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1. Hidden “QCD” = multiple vector candidates for B anomaly.

2. Various virtues in the vector-like compositeness

2. Large part of parameter space waits for being explored.
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~ B ( B — Klu+’u_) [LHCD, arXiv:1406.6482] ‘ ‘

& Rk = 5 gore, = 0T455007 £0036 for1GeV? < ¢ < 6 GeV? ‘
[LHCDb (seminar in CERN on 18th April), arXiv:1705.05802] |

BB — K*'utu) <(O.660+0-110 £0.024 for (2my)? < g% < 1.1 GeV?]

Ry = _ ~0.070 ~ |
B(B — K*ete™)  |0.685%) 050 +0.047 for 1.1GeV” < ¢* < 6GeV” |

—-0.069 —

suggesting lepton flavor violation (2.2-2.60) [=1 in SM]
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[LHCD, arXiv:1506.08777]
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Suggestions from global fi t(s) [review] 2/12

[global fit result for new physics]
[W.Altmannshofer et al., arXiv:1704.05435]

Coeft. best fit lo 20 pull
C§ —1.59 2.15, —1.13] [—2.90, —0.73] 4.20
Cio +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.30
Cs +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.40
CTo —1.30 1.68, —0.95] [—2.12, —0.64] 4.40

Cs =—Cfy  +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.30

= ]
| ]
| ]
- )
Cl =-Cly —0.64 [-0.81, —0.48] [~1.00, —0.32] 4.20
| ]
- ]
- ]
= ]
- )

Cot —0.00 [-0.26, +0.25] [-0.52, +0.51] 0.00
Ciy +0.02 0.22, +0.26] [—0.45, +0.49] 0.1c
C4® 4+0.01 [-0.27, 40.31] [-0.55, +0.62] 0.0c
Cié —0.03 [-0.28, +0.22] [—0.55, +0.46] 0.1

[see also e.g., arXiv:1704. 15340,1704.05435,1704.05438,1704.05444,
1704.05446,1704.05447, 1'704.05672, 1704.7347, 1704.07397, 1704.08168]

dI'/dqg?

[T.Blake et al.,. arX1J1.1606.oo916
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[in the SM]

[pictures from Web]

(CgsM — 'CIOSM ~ 4)
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[T.Blake et al.., arX1¢.1606.00916
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[global fit result for new physics] e o s q* [GeV?]

[W.Altmannshofer et al., arXiv:1704.05435]

Coeft. best fit lo 20 pull

[Z (effective) vector interaction

cl —1.59
ch +1.23
Cs +1.58

2.15, —1.13] [-2.90, —0.73¥4.20 }
+0.90, +1.60] [+0.60, +2.04] 4.30 ; IZ s and b should be left-handed
+1.17, +2.03] [+0.79, +2,53 Ads | (right-handed is irrelevant).

cs, 2130 [~1.68, —0.95] [~2.12, —0.64} 4.40
Cl— _Cl _0.64 [-0.81, —0.48] [~1.00, —0.32]

[— ]

[ ]

[ ]

[— ]

= | (Z Lepton part is ambiguous

C§=—Cfy  +0.78 [+0.56, +1.02] [+0.37, +1.31} 4.

[— ]

[— ]

[— ]

[— ]

(vector-like, left-handed,...).

oA —0.00 [—0.26, +0.25] [<0.52, +0.51¥0.00 °
oA +0.02  [—0.22, +0.26] [—0.45, 4-0.49] |
Che 10.01 [-0.27, 40.31] [~0.55, +-0.62f

C16 ~0.03 [~0.28, +0.22] [~0.55, +0.46} 0.10 } (CoSM = -C oM ~ 4)

[see also e.g., arXiv:1704. 15340,1704.05435,1704.05438,1704.05444,
1704.05446,1704.05447, 1'704.05672, 1704.7347, 1704.07397, 1704.08168]



