

10— s —— —
- Pair production and bounds (8 TeV)::
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(Using ATLAS & CMS searches for dijet-pairs, 4-top searches, and the

4t-sgluon recast Fuks etal (2018))
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Colored PNGBEs, constraints from single production:

- | Single Production & bounds

ref

----- g
(13 TeV) ®
5 (Using ATLAS & CMS searches for
o dijets, ditops, and excited quarks).
[ K =
010 o=t has — — i s
0.00 | f(I)
' 1500 1000 1500 2000 2500
Mo[GeV]
1.05I [ | ' | 1.05' ( = 1 0.02
g KBI’xg=213 § KplKg=4/3 ".
: ¢ e | § Excluded Ll s S~
0.1% " o1o 002 ] 0.1t o ug o
o F N ~—f ] o E 020 . 02/
&) - o ‘;" {‘ \‘ ] &) L . : ! | |
0.01} | ] N 0.01} ‘ | |
| ’
! o209 o.Ls p— : ’ O.L ! 05 : : , , ]
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Mo[GeV] MoGeV]

Channels with the strongest bound: gg (red), gy (cyan), # (gray).

Contours give bounds on the @ production cross section in pb.
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Colored PNGBs, constraints from single production:

Note:

* From underlying models, we expect ~TeV scale mass.
We only now start to scratch at the interesting parameter space.

* For pair-production, only the (jj)(jj) final state 1s directly covered by
searches.
For (tt)(tt), recasts are required for the latest ATLAS and CMS
searches (see Fuks etal (2018)).

Pair-production channels involving ®@— gy decays are not searched
for and have good discovery potential (to appear, soon).
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Colored PNGBs, prospects for ®d— gy

0.25/
S E
%2’0.20
e
E015 is best
oe
> 0.10
1 ;
S 0.05 GG
500

0.00 ' I — S

800 1000 1200 1400
M¢[GeV]

(Naive cut scheme, closely following the two di-jet search CMS-EXO-17-021).
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BR(T — Ht)

Vector-like quarks (top- partners or quark partners)

with charge 5/3, 2/3,

-1/83, -4/3

Xs3 (with Xs— tW): Mx= 1.3 TeV, [CMSPASB2G-16-019, ATLAS: 1806.01762]

ATLAS Prellmlnary

o SU(2) (T,B) doublet
Y5 SU(2) (B,Y) doublet

I' & B: Combined bounds on pair-produced top partners
L AR AR AR s R AR RN AR g s 5
0.9 ATLAS Prellmlnary B 1420 8 T 59
' Vs =13 TeV, 36.1 fb’ = = i ' Vs =13 TeV, 36.1 fb™
0.8 VLQ combination = = m 0.8 VLQ combination
1400 £ %
0.7 Observed limit - % g 0.7 Observed limit
060 1380 € 0.6
ok pig SU(Z) doublet _E —J O SU(2) singlet
0.5 O SU(2) singlet 381360 g 0-55
0.4 5 0 0.4
3 o
0.3 — 1340 0.3
0.2 = 0.2
- 1320
0.1 = 0.1

0 0.10203040506070809 1 0

BR(T — Whb)
[ATLAS-CONF-2018-032]

0 0.10.2 03 0.4 05 0.6 0.7 0.8 0.9
BR(B — W)


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-16-019/index.html
http://inspirehep.net/record/1676481
http://cds.cern.ch/record/2630080

