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Motivation for VLQs

Vector-Like Quarks exist in several BSM scenarios: Little Higgs Models, Extra
Dimensions, Strong dynamics and so on.

In Little Higgs model and Composite Higgs Model, vector-like top partners
play the role of stabilising the Electroweak symmetry breaking.

Vector-like quarks may interplay with new coloured scalars, heavy vectors,
possible to generate rich phenomenology.

The simplest scenario is vector-like quarks mix with light SM quarks via
Yukawa interaction, thus contribute to exotic Higgs pair production.
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Types of VLQ and Yukawa Interactions

[Aguila,Victoria and Santiago, 2000]
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M is the Dirac mass for vector-like quark
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Mixing Patterns

Singlet/Triplet VLQ mixing

X m X

> > M > > .'U/ ) o , . L Mx
w7 STy te Lt T sinf, =
L R L tr L R \/(MQ—m%)2—|—M2$2

< H > <H> <H> : My .

sinff = M“sm@ﬁ

~J i Y Mi . . .

M M M mainly left handed mixing

right handed mixing suppressed

m L x . Mz
v . M sin 95 =
| . > , > = 5
tr . tp | Trtr - Tr Tr \/(J\I2 —m2)" + M?z?
' ' : : My .
<H> <H> < H> sm@,ﬁ“ = ﬁusmef
LAAZY)

Mo L. ~ A7 mainly right handed mixing

Haiying CAl  (IPNL, France)




Interplay of 2VLQs

In a realistic set-up, there exit more than one VLQ multiplets, which change branching
ratio and loosen the corresponding experimental constraints.

Case A: 2 doublets mixing
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Case B: 2 singlets/triplets mixing

[Cacciapaglia, Deandrea, Gaur,
Harada, Okada, Panizzi 2015]



Effective Lagrangian

[Les Houches proceeding, 2015]

Log = [YVT/( [PL—|—/<;YRPR)d+BW(/—@‘EPL+/<;%PR>U

g
v
+ TW(KJZPL + K,ZPR)d + )?W(/«:)ZPL + ﬁ;),i,PR) u]

+ zi [BZ (z;ﬁPL + ELZPR>d L T7 (/:;[PL + /%,QPR) u]
_ h[é(/%fPL n %;PR)d+ T(/%[PL i /%,QPR) u] +he.

These interactions give decay channels: T/B — Wq, Zq, Hq, X/Y — Way.

For H-T-u and H-B-d, we parameterise &,/; = \/EAZST/B kr5\/CT /279, 20 ~ 1
for M5 ~ O(TeV), to characterise the linear mass dependence, so that x5 is

proportional to mixing angle between VLQ and SM quarks.
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Degenerate Bi-doublet Model

Atre, Carena, Han and Santiago, 2009 (Original Model)

One special case is 2 vector-like quark SU(2), doublets carrying hypercharges of
1/6 and 7/6, with mixing terms of C\_?fo)(yl 0)" ug +)Z(LO)(O v2) " ug:
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In the case of y; = y», this model gives one top partner mainly couple to Higgs
and one top partner mainly couple to Z-boson. Due to sole mixing with u-quark

Maximise the branching ratio of T decay into Higgs plus jet !
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S and T Bound for Bi-doublet

M = 1000 GeV; mix with first generation T-u-h: /%E = \/i%fﬂ?% V2K = sin ¢ cos ¢ .
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For tan 8 # 1, EWPT bound is stringent,
with only mild dependence on VLQ bare
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LHC Bound from W+2jets

— kw= V/Mg, B j(NLO)
— kx=V/Mx, X j (NLO)
-~ CMS at 95% CL

For small' beta ~ 0,
kappa is mainly
constrained by B
+jet production;

For tan 8 = 1, the LHC direct
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VLQ induced Higgs Pair Production

We consider non-resonant di-Higgs production, induced by a pair of VLQs or a

single VLQ associated with a Higgs boson. Through Q(Q) — h + j, the final
states are 2h-+jets.

g ¢
Q
QQ EW pair production scales as k7. Qh single production scales as k3
For the pure 2 h 2, Qs h .-
process the loop Q/q a/Q
one is dominant: ¥ 0/q \IL\

At the Next-To-Leading order (NLO): do = do(® + a,0(), with ¢ including
contribution from field renormalisation, vertice correction and real emission.

Why NLO = more precise theoretical prediction and better constraint on new physics.
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NLO Cross Section at LHC Run |l
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arxiv:1703.106 14, Cacciapaglia, Cai, Carvalho,
Deandrea, Flacke, Fuks, Majumder and Shao

QCD-induced QQ is model independent,
dropping quickly with the VLQ mass.

T-channel EW Q) production is included,
may start to dominate for My > 1 TeV.

