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Motivation Joe Lyken &
Gilad Perez’s talk on Sunday

Naturalness => new colored partners, potentially within the LHC reach.
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Georgi, Kaplan ’84; Kaplan '91; Agashe, Contino, Pomarol

° ° ’05; Agashe et al ’06; Giudice et al ’07; Contino et al ’07;

CO m POS Ite H Iggs Csaki, Falkowski, Weiler '08; Contno, Servant ’08; Mrazek,
Waulzer ’10; Panico, Wulzer ’I|; De Curtis, Redi, Tesi 'l I,

Marzocca, Serone, Shu ’12; Pomarol, Riva ’12; Bellazini et al

'12; De Simone et al '12, Grojean, Matsedonskyi, Panico ”13....

2% Just as pion (PGB) is the lightest states in QCD, Higgs is
a PGB of a new strong sector (with symmetry breaking

scale f) => Higgs is lighter than other resonances
Georgi & Kaplan '84

3¢ Warped XD models: 5D dual (AdS/CFT corresPondence)
Randall & Sundrum;...’90s

of Composite Higgs: 5D model gives an explicit realization of the 4D

3¢ Little Higgs: collective symmetry breakin

Two or more explicit symmetry breaking terms are needed to break all Arkani-Hamed, Cohen, Geo r’gi ’00s
symmetries protecting the Higgs mass. No quadratic divergences at

one—looi.

Holographic Higgs: Higss as a component of GB gAS)

Contino, Nomura, Pomarol; Agashe, Contino, Pomarol; Hédsotani,...

3¢ Simple 4D effective description (Strongly-Interacting
nght nggS) Giudice, Grojean, Pomarol, Rattazzi '07

Bellazzini, Csaki, Hubisz, Serra, Terning ’ |2
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& Composite Higgs

3¢ Higgs potential radiatively generated by
resonances loops (top is the largest
contribution)

3¢ Top contribution to the Higgs potential:

) _ Contino et. al,
At [ 2,2 2 —
N. |m; mg,mg, oo mg,, Pomarol, Riva ’12
0g
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T | f2 mg, —m 0 mo,

with EM charge 5/3,2/3,-1/3,...
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& Composite Higgs

3¢ Higgs potential radiatively generated by
resonances loops (top is the largest
contribution)

3k Top contribution to the Higgs potential:
) | | _ Contino et. al,
N, 7’7‘1% '7'7'2.22 ) 77‘2%2 L (mél> Pomarol, Riva ’12
og | —
70

C
9 2 2 2 2
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| J7 o, = ma, “4/ 1 5 0of SO(5) =4 + |

2
T hk ~

=> light top partners (< ~| TeV) are required to
obtain 125 GeV Higgs mass

O G

A%)

W|th EM charge 5/3,2/3,-1/3,...
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Limit on composite Top partner

® same-sign /

dileptons
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Robin Erbacher’s
talk on Sunday

® W tag:
2 subjets, M;
[60,130]

® CMS top tag
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Flavourful naturalness Cilad Perezs talk

on Sunday

¢ Standard model: 3 copies (flavours) of quarks;

same holds for new phySiCS. (say supersymmetry)

¢ “‘Hardwired” a ion:

1

top partner (st ass eigenstate.

Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); Supersymmetric partners, also
Cohen, Kaplan & Nelson (96) > 1000 citations ! come in 3 replicas <=> flavours.