CMS bounds on pair production

Vector-like quark pair production

X5/3 — tW(LH) B2G-17-008
X5/3 — tW(RH) B2G-17-008
YY, B(Y — bW) = 100% B2G-17-003
BB doublet B2G-17-011
BB singlet B2G-17-011
BB, B(B — bH) = 100% B2G-17-012
BB, B(B — bZ) = 100% B2G-18-005
BB, B(B — tW) = 100% B2G-17-011
TT doublet B2G-17-011
TT singlet B2G-17-011
TT, B(T — tH) = 100% B2G-18-005
TT, B(T — tZ) = 100% B2G-17-011
TT, B(T — bW) =100% B2G-17-003
QQ doublet B2G-12-016
QQ singlet B2G-12-016
QQ, B(Q — gH) = 100% B2G-12-016 \Js = 8 TeV
QQ, B(Q — gZ) = 100% B2G-12-016
QQ, B(Q — gW) = 100% B2G-12-016
0.0 0.2 0.4 0.6 0.8 1.0 1:2 1.4 1.6
CMS, EPS-HEP 2019 95% CL Lower Mass Limits (TeV)

[CMS B2G Summary Plots]
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CMS bounds on single production

Vector-like quark single production

o(K10) X BX W), RH
oK) BOX — W), L
o(Bl0) X B(B - W), R+
o(Bba) BB ), R m=10TeV '
Vs =13 TeV
o(Bb) x BB — ), L e
o(Bb0) X B(B - bH). L1
o(Bbg) x B(B — bZ), LH . B2G-16-001
o(Btg) x B(B — bZ), LH B2G-16-001

o(Ttq) x B(T — tZ), RH
o(Tbq) x B(T — tZ), LH

-

B2G-17-007

B2G-17-007

'

o(Ttq) x B(T — tH), RH B2G-15-008

o(Tba) X BT - 1), Lt
o(Tba) X B(T - W), LH
m=1.0TeV |
oY) XBLY — bW . | ls=8Tev

o(Qq) x B(Q — q2) B2G-12-016 | m=1.5TeV
o(Qq) x B(Q — gW) :. B2G-12-016
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
CMS, EPS-HEP 2019 95% CL Upper Cross Section Limits (pb)

[CMS B2G Summary Plots]
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...are there other “common’” top partner decays?
[JHEP 1806, 065l

« 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 an underlying model specified, we can relate top partner branching
ratios to h/W/Z vs new pNGBs, as all relevant couplings arise from the
Goldstone boson matrix.

* Scanning through the different underlying models we looked for “common
exotic” top partner decays and found several scenarios.

20/32
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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 an underlying model specified, we showed how branching ratios of
top partners to h/W/Z vs new pNGBs are related.

* Scanning through the different underlying models we looked for
“common exotic” top partner decays and found several scenarios:

@decays of 7' (and B) to the singlet pseudo-scalar singlet a,

2. decays of T to the “exclusive pseudo-scalar” #,
X535 — b7 (with subsequent 6 — t t),
2 i Xy botT

* Decays of the pNGBs yield manifold novel multi-body decay modes and
LHC signatures.
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Common exotic VL.Q) decays: 7T—¢a

Candidate 1: decays to the singlet pseudo-scalar singlet a
Effective Lagrangian(s): [JHEP 1806, 065}

Lr= T(P-M)T+ (KYV;,Li T Pyb+ v, o0 TPyt

V2 2cw
Mr — =
—m}f}LTT ThPit + ik, ; TaPrt+ L < R+ h.c. ) ,

R (; 9 B 9 Jmpt
Lp= B(il) — Mg)B+ (anmﬂBW PLH/@{LEBZ Prb

Mp — i
_,QE,LTB BhPrb+ ik BaPLb+ L +» R+ h.c. ) .

e
L= 5(0,0)(0%a) — gmla® — 3 oty (1)

2 =
; I
-+ gZKQCL ek éauy+92KWaWi WiHV+g/2KBa’B B,ul/
e 1672 f, * e
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For light a: Bounds on pp—1 71—t a t a, with a — gg or a — bb