(Qh production benefits from smaller phase
space suppression, and only dominates over
the Q) mode for intermediate VL(Q) mass.

T-channel VLQ exchanged hh production is
negligible, but the K-factor is large due to the
quark-gluon-initiated contribution at NLO.

LO result in light colours and NLO result in dark colours;

PDF uncertainty and scale uncertainty added in quadrature
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2b 27 Channel

This channel benefits both from large branching ratio of Higgs into bb and well identified

di-photon signal, since the signal from a Higgs decay peaks on top of a continuum spectrum.

trilinear or non-linear term

b b

g > ——< 9 OO * /<
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2b2~ is promising to explore the trilinear h-h-h coupling or the non-linear h-h-t-t
coupling from Beyond Standard models, normally without boost effects.
[Contino, Ghezzi, Moretti, Panico, Piccinini and Wulzer, 2000]

For mr < 1 TeV, 2b2+ is sensitive to BSM effects from VLQs at high luminosity LHC.
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Signal vs. BKG

Madgraphb @ NLO / pythia8 / Fastjet work in preparation

mt = 500 GeV, b20.0fb_1 TT (QCD) | QQ (EW) | TH+ TH | gg — HH
2/‘3’,%1_(bt2?g>ge5ds’ (|;75; 2:;'/5 46.8 1.28 9.58 0.165
E¥1(7§)7/,Jj: |><023;0-25) 34.3 0.94 6.32 0.109
1%55 << 7717?7<<113650Gc:/v 23.74 0.68 475 0.087
Acceptance 15.6% 16.9% 13.1% 11.7%

other BKG bbvj, cévj need be included, with j mimic one photon.

- TeV - _ Y .
I'he signiticance 6" 5T ( el ()) |r bbvy~y cCcyy bbH ZH
shows sutficient 2b — tagged, |n°| < 2.5
sensitivity to lisht b1(52) 57.8 | 3.77 | 1811 287 § 0.14 | 0.409
Sensitivity to light pr " > 55(35) GeV
vector-like auarks 2 , v 2.37
Veictteillee it v Il < 2416 | 305 1320 || 220 | 0.081 | 0.244

EZ*0? /m.., > 0.35(0.25)
05 < mypp < 135 GeV
105 < my, < 160 GeV

S/VB 720 | 055 { — — — —

20.3 | 2.23 § 14.04 2.43 § 0.0055 | 0.0165

Table : The significance of 5/\/§ at the NLO with v2xk+ = 0.2, given for an
integrated luminosity of [ Ldt =20.0 fb~! at a /s = 13 TeV LHC. The b-tag
efficiency is set to be €, = 70% and €., = 10%.
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Cut efficiency and Mnh spectrum
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e The cut efficiency is ~ 15% for those channels, optimised near mr = 1.0 TeV.

e For the invariant mass mpp spectrum, additional cuts p! > 200 GeV and
ph? > 150 GeV are put to remove most of QCD background.
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4b Channel

This channel has the largest branching ratio around 33 %, yielding more events
than other channels, but there is overwhelming b-enriched QCD backgrounds.

Higgs is decayed from a heavy VLQ, the bb pair collimates into a small cone size
R ~ 2mpg /pr; for mr < 1 TeV, the resolved analysis is applicable, e.g. ATLAS cuts:

@ 4 b-tagged R=0.4 jets with pt > 40GeV and n < 2.5, the b-tag effeciency is
pt dependent and €, ~ 0.7.

@ 2 di-bjets need to be reconstructed to be di-Higgs candidates, for the signal
selection, we require xnn < 1.6.

@ ARy, < 1.5 and p > 200 GeV, p% > 150 GeV (with dependence on my;).

mu — 124 GeV )2 m — 115 GeV )2
Xhh — \/( " 0.1mh1 ) + ( ” O.lmh2 )

= For a large mass VLQ), in order to account the boost effect, jet substructure is
employed to reduce the QCD contamination.
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CMS search (AKS jet)

CMS-like ‘fat jet’ is reconstructed by means of the anti-k; algorithm with a
distance parameter R = 0.8, and further satisfies:

Ty

‘77‘]5’ <24, Ty < 0.6 and m

C
pruned

105, 135] GeV

The 797 is the ratio of N=2 and N=1 N-subjettiness defined to measure how
close a fat-jet to be N-prong.  [Thaler and Tilburg ,JHEP 03 (2011)]

We require two clustered fat-jets to be Higgs candidates, passing those pseudo
rapidity, large pr, and reduced mass cuts:

n(h12)] <24, pr(hiz)>200 GeV , [An(hi,hs)| < 1.3, mMyeq > 1 TeV

Myad = Maj — (Mp1 — 125 GeV) — (Mp2 — 125 GeV)
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ATLAS search (Large-R jet)

Following the large-R ATLAS analyses, we define a Higgs fat-jet Jy as anti-Kt
jet with R = 1.0, trimmed by Delphes 3, that passes the basic selection:

Nry < 2.0; 250 < pr < 2500 GeV; m.j,, > 50 GeV

The signal region is defined by imposing extra constraints on 2 large-R jets:

pr(h1) > 350 GeV , pr(hg) > 250 GeV , |An(hi,ho)| < 1.7, X3, < 2.56 .