¢ This need not be the case, top-partner => “stop-scharm” admixture.

charm

]

A

o M1

top
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Composite Light Quark

* CUStOdiaI SymmEtry fOI" Z->bb Agashe, Contino, Da Rold, Pomarol ’12
=> allow for composite light quark without tension

W|th pl”eCiSiOn tests Delaunay, Gedalia, SL, Perez, Ponton (x2) ’10;
Redi,Weiler | | MFV

3¢ Drastic change to phenology: large production rates,
top forward-backward asymmetry, non-standard flavor

Slgna|S coe Delaunay, Gedalia, SL, Perez, Ponton (x2) ’10; Redi, Weiler ’I |;

Redi, Sanz, de Vries,Weiler ’|3; Da Rold, Delaunay, Grojean, Perez ’| 3;
Atre, Chala, Santiago ’| 3

2% And LHC implications for non-degenerate first 2-

generatiOn Pa- rtners- Delaunay, Fraille, Flacke, SL, Panico, Perez " |3
Kim, Flake, SL, Lim ’1 3
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Partial Compositeness

* Partial Compositeness; D.B. Kaplan; Gorssman & Neubert; Huber,...
Elementary-composite states talk
through linear couplings.

The flavor problem of TC theories can be improved if the Yukawa
couplings arise through mixings of elementary quarks with
fermionic operators of the strong sector

Elementary

® minimal model: SO(5)/SO(4) Sector S
with 4 GBS => nggs doublet L Sector

SO(5) = SO(4)

Agashe, Contino, Pomarol ’05

full non-linear
SO(5) /SO(4) massive
content

YLYR f
YSM =
gu

Typically (anarchy): Ai < Agz,us~M,i=1,2.
Ai = yif (f © decay constant for the SO(5)/SO(4) breaking )

Friday, January 24, 2014 8
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Partial Compositeness

* Partial Compositeness: D.B. Kaplan; Gorssman & Neubert; Huber,...
Elementary-composite states talk
through linear couplings.

can be improved if the Yukawa
ementary quarks with

What if the first two generations of |

RH quarks are composite but not at Elesmentary
. tor .
the same level, for instance: o Composite
< 1 d Sector
Yu S Ye ™ Yt ™~ P SO(5) — SO(4)
full non-linear
Ay SO(5) /SO(4) massive
content
YLYR T y
YSM =~ /
9T

Typically (anarchy): Ai < Agz,us~M,i=1,2.
Ai = yif (f © decay constant for the SO(5)/SO(4) breaking )
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General Set-up

* As a setup we choose the minimal composite Higgs model based on SO(5)/SO(4).
We use the CCWZ construction in order to write down £ess in a nonlinearly invariant
Way under 80(5) Coleman,Wess, Zumino ’69, Callan, Coleman ’69

* The model contains elementary fermions g and composite fermionic resonances
of the strongly coupled theory, which mix via linear interactions

Lmix = ¥§;,,0"° + h.c.

where O is an operator of the strongly coupled theory in the rep. /o, and g, is
an (incomplete) embedding of the elementary g into SO(5) .

* One common choice (partially composite quarks):

. 1

aq — E (—I'EL ,EL . —iUL . —UL . 0) .
Uy = (0,0,0,0,TR).
* This fixes composite partner quarks to be embedded as 5 reps. of SO(5):
/ ID — iXs5/3 \
0 1 D+ Xs,3
W = < U ) — U + /X2/3
V2 | —u + X2/3

\  V2U
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General Set-up

2¢BSM particle content: 5 =4+ | Y =T+ X
U | Xo)3| D | Xspz | U
SO(4) 4 4 4 4 1
SU(3)c 3 3 3 3 3
EMcharge | 2/3 | 2/3 | —1/3 | 5/3 | 2/3

*Two principal ways to embed the right-handed up-type quarks:

e In the elementary sector, which mix with their partners,
(— “partially composite quarks”)

e or as chiral composite states.
(— “fully composite quarks”)

Friday, January 24, 2014



General Set-up

*BSM particle cont

SO(4)

SU(3).