How about Z’! [review] 3/12

(a straightforward candidate: Z’° vector boson —3» What is quantum number? )

[W.Altmannshofer et al., arXiv:1403.1269]
& basic pheno. strategy: U(1)’Ly-L.r + vector=-like quarls

I,

(o) 4 (U(I)’ breaking

by a nhew scalar)

- Yukawa mixing
\ among SM quarks
~{(¢) & vector-like ones

Fundamental Z’ scenarios work [(with additional fermion(s) and scalar(s)].
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(a straightforward candidate: Z’° vector boson —3» What is quantum number? )

[W.Altmannshofer et al., arXiv:1403.1269]
& basic pheno. strategy: U(l)’Lu-Lr + vector-like quarks

I,

(6 4 (U(I)’ breaking

by a new scalar)

Yukawa mixing
\ among SM quarks
~{(¢) & vector-like ones

% Fundamental Z’ scenarios work [(with additional fermion(s) and scalar(s)].

? Q: How about composite case?




0. Introduction (finished)

1. Hidden “QCD” = multiple vector candidates for B anomaly.

2. Various virtues in the vector-like compositeness

2. Large part of parameter space waits for being explored.

& Summary



QCD as Composite scenario [Review] 4/12

I When a coupling becomes strong, composite particles appear.

" [arXiv:hep-ex/0606035] ( (7

|
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——->weekly coupled (UV-fundamental) particles



QCD as Composite scenario [Review]
I When a coupling becomes strong, composite particles appear.
g g
g<gAqB> ~ A%CD5AB (Conﬁnemen‘gs - [arXiv:hep-ex/0606035)] ( Z ;
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X — :
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*—->weekly coupled (UV-fundamental) particles
Nqcb



QCD as Composite scenario [Review] 4/12

. N
K© AS Kt : A et
- = K{ds) K(us)
\
/1N X
g 172 oguad/l/z du » P - R
T X ok \WOU/ I, pldw pr(ud)
\
us ds St K(sc
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. K K" [pictures from Web] )

V

I Chiral symmetry governs low-energy composite (meson) spectrum.

(Zpseudo-scalars (pions) as pseudo NG bosons

Mvector mesons (rhos) as gauge bosons of hidden local symmetry (SU(3)yv, gauged)

[Bando,Kugo,Uehara,Yamawaki, Phys.Rev.Lett.,54(1985)1215]
[Bando,Kugo,Yamawaki, Nucl.Phys.,B259(1985)493]

[reviewed by e.g., Harada,Yamawaki, arXiv:hep-ph/0302103]



QCD as Composite scenario [Review] 4/12

Such a confining gauge theory is fascinating since:

l?_[dynamically-realized symmetry breaking

lZf‘predictive’ (limited # of parameters)

l?_f Low-energy meson theory is managed by the chiral symmetry

[ New vector particles are introduced in a consistent way!

2 Q: Can we obtain composite 2 for Rkw?

\_

V

I Chiral symmetry governs low-energy composite (meson) spectrum.

gpseudo-scalars (pions) as pseudo NG bosons

[Z[vector mesons (rhos) as gauge bosons of hidden local symmetry (SU(3)yv, gauged)

[Bando,Kugo,Uehara,Yamawaki, Phys.Rev.Lett.,54(1985)1215]
[Bando,Kugo,Yamawaki, Nucl.Phys.,B259(1985)493]

[reviewed by e.g., Harada,Yamawaki, arXiv:hep-ph/0302103]



Vector-like hidden "QCD” (hypercolor[HC]) 5412

- We consider an SU(NHc) confining gauge theory (fermion: F, gauge boson: g°)
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- We consider an SU(NHc) confining gauge theory (fermion: F, gauge boson: g°)

4 SM A
F p'u’ VM holding the Same

N I D N B Y S
[ I I | ‘ .