BR(a — gg) = 100%, BR(a — bb) = 0%

BR(a — gg) = 0%, BR(a — bb) = 100%

VLQ@13TeV

RPV@8TeV
ExTop@13TeV

350 Lo T T T 1
S\‘ //
300 - )
S\\ // ‘I
__m04 Y/ /'
% | é\/// ’/
(5 2004 "
) 4 '
E 150 4 / ,'
!
]
100 v
7
50 r ]
\ ~
0 ’ | '\ | ’ | ¥ | ’ |
300 400 500 600 700 800
mr|GeV]
Red:
RPV-SUSY (hadronic)

CERN-EP-2015-020 (ATLAS)
CERN-EP-2017-298 (ATLAS)

| * 1 ! I * I

f

|

! \
|
\

.
-
|

. —
1000 1100 1200

600 700 800 900 1000 1100 1200

Recast searches
Blue:
VLQ search

CERN-EP-2018-031 (ATLAS)

mmr [GGV]

Gray:

Excited top search
CERN-EP-2017-272 (CMS)

The bounds on VLQ top partner masses are substantially lower

when T decays into ¢ a dominate. In particular 7—¢ a —t g g 1s weakly constrain

[ PLB798, 135015 (2019)]

zg%z


https://arxiv.org/abs/1908.07524
http://cds.cern.ch/record/2294721?ln=en
https://cds.cern.ch/record/1993236?ln=sk
https://cds.cern.ch/record/2312375?ln=en
https://cds.cern.ch/record/2310460?ln=en

For light a: Bounds on pp—11—ta t h, with a — gg or a — bb

If decays into both standard and exotic channels occur, and searches are not explicitly
sensitive to 7—ta, naive bounds can be estimated.

Inclusive pair production search bounds on ott are reduced by ~ (1 - BR,),

Exclusive pair production search bounds on orr are reduced by (1 - BRy)-.

1—t h searches potentially have explicit 7—t a sensitivity, so an explicit recast 1s required:

BR(a — gg) = 100%, m, = 50GeV BR(a — bb) = 100%, mq = 50GeV
1200 1 1 1 | 1 | 1 | 1 1 1 | 1 1 1 1 1 | 1 1200 L 1 1 | 1 1 1 | 1 | 1 | 1 1 1 | 1 1
i -~ 7 7 VLQ@13TeV naive rescaling (inclusive) _ -~ 7 7 VLQ@13TeV naive rescaling (inclusive)
1100 ~ 7 RPV@8TeV naive rescaling (exclusive) 1100 ~ 7 RPV@8TeV naive rescaling (exclusive)
1000 1000
900 900
~ 800 ~ 800
@ | O
9' 700 ‘Q—D' 700 —
~ N
S 600 - S 600+
500 500
4001 /- 400+
3()0"|'|'|'|'|'|'|'|'|' 300y‘"l'l'l'l'l'l'l‘l'l'
0.0 041 02 03 04 05 06 07 08 09 10 0.0 041 02 03 04 05 06 07 08 09 1.0
BR(T — th) BR(T — th)

[ PLB798, 135015 (2019)]
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Common exotic VLLQ) decays: Xs/3

Candidate 3: X;,5 — b 76 (with subsequent s — t t)

In models with SU(6)/SO(6) breaking in the color sector.
Effective Lagrangian:

£7)Tg5/3 = 75/3 (le = MX5/3) Xs5/3

- (mﬁh% 75/3W+PL75 + ik, 1 X5/3m6PLb’ + L+ R+ hec. )

Lrg = |Dymgl? — m2, |mg|” + (m;;ijzm(PRt)C ] )

[JHEP 1806, 065] 25/32
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Common exotic VLLQ) decays: Xs/3

Candidate 4: X535 —t ¢" and X5/3 = b o™

In models with SU(5)/SO(5) breaking in the EW sector, we have charged
(and doubly charged) pNGBs.

Effective Lagrangian:

£¢

X : 9 < +
= X'5/3 (Zﬁ = MX5/3) X5/3 + (“%(/,LEXWBW Prt

+m§+,L X5/307 Prt + mij’L X530 TPLb+ L+ R+ h.c.)