EM charge

o 34+ X

In this talk, | will focus on partially
composite quarks scenario, while we did
analysis for fully composite cases as well

*Two principal ways to embed the right-handed up-type quarks:

e |n the elementary sector, which mix with their partners,
(— “partially composite quarks”)

e or as chiral composite states.
(— “fully composite quarks”)

Friday, January 24, 2014
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Partial Composite light quarks

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

Loomp = 1 Q(D, + ie )y Q+iUPU — MsQQ — MU + (ic@if}f”’ 0, U+ h.c.)
Lol.mx = iC—h@QL + iURLDUR — nyC_I[? Ugs’@F? — }/RmsR Ugs?;’")L + h.c..
where dL, e, are the CCWZ “connections”, and Uys is the Goldstone matrix
/ 1 0 O 0 0 \
O 1 O 0 0
Ugs = 0O 0 1 0 0
0 0 O «cosh/f sinh/f
\ 0 0 0 —sinh/f cosh/f /
with h = (h) + h.
*Derivation of Feynman rules:
e expand dy, ey, Ugs around (h), M~ 0 |My = My x 2 YRS

V2f VIME+yif?) (M + ypf?)

e diagonalize the mass matrices,

e match the lightest up-type mass with the SM quark mass (my or mg)
— this fixes y; in terms of the other parameters (yg ~ 1=y < 1)

e calculate the couplings in the mass eigenbasis.

Friday, January 24, 2014 11



Partial Composite light quarks

Delaunay, Fraille, Flacke, SL, Panico, Perez " |3

3¢Fermion Lagrangian: Flacke, Kim, SL, Lim “13
Loomp = 1Q(D, +ie,)y"Q+ilpU - M,QQ — M, DU + (ic@iy“dLU +he)
Lei,mix =1 g,10g | uplug — fa; U R — fU Ug + h.c.,

Y yL< |, the Lagrangian for the composite states and el

the right-handed up quark becomes invariant under
the custodial symmetry SO(3)c subgroup of SO(4)

=> UR, higgs, U, and one comb. of 4-plet are singlet,
while GB, and three comb. of 4-plet are triplet under

*D SO(3)c
e expand d,, €., Ugs around (),

e diagonalize the mass matrices,

e match the lightest up-type mass with the SM quark mass TR, or mc)
— this fixes y; in terms of the other parameters (yg ~ 1=y, <« 1)

e calculate the couplings in the mass eigenbasis.

Friday, January 24, 2014 11
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Partners in Singlet

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3
Flacke, Kim, SL, Lim " 13

Now lets look at the singlet limit: M; finite and My — . i
Then, all fourplet states decouple, and the only remaining BSM state is U.

, h/f  v/f
X
*Mass: my = \/M12 + (yrf cos(€))? E v
TP . " - UR | (YL - UR \\ / I (YL
*only mixing” coupling: —(O—> > L
yrf
. . _ yrfcose
Ayl = YR SIN€COS ¢4, with tan oy = W
* main production channels: ’
u Un h P € —
p ) . \f/ h - f
U”' hl Un
p h U Un 1 _h
h! W)z
U Uh. /q'/ﬁv
(a) QCD pair prod. | (b) non-QCD pair prod. (¢) single prod. (d) t-channel

Friday, January 24, 2014 12



Partners In Slnglet Flacke, Kim, SL, Lim " 13

YL h+v\ -~ . h 4+ wes | U
~ |2 furF Ur +yrfULG up + h.c. ves ;
f qr € 14 UéSUgSS UégUgSE‘ %sin(Qh}L”) \/iﬁsin(Zh}”’) —%Rsin(éle)ﬁ

V2

[FUs) [ G0 [F(E)  [G(EE) [k
UZ - sin(h}”’) Cos(hf”) - % Sill(zf)ﬁ
= —Ykyzy [1+O(€)]

f

bes = gy [1+O()]

>R T PT — MyOU + i, Doy, + i g Dug
— [mQﬂLUR + '7713(7]411. r+ NohurUg + AgllefLu r+hec + 0(62)]

pair
production

single
production
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pair

. 2
production t %

single
production
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LHC bounds yet)

l-

0.01
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1500
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Flacke, Kim, SL, Lim |3
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wes |2 Uz [—sin() [ cos(h) — % sin(26) 3
C. ves = Vs [1+O()]
qr € 14 | USUS | USUE | Lsin(222) | Lsin(2hr) | - %sm(%)ﬁ
vebd = 2?/?%1\#,1 [1 4+ 0O(e?))]
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Partners in Singlet

