LHC signatures inspired by Yukawa-bound mesons:
Double resonant WW+jet

Hiroshi Yokoya (NCTSn/NTU, Taiwan)

based on T.Enkhbat, W.S.Hou, HY, Phys.Rev.D84.094013 (2011),
and work in progress with J.Alwall, T.Enkhbat, W.S.Hou (NTU)

Introduction %
Yukawa-bound mesons
Study for collider signatures

Summary ICHEEEHEJHE =

Outline:

W e



1. Introduction

e 4th generation model is a simple extension of the SM

e The number of generation is a big mystery to us.

We can always ask “ Why 3, Why not more ? ”.

e Experimental observation can only tell us the truth.
Theorists can help how that signal looks like, or what that means.

e Lots of models with new heavy quarks for BSM physics.

e Direct search for heavy quarks :

Model-independent analysis by assuming the
QCD production cross-section and 100% decay
mode

CMS (4.7 tb) : mp > 550 GeV for T — bW
mp > 600 GeV for B - tW
mp > 475 GeV for T — tZ

ATLAS (1 fb1) : mg > 350 GeV for Q — ¢W

o (pp — tt') (pb)
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Unitarity bound for heavy chiral quarks

e Heavy quark search in a regime of the unitarity bound (UB)

e Tree-level scattering amplitudes break unitarity condition, if m¢g > 550 GeV

e Beyond that we enter the non-perturbative regime. Chanowitz,Furman,Hincliffe 78,79

e Then, what can be the heavy quark signature beyond the unitarity bound?
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-0.4

M, = [114, 1000] GeV
m, = 173.3 2 1.1 GeV

AL AR AR RA RN LR RN RN RN R

68%, 95%, 99% CL fit contours
E (M, =120GeV.m =173 GeV)

* Flavor data constrains CKM4 mixing matrix. O
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2. Yukawa-bound mesons

e Our study:

We consider a possible bound-state phenomenology of the 4G scenario in a
regime of the UB, and its collider signatures. Our set-up is following:

(" Chiral 4G quarks with degenerated mass: m, = m,, > 500 GeV

e which is simply given by the Yukawa interactions.

SM4 <

* Higgs-boson is also heavy; m, > 600 GeV

_ (EW precision test, direct search, ggH cross-section)

Jain et. al. 92, 94, Ishiwata, Wise 11,

e Yukawa-bound mesons: Enkhbat Hou. HY 11

Large Yukawa couplings of the heavy chiral quarks provide a possibility to
form bound-states by the Yukawa interaction rather than QCD.

ay ~1>as~0.1



Yukawa-bound heavy 4G mesons

e (Relativistic) Potentials for heavy chiral quarks

e Higgs exchange contribution is suppressed by its mass and width.

e Goldstone-boson exchange gives the dominant contributions.
It is Isospin dependent, and pseudo-scalar exchange (relativistic).

e Gluon exchange is subdominant, which gives singlet/octet splitting.

Potentials for B.S. equation diagrams for B.S. equation
States e, 1, 5 Higgs | Goldstone | Gluon qﬁ u
mo) [Ta0OD - [~ & - | |7 a -—af - -af
(7, \) 8,(1,0),(0,1) | - + 2 v
(m> 1) || 1,(0,1),(0,1) | - + - 2
(ns, ps) || 8, (0, 1), (

— . U U
0,1) + + o % o @ <u
— :attractive, +:repulsive, C':Color, [ :Isospin, S :Spin tug O 5 1o ¥ o

e Relativistic Bethe-Salpeter equation describes the bound-state. Jain et.al. 92 94

e Relativistic expansion approach also showed that the binding
energy could be O(100) GeV even for the color-octet state. Ishiwata, Wise 11



Yukawa-bound heavy 4G mesons

e The expected bound-states are :

1,78 : Iso-triplet color- singlet/octet pseudoscalar I¢(J7)c =17(07)1 8

w1, wsg : Iso-singlet color- singlet/octet vector IG(JP)e = 0~ (17 )18

* N, P states not bound (unlike the QCD-like models, e.g. Technicolor)