F’ T (SM) quantum #
9 N J
4 S )
(61\/[)@) ) mL{ndnc:s ) In a situation that p, “mix with”
LI SAUSE CIECnDasis the SM gauge boson, p, may couple with
VSM the SM fermions in an effective way!
""""" p,u7 U
SM ( )
( f@ )( L) Gauge-invariant (effective) operator
. including it can be written down
undesighated/assumed - :
. . : in terms of hidden local symmetry
physics with flavor-changing : : :
. JIRN (with nonlinear basis) )
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- We consider an SU(NHc) confining gauge theory (fermion: F, gauge boson: g°)

( SM N
F P V.

= = = - - == -

holding the Same
(SM) quantum #

J

In a situation that p, “mix with”
the SM gauge boson, p, may couple with
the SM fermions in an effective way!

confined external gauge interactions
SU(8)LXSU(8)r 3 2 1/6
chiral symmetries
Fr/r = (%)?/R 1 2 ~1/2
N

(one-family

model) Effectively, formed mesons can couple to SM doublet

fermions (left-handed)
+ favored by the flavor results
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~N

QCD (quarks) Hidden “QCD” ( ZR\
U\ (new fermions) 7
| D’Z [N=8: 82- 1=
d./R = | s FL/R =15 63 d.o.f.s]
\:) L/R Dp
N
[Ns=3: 32-1= 8 d.o.f.s] \ E ) .
confined external gauge interactions
B\ (Configuration: SU (o) o (3)%7’{%%\&[](1)1/
Nhuc 3 2 1/6

SU(8)L.XSU(8)r
chiral symmetries

Fr/r = (%)? — ) Nuc 1 2 —1/2
/R LR ﬂk y

(one-family . 7/
model) Effectively, formed mesons can couple to SM doublet
fermions (left-handed)

+ favored by the flavor results
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I [vector meson spectrum] NOT ONLY Z’ candidates!

composite vector constituent color isospin y
\5
o 1 N A\ T iplet
P8)a \@Qvu TQ) octet triple v\ massive
:0(()8)@ ﬁ@fyﬂ)\aQ octet singlet ' gluons
p?‘?))c (,5‘()‘3)6) %QC’}/MTO‘L (h.c.) triplet triplet v\ vector
,0(()3)c (,5(()3)c) 2%/5@07”[/ (h.c.) triplet singlet A~ leptoquarks
p?l), 2—\1@(@7“7'0‘@ — SZ_LfyMTO‘L) singlet triplet
p?l), 4—\1/5(6_27“@ — 3L, L) singlet singlet €= ZT (and W’)
. - ) _ included
P 5(QVuT*Q + Ly, 7%L) singlet triplet
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I [vector meson spectrum] NOT ONLY Z’ candidates!

ota

1SOSpIN W

triplet Y massive
singlet V< gluons

composite vector constituent color
,0‘()‘8)(1 %Q%L)\CLTO‘Q octet

,0(()8) . ﬁ()%}\“@ octet

P(3)e (,5?‘3)0) %QC%LT“L (h.c.) triplet
,0(()3)0 (,5(()3)0) 2%/5@67“[/ (h.c.) triplet

triplet y¢ vector
singlet A& leptoquarks

Py 2—\1@(@7“7'0‘@ — 3Ly, L) singlet triplet
p?l), ﬁ(@qu — 3L, L) singlet singlet €= ZT (and W’)
. - ) _ included
P 5(QVuT*Q + Ly, 7%L) singlet triplet
B [gauge structure] o _____SU(8)v,gaugea (0 «)
( for SU(2)w-doublet SM quarks )

[Ef} B ((12><2 ® QSGZ%G + (gWWMTO‘ + %gyBM) ® 13><Q
Flgxs

SM gauge boson
structure of (q,)). -

O2x6

for SU(2)w-doublet SM leptons

06x2
were —Lg0B, -1
WYV, 59y Dy - 12x2

in SU(8)v form

;

(PQQ)6><6 (PQL)GXQ

p p—
(PLQ)2x6

(,OLL)2><2

~




Vector-like hidden "QCD” [HC] (contd) 6/12

I [vector meson spectrum] NOT ONLY Z’ candidates!