764 2 %
€g iy _ map GE S =
Lo= > (IDugl -mileP) + (2o Wa B + L7 Wl gtw,, B
Smait SEe
=gt T+

+92KW¢ pHHWo W~ 1 ik? Tt FetPib - L« R+ h ) (2.13)
e e V 2 Z/{ s L oCo . .
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Common exotic VLLQ) decays: Xs/3

Examples of processes:

p b

W=, o7 /o™

Full list of final states from X3
pair-production:

Cascade decays

after ¢t and 7 decay

twt — (bW YW
bre btt bW ) (bW )
tWry, tWTZ | (bW YWy, (BWHWTZ
tp* trtu GWH (W)
ttb (W) (bW )b
bW+ W+ bW—I— W—|-
™ brirt b(WT*0) (W)
B+ g+ PO 4 x

=



31

Recasting the most recent CMS Xjs/3 same-sign lepton search JHEP 1903. 082

we obtain bounds on Xjs/3 pair-production with exotic Xs/3 decays:
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Common exotic VLQ decays: Xs/3

¢++:
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M, |[TeV]

Common exotic VLLQ) decays: X33

Bonus Plots

The recast can also be used to constrain several exotic 725 decays.
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Common exotic VLLQ) decays: X33

Some exotic decay channels provide opportunities to substantially increase
sensitivity. E.g.. X553 — t¢p™ — tW*y with a hard photon in the FS.
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Conclusions

Composite Higgs models provide a viable solution to the hierarchy problem but they
still provide many challenges and room for exploration 1n theory and model-building.

Light pNGBs as motivated from CH UV embeddings (neutral, charged and colored)
are being tested by the LHC, but not 1n all relevant channels, are they are far from
being ruled out. We only start to explore the interesting parameter space.

"Exotic” decays of top partners to t/b + pNGBs rather than to t/b + W/Z/h occur
commonly in CH UV embeddings. These decays lead to many final states which are
not explicitly targeted by current LHC searches.

Charge 5/3 resonances: X535 same-sign dilepton searches can be reinterpreted to
obtain constraints on exotic X5/ decays. Signal efficiencies of existing searches for
exotic decays are modified, but of the same order. For some of the exotic channels,
substantial improvements are possible.

Charge 2/3 resonances: We investigate the decays 7—* a with a — gg or a — bb. For
these decays (especially for 7—t a—t g g), bounds from existing searches on mr are
substantially weaker than for standard VLQ decays.
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How can we search the gap at low mass? 77!
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FIG. 7. Representative Branching Ratios of a in the decoupling limit for all models and for the six
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The gluon-fusion
production cross section
for light a 1s large. ..

... and the z7 branching

ratio 1s (for most models)
not small.
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How can we search the gap at low mass? 77!

Soft 7iep Or Thad cannot be used to trigger on, but initial state radiation can boost the gg — a

— 77 system (at the cost of production cross section, but we have enough).

As a very naive proof of principle analysis we look for a j 7, 7. final state (jet + opposite
sign, opposite flavor leptons) with cuts:

e pr, > 42 GeV (for triggering)
*pr.. > 10 GeV

« AR,;> 0.5, AR;> 0.5,

* AR, <1.0

* no lower cut on AR ¢ !

e myue > 100 GeV

Main background:
Z/y*+jets: 35 1b,
ttHyets: 70 tb, Wttjets:
7.4 tb, VV+jets: 13 fb.