* Expected mass spectrumis My, < Mpg = My, < Mg

e Parameterize the structures of mesons which are unknown to us

e mesons mass splitting, decay constant, mixing angles

f : decay constant

Bl “’% e

~ gsfw/mw ~ QWgSfTr

¢ Interactions of the mesons:



3. Study for Collider Signatures

pp — wg production cross-section

e Production mechanism :

T8 Pair production due to Isospin conservation

W1 : Weak interaction

g : Single production by strong interaction

10" e LHC /s=7TeV /s=14TeV 3

(via gabar annihilation)
m,, [TeV]
The cross-section depends on . ]
P OIVE“wg(p)) = —= 8 f uyma,e*(p), o G—
an unknown decay constant. Jo o e

e Dominant decay of Wy: under the assumption of the small mixing with 3G
(rather stable t’” & b’. Mesons decay by annihilation)

The other modes can be
W wg — wW1g
e — — —
o and subsequently, 7g g wg — tBW — bBWBW,
Annihilation decay: wg — qq, tt L VEW s tWEW

Meson transition: wg — wgWW



WW+jet signhatures

e Thus the collider signatures are pp — wg — Wrg — WWg

A double resonant structure in the

%%
q
wg 7T8/ Mrg “soft W + hard W + hard gluon” final-state
’ Mw
g 8
_ Typical momentum of
q 144

soft W: p!V' ~ O(mug — marg)
hard W : p!V' ~ mqg/2

e Pattern of W’s decay:

Semi-leptonic: Wrg — W(Wg) — (4v)((q7)g) two collimated jets = “boosted W”
Wnrg = W(Wg) — (¢7)((tv)g) high-p; lepton + large missing E;

Dilepton : Wnrg = W(Wg) = (tv)(({'v)g)

Z-bosoncase: Zwg — Z(Zg) — (4£)((q7)g) “boosted Z” jet + dilepton



W-jet tagging method

Butterworth,Cox,Forshaw;Almeida,Lee,Perez,Sterman,Sung,Virzi;
Ellis,Vermilion.Walsh;Hackstein,Spannowsky;Katz,Son, Tweedie;
Thaler,Tilburg ,,,

e Find fat jets with a specific subjet structure
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W Tag Efficiency

e Good significance for high-p; jets can be achieved; eg ~ 30% with eg ~ 2%

e Thus, the most promising signature could be W (Wgqg) — (Yv)(jw J)
where one of the jets is W-tagged.

e Dominant BG processes are W+2jets and tt™



Simulation Results

e Our simulation framework :

e Event generation by MG5 + Pythia,

10

pp — wg — Wnrg = WWqg — (bv)jwi

matched up to one addional jet radiation.

e Delphes detector simulation; W-tagging for CaloTower jets

e Selection cuts : (universal for any input signal masses)

e Two high-p; jets (p; > 200 GeV, one is W-tagged)

e One isolated lepton (p; > 20 GeV) + missing E; > 20 GeV.

e Leptonic W momentum is reconstruction by on-shell W-boson condition.

° ij > 500 GeV

e Reconstructed invariant-mass :

* M; (left) and My, (right)

jiw

e Sharp peak in M; distribution
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Constraints on the parameters
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95% CL, limit for G*BR((DB — x,W/Z) at 8 TeV LHC with 20 fb-1

e Bump hunt from the continuum BG

— CLs analysis gives the upper limit of
the cross-section.

), Cross s

— Limit on the model parameter
(decay constant) for given masses.
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e Dijet signature (same as Z, G’ search) also = "¢
constrains the decay constant:

e Large decay constant gives large branching .
ratio into di-jet.

LHC Em= 7TeV o CMS 1!
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4. Summary

e 4G quarks, if exist, can form relativistic bound-states by Yukawa int.

Heavy Isospin and Goldstone-boson exchange force predict a
characteristic spectrum of the 4G mesons ( W, 4, T, ¢ states ).

e We study the collider signature of the 4G mesons.