. . . ca\
composite vector constituent color 1S0OSp1n y
\5
0" 1 N a o :
P8)a EQ%L)\ TQ) octet triplet '\ massive
p(()S)a ﬁ@wﬁ“@ octet singlet ' gluons
p?‘3)c (,5?‘3)0) %QC’VMTO‘L (h.c.) triplet triplet v\ vector
,0(()3)C (,5(()3)0) ﬁ@c’mlz (h.c.) triplet singlet A& leptoquarks
p?l), ﬁ(@yﬁﬂ'o‘@ — 3Ly, L) singlet triplet
p(()l), ﬁ(QWMQ — SI_/%LL) singlet singlet €= ZT (and W)
. - ) _ included
P 5(QVuT*Q + Ly, 7%L) singlet triplet
B [gauge structure] SU(8)v, gaugea (0 «)
( for SU(2)w-doublet SM quarks )

[ﬁf} B ((12><2 ® QSGZATG + (QWWMTO‘ + 6gyB ) 024 13><9
8X8

SM gauge boson
structure of (q,)). -

O2x6

for SU(2)w-doublet SM leptons

O6x2
@WWS * — 39v B, 12><2)

in SU(8)v form

I} The following flavor-changing interaction can be added gauge-invariantly.

SM
undetermined @M 51\/[ L v SMVSM ~ Jpbur ) (%ﬁ) L

flavor nndlces (in gauge eigenbasis)

coefficients
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1. Hidden “QCD” = multiple vector candidates for B anomaly.

2. Various virtues in the vector-like compositeness

2. Large part of parameter space waits for being explored.

& Summary
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[B.Bhattacharya et al., arXiv:1609.09078]

‘8] We adopted the flavor texture: SM-fermion) mass eigenbases

ij | 4 | 4 S Y 4
(00 0) o (u) =U"@))!, (d) = DU, (er)' = L), (vo)' = L))",
1y
g o2 = |00 23 automaticallx : L0 0 L0 0
\O 0 ng determined D=10 cosfp sinbp |, L=10 cosf; sinfy

with CKM matrix 0 —sinfp cosfp 0 —sinf; cosfy

assumin onl

in gauge eigenbasis assuming 23 matter generation mixings
\_

[Our phenomenological scheme on flavor changing]




B We adopted the flavor texture:

Important points for current pheno.

(/12

[B.Bhattacharya et al., arXiv:1609.09078]

iJ K K K
(00 0) M () =U"y), (do) =D"(d), (er)' = L"(er),

(SM-fermion) mass eigenbases

K
(i) = L" (v})",

ij
gr, =100 O t. 4 ~
o o N automatically L0 0 L0 0
\0 0 ng determined | D= |0 cosfp sinfp|. L=|0 cosb, sinf,
- with CKM matrix 0 —sinfp cosfp 0 —sinf; cosdy
assumin onl
in gauge eigenbasis assuming 2<3 matter generation mixings
\_ p
- N
- ‘C(‘ifl}eLC;L _' QIZ,/V,M(:Q)/; (12><2 & ) ( VVO"u ,B'u 12><2> ® 13x3 ’QQ]
’ correction to
iJ ap? | p e e
overau+D lL%L bW B L2x2 'LL ] L £-£-VgMm interaction
factor ( » £-f- 0 interaction
factor _ [qw o, 1t h.c.] |
gp >> gsm is required via EW precisions.
— gp = 6 (vector dominance in QCD)
\\ J
[flavor-changing effective interaction]




Important points for current pheno. 7/12

[B.Bhattacharya et al., arXiv:1609.09078]