Ma 10 | 20 | 30 | 40 50 60 70 80 90 | 100
M1l |} 30.|14. |93 | 66 | 53 | 3.7 | 3.0 | 23 | 1.7 | 14
M2 || 44. [ 20. | 13. | 95 | 7.7 | 54 | 44 | 32 | 24 | 20
M3 | 26. |12. |84 | 61 | 50 | 36 | 29 | 22 | 16 | 14
M4 || 28. | 11. |61 | 38 | 29 | 1.9 | 1.5 | 1.1 | 0.80 | 0.67
Ms || 14. | 63 42| 30 | 24 | 1.7 | 14 | 1.0 | 0.74 | 0.63
M6 || 14. |63 42| 30 | 24 | 1.7 | 14 | 1.0 | 0.74 | 0.63
M7 || 44. 1 20. | 13. | 95 | 7.7 | 54 | 44 | 32 | 24 | 20
M8 |40 2118 16 | 1.6 | 1.3 | 1.2 | 096 | 0.76 | 0.69
M9 |83 |31 16095070 047 | 0.36 | 0.26 | 0.19 | 0.16
M10 || 81 (30 | 1.6 | 095 | 0.70 | 0.46 | 0.36 | 0.26 | 0.19 | 0.16
M1l || 94 |47 |35 | 28 | 24 | 1.8 | 15 | 1.2 | 087 | 0.74
Mi12 || 13. | 64 | 47 | 36 | 3.1 | 23 | 19 | 14 | 1.1 | 0.92

TABLE II: The values of 0pr04. X BR,+ X € in fb for f, = 1 TeV
and mg, = 10---100 GeV for each of the models defined in
Table 1.




How can we search the gap at low mass? 77!

Resulting projected reach for 300 tb-!
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Upshot: these light composite pNGBs are not ruled out and are testable.
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How can we search the gap at low mass? 77!

Note: This first proof of

principle study is highly non- 0200 |

optimized. »
0.15
e Cutting harder on AR . can

. : 0.10; |
substantially increase

background suppression for 0.05

0.25

the lighter mass range.

0.00,
* We did not use any 7 ID or '

triggers.

1T

0.5

1.0

et L el

BG Zly*—> 11
BGtt
BG W+ W~ ]
SG m,=20 GeV
SG m,=80 GeV

1.5

20 25 30

ARey  [arXiv:1710.11142]

* We only used the OSOF lepton channel. 7,7, 7,Thad, ThadThaa have

larger branching ratios but require a more careful background

analysis.

[And needs tagging efficiencies for boosted 7, Tnad, ThadThaa Systems

which are beyond our capabilities, but possible for experimentalists. ]
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Common exotic VLQ decays

Candidate 1: decays to the singlet pseudo-scalar singlet a
Effective Lagrangian(s): [JHEP 1806, 0651

Lr

= (. g gt g =
T (Zm = MT) T—|— (K;ZV}/’LE TW PLb—|— K,E,Lm TZPLt

Mr — =
—m}f}LTT ThPit + ik, ; TaPrt+ L < R+ h.c. ) ,

R (; 9 B 9 Jmpt
Lp= B(il) — Mg)B+ </<;VBV7L\@BW PLt+m§,LEBZ Prb

Mp — i
_,QQLTB BhPrb+ ik BaPLb+ L +» R+ h.c. ) .

% E
— %((%a)((?“a) — 1mia2 — Z - ]‘an a sy vy (1)

9’K, aGa G g Kwa ’QKBa

—|— 167T2fa 1672 £, 16772fa
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Common exotic VLQ decays

Benchmark parameters (obtained as eff. parameters from UV model):
£ 7 TV 5 - 003, k5=—006, kg 024 ¢ T F
Bm2: Mp=138TeV, ry =002, kiyg=-008, kg =-025, -

Branching ratios of quark partners to a in these benchmarks:

1.00f ‘ ' ‘ ‘ | - 1.00] ' ‘ '
I Bml 00 Bm2
0.70} / 070!
=~ 050 | =~ 050
S S
>1§ , Ce m tW
. m bW |
— 030 og 030r mba
& 000 " &~ 020!
M 77 ath m
0.15, 0.15
[ m ta
0.10} 0.10] \
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Common exotic VLQ decays

Examples of diagrams:

* T and B can be produced like
“standard” top partners: QCD
pair production or single
production.