Flacke, Kim, SL, Lim |3

3¢ LHC bounds comes mostly from £ — ~~

Look for a deviations in pp — h(hjj) & 7 7 X or bbX
i.e. modifications to SM Higgs signals and their angular and pr distributions

dN /d pJ(GeV)

Friday, January 24, 2014
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Partners in Singlet

Flacke, Kim, SL, Lim |3

3¢ LHC bounds comes from QCD pair production:

partially composite: A/, > 310 GeV fully composite: My, = 212 GeV

3¢ LHC bounds for single production (partially composite):

i
[\
L\ does not provide a unfolding correction factor

‘ -

eff
Afhix
=N
eff
mix

A\
4;_.
T 1 L)

o
T
o
T
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Partners in 4-plet

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

3}¢ Let’s now consider the limit M; — oc.
U decouples, and the remaining quark partners form a 4 of SO(4).

Mass eigenstates:
Up/m — (1/\/5) (U:: X2/3)3 Ds X5/3'

3¢ Masses:
_ _ _ 2 i i _
My, = Mp = My, ,; = Ma, My, = \/M ’/gygfsm(e))i’, with e = (h) /.
e . W ¥ W
* Mixing” couplings: |
Up D/X5/3)r = ur 1 Upp D/ Xs53)L (D/X5/3)r
= = = e = S =
~ Yrf g\h
gwux = —Gwup = —Cw Gzu, = 7 COS € SiN g,
v/ f v/ f
z x 7 X 57 AhuU,, = YR COS€COS py4,
UR l'"'?pl? = ur 1 UL é (pL (p]? + URr : UL ;lpL (p]?
—L— >—%—> >—L—> > ‘)( >
yrf My yrf c ta;‘f B ny Sln €
4 = .
¥ M.
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Partners in 4-plet

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

* Production mechanisms (shown here: Xs,3 production)

(a) EW single production

* Decays:

D — W~ u (100%),
U, — Zu (100%),
Unm — hu (100%).

Friday, January 24, 2014

X5/3 — W'u (1000/0),

D.U/C

(b) EW pair production

Single production: Wjj, Zjj

[DO Collaboration], Phys. Rev. Lett.

106, 081801 (2011)

[CDF Collaboration], CDF/PUB/
EXOTIC/PUBLIC/1026

[ATLAS Collaboration], ATLAS-
CONF-2012-137 (4.64 fb-1 7 TeV)
[CMS Collaboration],CMS-PAS-
EXO-12-024 (19.8 fb! 8 TeV)

p g X ff ;f';
p X ; ';Zf":f

g X // 5
% /

(c) QCD pair production

Pair production: WWijj, ZZjj, hhijj

[DO Collaboration], Phys. Rev. Lett. 107, 082001
(2011)

[CDF Collaboration], Phys. Rev. Lett. 107, 261801
(2011)

[ATLAS Collaboration], Phys. Rev. D 86, 012007
(2012) (1.04 fb -1 7 TeV)

[CMS Collaboration], CMS-PAS-EXO-12-042 (19.6

fo -1 8 TeV); Leptoquark search, final state: ppijj)
17



Bounds on u/c partner from 7TeV LHC

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

: — 7 TeV cross—section
S000F o 8 TeV cross—section |
Foe.,. \\\ = ====- ATLAS limat ‘

Tov\ | - = CMS recast limit
_ 2000 R T \ T WS 95% CL exclusion limit |
=

> 1000} :
500+ 7
| strong pair production hq ]

200—m——r—————— ' —

300 400 500 600 700
M [GeV]

Model Independent predictions for WWijj cross sections through QCD pair production

of —1/3 and 5/3 charge partners of the composite right-nanded up and charm quarks.