I We adopted the flavor texture: y SM-fermion) mass eigenbases
ij | | | 4 K K
f00 0\ & ) =0T, () =DU(dy)! (er) = LD, (wn) = LT,
i
gr, =100 O t. 4 ~
o N automatically 0 0 0 0
\O 0 ng determined D=0 cosfp sinfp |, L=10 cosf; sinfy
- with CKM matrix 0 —sinfp cosfp 0 —sinf; cosdy
assumin onl
in gaugce eicenbasis assuming 23 matter generation mixings
U ~

- ‘C(‘i/l}eLC;L _' Q;fy,u(:g)/; (12><2 ® ) ( VVO"u ,B'u 12><2> &) 13><3 ’QQ]
correction to
4 ap ~ 1% s
overall+D iat bW !B 12x2 'LL] L £-£-VeMm interaction

factor ( » £-f- 0 interaction
factor _ [qw o, 1t h.c.] |

gp >> gsm is required via EW precisions.
— gp = 6 (vector dominance in QCD)

[- (HC rho meson mass)? ~ (mp)? * (1 + [gsm/g :!z? ]

vector-meson spectrum being compressed
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(- vector-like HC rho mesons = harmless (tree-level) oblique corrections]




Important points for current pheno. (cont’d)

I vector-like HC rho mesons = harmless (tree-level) oblique corrections

-
B a (+1) couplings are relevant for (pure) HC vector-p phenomena:

mp, goL [= [2L]332 * 251, Ob, O, (8p)

2

8/12
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I vector-like HC rho mesons = harmless (tree-level) oblique corrections

- 4 (+1) couplings are relevant for (pure) HC vector-p phenomena:

mp, goL [= [2L]332 * 251, Ob, O, (8p)

( )

B No dynamical EWSB (vector-like) = the fundamental Higgs doublet
should be introduced (like the SM).

. [ The 125GeV Higgs sighal strengths are good. |




Important points for current pheno. (contd)  8/12

I vector-like HC rho mesons = harmless (tree-level) oblique corrections

- 4 (+1) couplings are relevant for (pure) HC vector-p phenomena:

mp, goL [= [2L]332 * 251, Ob, O, (8p)

B No dynamical EWSB (vector-like) = the fundamental Higgs doublet
should be introduced (like the SM).

[ The 125GeV Higgs sighal strengths are good.

-
I Fascinating aspects:

LV_rThe candidate of Zs and their mass scale are dynamically generated.
[ The Co = -C)0 texture (for b—sll) is naturally realized.
(?_[Apparently gauge-anomaly free.

[ Lots of new particles (EW-safe) are ‘derived’.

3k The lightest baryon may be stable (= a dark matter candidate)

e.g., [T.Hur & P.Ko, arXiv:1103.2571]
2k Scale-invariant extension (= hierarchy problem)
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2. Various virtues in the vector-like compositeness
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& Summary



Flavor results 9/12
HC p: |gpg =1, m,=1TeV

Sn
8 1 1
Rk (*)
I
2 A ‘minimal’
b — SH constraint
3n
8 \
SEEO T‘non minimal’ },
SO renmminimal. § — SVV
constramts
I
an example 2 T A/
of amplitude: I T = ou
\ 4
0 e ¥
_lT /I/lk \I\ ]
80 s i 37 s
8 4 ) 2

[B.Capdevila et al., arXiv:1704.05340]
I adopted Cy (= -Cio) favored range: Cy"|,cst = —0.61 & C§*|13, = —0.23

B All of vector ps (massive gluons, vector LQ, W’s, Z’s) are taken into account.
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HC p: |gpg =1, m,=1TeV
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3 -
Rk (*)
z
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b — suu onstraint
3
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3 S
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Y
0
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8 0 Uy P/ 37 £
8 4 8 2

[B.Capdevila et al., arXiv:1704.05340]
I adopted Cy (= -Cio) favored range: Cy"|,cst = —0.61 & C§*|13, = —0.23

B All of vector ps (massive gluons, vector LQ, W’s, Z’s) are taken into account.