 New final states: MANY,
depending on m, and single- or
pair-production




Common exotic VLQ decays

Candidate 2: Decays of a top partner to the “exclusive pseudo-scalar’” .

In models with SU(4)/Sp(4) breaking, one specific top partner couples
only to the CP-odd SM singlet pNGB #. Both are odd under g-parity. #-

parity 1s broken by EW anomaly couplings, and # decays to WW, ZZ, Zy.

Effective Lagrangian:

L= (le M)T—(an?nPLthLHRnL h.c )
1 1 9Ky 9" Ky s
£~ —(J.n)(0"n) — —mZn° Go, G + fachie
e’ K = o K . egep ke
AI/ v W-*Z ZUZ,LW ¥ AVZ,LLV
+167r2fnn e e el v s T

[JHEP 1806. 0651
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Common exotic VLQ decays

 The n-parity top partner 1s only QCD-pair
produced.

e It decays 100% to tx.

* n dominantly decays to W+ W- or Zy
(depending on 1ts mass).

1.00

0.70

~ 0.507

S
X< 030 "W

T 77
S020f

a7 - mZy
= 0.15/ =
0.107

100 150 200 300 500 700 1000
m, [GeV]



Common exotic VLQ decays
Candidate 3: X;,3 — b g (with subsequent ms — t t)

In models with SU(6)/SO(6) breaking in the color sector.
Effective Lagrangian:

LWX65/3 = 75/3 (Zw = MX5/3) Xs/3

+ (/%V,L% 75/3W+PL75 + ik, ; X5/3m6PLb® + L+ R+ hec. )

Lo = |Dumg|? —m2, |mel? + (mij frs(Prt)° + L < R+ h.c. )

Benchmark parameters (obtained as eff. parameters from UV model):
Bm3: My,,=13TeV, riyy =003, syyr=-0.11, k. 1 =195, sz =—0.56

: | | _ —
100 Bm3 | Bm3
0.70" - 0.50;
Z 050" - SN
< 020 2 0200 wbw
© 030 =tW ~ L 010 =tz
= br S
~ 0200~ * % 0.05—""
= 015 | tng
| 0.02"
0.10}
800. 900.  1000. 1100. 1200. 1300. 800 900.  1000. 1100. 1200. 1300.

my, [GeV] [JHEP 1806, 065} e, [GeV]
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Common exotic VLQ decays

Examples of diagrams:

* X5 and B can be produced 1n
QCD pair production or single
production.

* ;s decays to tt.




Common exotic VLQ decays

Candidate 4: X535 —t ¢" and X5/3 = b o™

In models with SU(5)/SO(5) breaking in the EW sector, we have charged
(and doubly charged) pNGBs.

Effective Lagrangian:
£€)b(5 /3 =

+m§+,L X5/307 Prt + mij’L X530 TPLb+ L+ R+ h.c.)

¢ 2 ¢
egKW — DUV g C’U)K — DUV
L= > (|Du¢|2—mé|¢|2)+ ot W, B + = WLt R
Smait SEe
p=¢+ ¢t

g2K¢ = ¢ my —
=c #¢++WLWW’_ + ik,  — o T PLb+ L < R+ h.c.) : (2.13)
¢ —

[JHEP 1806. 065}
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Common exotic VLQ decays

Benchmark parameters (obtained as eff. parameters from UV model):
. SV wn; 003, sppr=013, v —040 ¢ | ITE

X
B - 069, ;053 (2.14)
1.00]
Bm4
0.70
- [
2 0.50
mtW
030
><» Db¢++
~ 020 4
R 0.15
0.10

100 150 200 300 500 700 1000

Production of Xs/3: Decays of the pNGBs:
Single- or pair-production. Ht — W+ W+, Wt

¢ — tb, W+Z, Wty



Common exotic VLQ decays

Examples of processes:

p
W+
{::» Wt QCD

W=, 0~ /o™~