The solid black (red) line stands for the 7TeV (8TeV) cross section. They are the same for
the first two generations and in both partially and fully quark scenarios.

Friday, January 24, 2014
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Bounds on u/c partner from 7TeV LHC

10%

1000¢

10}
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e
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~
e
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1000
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Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

vg =1, f = 600GeV

partially composite quarks |

m— J{g—partner
m— Cp—partner
CMS limut

1500

2000 2500

M [GeV]

Predictions for Wjj cross sections of function of the fourplet partner mass
M4* X = u, c, in the partially composite right-handed for two generation
quarks. dashed curve is the 95% CL exclusion limit from the ATLAS and

CMS searches at the 7TeV LHC run
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Partners in 4-plet

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

059% CL exclusion limits

[ | ug—partner _

[ | cg—partner |
e QCD prod. -
m—= [[/M=03

partially composite quarks

500 1000 1500 2000 2500 3000 3500
M7 [GeV]
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Collider implications for split 2 generations (similar to SUSY case)

2000 Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3

1500

My [GeV]

M, < My

1000 -

500F

1000 1500 2000 ,,2500 3000 3500 4000 Mii‘ _ sz — M,
My [GeV] 10. —_— ———

Ye > Yu

2000

3600 |
3000
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General 5-plet case: 4 + |

Delaunay, Fraille, Flacke, SL, Panico, Perez " | 3
* The single-production cross section of Xs,3, D, U; is reduced.

Physical reason: The production arises due to mixing of ug with the fourplet,
but now, ug also mixes with the singlet.

* If the lighter up-type mass eigenstate U; is mostly singlet (for My < M,):
Fourplet states Up, D, Xs5,3 can also cascade decay via the U,

— The previously considered signal cross section gets reduced due to the
BR into cascade decays. 10.

N

(R

3
=
1 = fourplet only |
' — M{=12TeV |
——  M{'=600 GeV |
0.5 —  M{'=200GeV"
f =600GeV partially composite up

0.2
500 1000 1500 2000 2500 3000 3500
M [GeV]
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General 5-plet case: 4 + |

lon of Xs,3, D, Uy Is reduced.

=
4-plet bound can be \ses due to mixing of ug with the fourplet,

substantially weakened when _
considering the generic case where is mostly singlet (for My < M,):
. i 1 1 S V).
both 4-plet and singlet partners being J decay via the U,

SISV MBS MRS o section gets reduced due to the
implication for top partner /A

h’ T 1 i- T
searches as well). : 5
| / :
I ,'
1
i J
’ ’
'~~‘l' |
,I
=§ ,"‘o’
1 = fourplet only |
v — MI=12TeV
i | —  M"=600GeV
0211 o~ ——  M}=200GeV’
l‘ Jf =600GeV partially composite ug -

02 e S e S
500 1000 1500 2000 2500 3000 3500
M [GeV]
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Indirect constraints from dijet production Strong dynamics

Delaunay, Fraille, Flacke, SL, Panico, Perez " |3

2 new physics dijet sources are generically induced by
unknown physics at the cut-off scale A ~ 47/

1
22
3¢ In the presence of mixings between the chiral quarks
and the vector-like heavy resonances

Lar = == (@) + =2 (BB + cue (@7 1R") (@7 k)

uniform for QCD background, while it’s peacked
at lower value for above operators

|qu|_1/2 > 2.2TeV  for Cqq > 0 from AT LAS

‘qu|_1/2 2 2.1(3.0) TeV for Cqq > 0(Cqq < 0) from CMS

Friday, January 24, 2014 23

[( QuQ)? + (U7, U)? + (aryuur) 2]

X j — E’Qyj




Indirect constraints from dijet production Strong dynamics

ville, Flacke, SL, Panico, Perez " |3

Neither ATLAS nor CMS has looked at this:
require it does not deviate
from SM expectations more than in the presence of

Cqq/2 X (QEM”YMQIS,M)23 with ‘qul_l/2 = 3TeV

=> indirect bound is not strong, smaller than
direct bound!