We optimistically assume that each large-R jet contains 2 b-jets, and each b-jet carries
1/2pr of the large-R jet, so that the b-tag efficiency is mapped into the ATLAS table.
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Selection Efficiency

Madgraphd @QNLO, pythia8 and Delphes.

efficiency (%)
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arxiv:1703.106 14, Cacciapaglia, Cai, Carvalho,
Deandrea, Flacke, Fuks, Majumder and Shao
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For the resolved analysis, the efficiency is maximal for the light VLQ mass, and

single VLQ production channel leads to higher efficiency than pair production.

For the boosted analysis, selection efficiency show difference in each channel,
since these processes lead to different jet topology, to which boost jet tagger is
sensitive to.
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M4 distribution and signal yields

Compared with data obtained by ATLAS PRD. 94. 052002 and CMS-PAS-HIG-16-002
[arxiv:1703.10614]

% 16¢ ¢ S (3.2 ) %
- ‘A‘It: fg:‘a 3.2 fb"at 13 TeV ~ ¢ CMS: Data (2.3 fb™ at 13 TeV)
g 14:_ ATLA; Bkg:Syst.+Stat. Uncertainty g‘lozg—CMS: Bkg. lc-r_=0'\.:7=500 GeV
@ 120 + Ky = 0.07 2 : —M§=800GeV><10
S .aF —— Mg =500 GeV o [hig. —— Mg = 1000 GeV x 100
> 10 —— Mg =800 GeV x 10 o i H
af —— Mg =1000 GeV x 10 10 { " ] + }
o z !ln: A
af ; .'[" I ]||
oF \ E '|h ﬂ IM Il’
fo0 600 800 1000 1200 1400 350 400 450 500 550 600 650 700 750
m, [GeV] m, [GeV]
Signals (for given VL(Q masses
Analysis Data SM = (for g p: )
0.5 TeV | 0.8 TeV | 1 TeV | 2 TeV
ATLAS-resolved (3.2 fb™1) || 44 | 47.6+£3.8 | 47.0 3.34 0.78 -
ATLAS-boosted (32 b~ 1) | 20 | 14.6+24 | 235 2.82 | 0.933 | 0.024
CMS-resolved (2.3 fb~1) 797 n.a. 120 ) 727 1.68 -
CMS-boosted (2.7 fb~1) 15 n.a. 17.6 2.99 1.10 | 0.04
The ATLAS resolved analysis is sensitive to VLQ mass ~ 500GeV, although
the current strategy is not designed for a VLQ-induced di-Higgs search.
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M2 distribution for boosted case

Compared with data obtained by ATLAS PRD. 94.052002 and CMS-PAS-HIG-16-008

Events / 50 GeV

600

= The boosted analysis in principle offer better handles to TeV scale VLQs.
Even for 500 GeV benchmark, the boosted technique benefits from the much

¢ Data(3.2fb'at13 TeV) —— M, =500 GeV
[ ] ATLAS: BKG (4-b-tags)

K7 = 0.07
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more reduced QCD background.

= In the ATLAS large-R analysis, the peak of M5 ; distribution shows a good
property, shifting with the VLQ mass.
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Counting additional Jets

Fraction of signal events containing the number of AK4 jets not from a Higgs decay.
[arxiv:1703.10614]
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= di-higgs events from VLQ (QCD and EW) pair production feature mostly
one to three extra jets.

= signal events from single (Qh mode in general lead to one or two extra jets.

This information help discriminate VLQ-induced scenario from direct hh production channel.
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Conclusions

We explore Higgs pair production induced by vector-like quark (VLQ), where the
EW contribution can play an important role. The general bi-doublet VLQ models
deserve a further investigation.

For mT ~ 500 GeV, 2b 2gamma channel has larger sensitivity than other channels
due to the clean 77 signal. In order to put accurate exclusion limit on VLQ models,
higher luminosity is needed.

For the 4b channel, we apply both resolved and boosted analyses to VLQ-induced
Higgs pair signals. For a large VLQ mass, we show that boost effects lead to simple
event topology, so that jet substructure offers an effective analysis.

The boost analysis applies to other processes, e.g. single VLQ plus jet production.
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