Single Wg is the most attractive production process,
which would be followed by its decay into WTt,; and further into WWg.

Semi-leptonic decays of W’s lead to a characteristic signature
W(Wg) > Iv(jj) signature, where one of the hard jets is W-tagged.

e LHC early run (2011&2012) can search for it, and constrain parameters
in the model (decay constant, meson masses).

12






Decay channels of Wy

[Three main decay mechanisms ]

( Annihilation decay wgs — qq, tt,t't,b'b ]

. »
F(Lug —> q(}) gz s Mg T f (] —
.
. o &
['(wg — tt) = fjj 3*‘ Fhi s
S LGEmE,
[(wg — tt') = E2|V3 Vi E(myr,my)
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Decay channels of Ws contd

( Free quark decay wg — (t't' — bW?T), ('Y — tW) ]
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Vs, -4th & 3d generation mixing
F(z,y)=(1+ s Dt Ol Sgpfl y4) A1, 22, y%)

Aa,b,c) = y/a2 + b2+ c2 — 2(ab+ bec + ca)



[Mescn transition ~ wg — msW, wig J

3
wg M,

3227 Mg
(Vg TN,

Gpm

[(ws — msW) =

[ws = wig) =

I'(wg — mg7y) >~

m = m/mey,
Here A = my,, — 11, due to Strong binding
Wi(z,y) ~ (1 —2z% + 2* + 3y* + 229% + 32%y? — 49%)

X (14 2z + 22 —y?) A

[l
&

I(L'



[Fc:-ur different choices for parameters for decay rate calculatiﬂn)

r . A

é. — .}L'«-LrEu [A”t} — "’”Ld.;i‘ — '”t}ﬂSJ
Moy

.

N |
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Case 2 £ = 0.03|Am =100 GeV. Vip = 0.1 “small fog 7
Case 3 E=0.1{Am = 200 GeV [Vip, = 0.1 “strong binding”

Case 4 E=0.1,Am = 100 GeV [V = 0.01 [“small mixing”




“nominal” DWW rates of (s “small | ws

lﬂl} = AN lﬂn S emr o R . ) VL =

E aw T g 5 = 5 -"':_'_';'_:_-_-......-_g

. :FIE-E-'.-- ___..-.—-*""_' I.'f',t"E.' : : --#.____,...—F-'"' :
T 10— o wE™ =
EUT § Case 1 @ 3 § E
[~'s) L _ | g
<n) ;F-T.-FI: ______________ e : < _-" -uilf ) Eﬁ n'lt':h. i

10 :_m]g. =i e = 10" E = " -

= | | I-'II"-|. | | | | | | | | 5 - | | | | | Jl--'l.;':l'.l | | | ] ] I—q

0.8 1.2 1.4 1.6 0.8 1 1.2 1.4 1.6
1[}“:—'--'-"—1—'--*--'--|—-1—'--|--{—-'—'.._'.: 1[]“;.1.4..|_.|._I._|-J_.|_J_I._l.l_.l..'._'.:

= : Case 3 Free : | Case 4 '[lf_l:
r 10 E B A =
Ew E e T A = i
= BT T R 12 e i
- —  fee—=-mmmmmT ]

sl o @ 5 e, . )

1':! = - s 02 = lﬂ — ""-.__]S =

- | | | | | | | I.-I-rll-'i'-.J. | . = | | | | | | | Tll-"l"‘b | ] ] ] =

0.8 1.2 1.4 1.6 0.8 1 1.2 1.4 1.6

- < V V e
“strong binding” g EHE¥] ", TV 1“small mixing”

Meson transition (Wg — 78 W dominates
If Am < My, free or dijet are dominant




r‘

| Annihilation s-channel or W-exch and7g — 71 ¢ are .',su,b::.uta-nt.‘I

Branching ratio for of 75 — 11y

Only free quark or s — W g decays channels are present!
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small mixing

Bn>Wg]

For cases | to 3 the free quark decay dominates

For case 4, small mixing: 75 — 1" ¢ dominates