Ly =2 - )

uniform for<s< beacked
at lower value for above operators

|cqq\_1/2 > 22TeV  for Cqq > 0 from AT LAS

\cqq|_1/2 > 2.1(3.0) TeV for Caq > 0(Cqq < 0) from CMS
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Summary

Composite Higgs model (with H as PGB) provides a viable
solution to the hierarchy problem and generically predict partner
states to the fermions

The phenomenology of composite light quarks differs from top
partner phenomenology

Bound on charm partners is much weaker than that of up and
top partners (charm tagging may help probing charm partners)
=> Flavorful Naturalness

Dedicated analysis for boosted jets/VB/top is required

Work in progress: Flavor physics and EWPT

Da Rold, Flacke, SL, Perez, Soreq,Weiler
Delaunay, Flacke, Han, Kim, SL
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C CWZ Coleman, Wess, Zumino 69,
Callan, Coleman 69

3¢ a prescription on how to express low energy L.s for theories
with SSB (G/H)
2¢ classified all possible nonlinear transformation laws of fields in a
neighborhood of the VEV

/

ama
7rTh

N\

unbroken element of H

broken generator of G

2.¢ every element of G can be expressed as «

=> for any group element g of G, we can write 4 7" — .7T%),

with 7@ and h e H
<> with a field redefinition, one can find a “‘standard

parametrization” (7%, ¢") with the transformation law under g € G
,ﬂ.&. N ﬂ'/&" u.f"i N D(]?);L‘J

inear representation of H
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C CWZ Coleman,Wess, Zumino 69,

Callan, Coleman 69

3¢ a prescription on how to express low energy L for theories

with S5B (G/H)
2¢ classified all possible nonlinear transformation laws of fields in a

neighborhood of the VEV

ama
7rTh

broken generator of G

3¢ every element of G can be expressed as «

span all possible
nonlinear realizations of the

=> for any group ele group G: CCW/Z classified all G- F ™ T,

invariant Lasrangians constructed .
stans "“ and h e H

: . out of them (and their
* with a field redefinitio e

parametrization” (7%, ¢ with the T ation law under g € G
7 — 78, Dt — D(h)j-wj

inear representation of H
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C CWZ Coleman, Wess, Zumino 69,
Callan, Coleman 69

3¢ Standard form of derivatives can be given in terms of d and e

sYmbol 1r—19, U7 = qa T4 4 eo T U = exp(x®T%)
\ unbroken generator

— AU =diT 4+ e T

generalized to continuous G transformation: U_l 9
A, = ALT® 4 AoT (O
and \/ ¢Z — (9M¢Z —+ BZIO(TCL)Z-??DJ such that V#I‘ — D(h) VNLJ
2¢G invariant Lagrangian constructed out of (7% ¢"), and their
derlvatlves is equivalent to the one constructed out of U, ¥, d,,, and V¢’

3¢ For example, in SO(5)/SO(4),

. / / h
6,21‘,2 — — cos? (2_2]‘) qU 12 ‘3 — — cos® (2}) JU 3 _ sin? (j) g’Bﬂ,

h o, [ h h
ei’S — —sin? (ﬁ) gUﬁQ eﬁ — — cos’ (ﬁ) g’ B, — sin” (ﬁ) gﬂi

gWpr g B —gWE
= di:sm(h/f) #\@ £ (,.M:T I
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Bounds on ¢ partner from 7/ TeV LHC

experimental bounds: Wjj, Zjj with 4.64 fo—1 [ATLAS-CONF-2012-137], WWjj, ZZjj with 1.04 fo—1 [ATLAS PRD 86, 012007 (2012)]

Partial Compositeness / 4plet

o~ 1 O 5: | | | | | | | | | | | | | | | d. | -
A - | | | e ATLAS /95CL (WWJJ) =
o a yp =1 _.QCD C,C, (2Zjj) .
\b/ N f,=600 GeV BR(C,—>cZ)—> 1 ____QCD ss+x,,(,_.,x5,,)(ww, i) -
__pp—>C,C, (ZZ)) ]

BR(S—>cW) —> 1 _ pp— ss+x,,,,x,,,+sx,,4ww; )
BR(X5/3 9 CW) % 1 ----- p 9 C (Z ) 7]
--_-.ATLAS/95CL (ZJJ) -
cmmaePP—>Sj+Xsssj (Wjj)
ATLAS/95CL (Wjj) =
_____p p—> Sj+Xssj (only WTji)
, T ATLAS/95CL (W°j)) -
1 O o~ N ..7"'7.7:\ ) =
10 :— \‘\\\\ 7 Te\/ —=
1 ] l | |. S l l | L L l'\ s |\ o l l l | l l L L | L L I l |

500 1000 1500 2000 2500 3000

M.(GeV)
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Bounds on u/c partner from 8TeV LHC

experimental bounds: scalar leptoquark search (final state: .+ 1 — jj) with 19.6 fb—1 [CMS-PAS-EXO-12-042]

Partial Compositeness / 4plet / 1st gen.

—~ 1 O 55\ : I | | | | I I I I I | | | | | l I I I | I I I I3
O = _ .
S RN yr=1 __QCD U, (ZZj)) .
S A, Tme00Cev BR(U,—> uZ) —> 1 =QCD_EB-BX5(/%X25/3)(WWJJ)-
\_ . — PP ji _
5/3 - mm=:PP—> Upj (Zjj) 3
4 e PP DjFXsss) (Wjj) -

10 3 —___CMS 19.6fb L—Q recasE(WWijj)
1025— e e 3
0 L T e BTeV
1 ] l | | | | | | } 1 N | | | '.i -1 | | | | | | | |~ ) ~|~ | |~ ) ~| :

500 1000 1500 2000 2500 3000

M.(GeV)
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3¢ Fermion Lagrangian (with both up and down sector combined)

L = Leomp + Lei + Lomiz,
with
Leomp = 1 Q(Dy + i€, )P Q" + 1 @(Du T ’"CM)’?"“Qd T IITHD U + zB@ D
~MEQEQ™ — MIQAQT — M UU — MEDD
+ (-zi(-“'@iﬂ,"“(lit[? +icf QI ymdi D + h.c.) |

La =i qPqr +iapDup +i dplDdr

, _E ,, d [ d . __ K X d —b rd
Liz = —Yr fq11Uqsp — Y11 G10UgsVn — ypfunpUqgsVT — ypfdrUqgst] + h.c..
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SOB5) | SO@) | SUR)L | SU2)r | UL)x | Uy | U(D)em
074 5/ 4 2 2’ 2/3 1/6
ur, 2/3 1/6 2/3
dr, 2/3 1/6 | —1/3
q7 9 5/ 4 2 2’ —~1/3 1/6

ur, —~1/3 1/6 2/3
dr, —~1/3 1/6 | —1/3
UR 5/ 1 - - 2/3 2/3 2/3
dp 5/ 1 - - -1/3 | —-1/3| -1/3

'zr-"f.rU 5 2/3
U 1 - - 2/3 2/3 2/3

Qv 4 2/3
Ik 2/3 1/6 2/3
D 2/3 1/6 | —1/3
Xt 2/3 7/6 5/3
X33 2/3 7/6 2/3

v 5 —1/3
D 1 - - -1/3| —-1/3| -1/3

Q4 4 —~1/3
X% -1/3| -5/6 | —1/3
X%y -1/3 | -5/6 | —4/3
Ue —~1/3 1/6 2/3
DA —~1/3 1/6 | —1/3
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