4 )
HCp: lg,g’l=1, m,=1TeV HCp: Ig, g1 =05, m,=1TeV HCp: |g, g1 =035, m,=1TeV Z
10_1: ' ]
C 9
. uﬂ‘ ]
“ma"‘m \—33 :
of |
1072 :
S
10_3: C ] C ]
o i 3 R A
QL HL HL
- _ Y
8
0
| Scenario
_lT 1 1 1 |\I\
80 it z 37
8 4 )

[B.Capdevila et al., arXiv:1704.05340]
I adopted Cy (= -Cio) favored range: Cy"|,cst = —0.61 & C§*|13, = —0.23

B All of vector ps (massive gluons, vector LQ, W’s, Z’s) are taken into account.



Flavor results

4 HCp: 6, =n/2, m,=1TeV \,mp=1TeV
X I
5 AM;
r'—> SV
.————-—/
\4
|\I\
\_ o 37 £
8 4 K} 2

oL

‘minimal’
onstraint

1/ Scenario II

[B.Capdevila et al., arXiv:1704.05340]
I adopted Cs (= -C)o) favored range: C/*|,c = —0.61 & CH*| 13, = —0.23

B All of vector ps (massive gluons, vector LQ, W’s, Z’s) are taken into account.




Situation after fixing the mixing angles (Op ~ 0) 10/12

f?_[ in scenario l f?_[ in scenario II

(EW + Flavor) measurements: g, =6 (EW + Flavor) measurements: g, =6

8oL = 8p 823
8pL = 8p 8%3

I relevant EW constraints: Ars©®?, Ars@W, Ry

[Flavor-favored region] is inside [EW allowed region (20)].




LHC direct search: constraints/prospects =~ 11/12

M for scenario 1 & II
pp — jj [acceptance = 0.69]

IZ for scenario 1

O 13Tev (Ib)

lllllllllllllllllllll
—: gpn=1
— gpL=2
——: maximized g,

1000}

~§
~
~
~
~
~
“a
“u
bl
------

T13Tev (tb)

(PDF set: CTEQ6LI)
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2500 500 1000 1500 2000 2500
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g for scenario 11
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-
m m, (GeV)



Sumwmary

I Virtues of (vector-like) composite model are (e.g.,)

lZThe candidate of Zs and their mass scale are dynamically generated.
[ The Co = -Cyo texture (for b—sll) is naturally realized.

lZApparently gauge-anomaly free.

[F Lots of new particles are ‘derived’.

[ Well-defined TeV-scale vector leptoquarks

I The Rk anomalies are addressed consistently.

I Discovering lots of new particles is expected at the LHC,
distinguishable from other scenarios.
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lZThe candidate of Zs and their mass scale are dynamically generated.
[ The Co = -Cyo texture (for b—sll) is naturally realized.

lZApparently gauge-anomaly free.
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Rp¢y anomaly

[HFLAYV, arXiv:1612.07233v2]
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Rp¢y anomaly

[HFLAYV, arXiv:1612.07233v2]

Rbp+) are found (via W’s and vector LQ).
However, they are cancelled out in the 0.3
degenerated p mass limit.

= Only negligible effect remains.

— * 17 ~ 05— T T T
& R — B(B — DTV) R L B(B — D TV) *Q — BaBar,llRL109,101802(2012)I 210 ! ]
- D — — N ) D* — = . ) — - - ——— Belle, PRD92,072014(2015) Ay’ = 1.0 contours .
B(B — DEV) B(B — D KV) R 045 LHCb, PRL115,111803(2015) &= SM Predictions —
( /! — e or ) [ ——— Belle, PRD94,072007(2016) R(D)=0.300(8) HPOCD (2015) ]
— :LL [ —— Belle, PRL118.211801(2017) R(D)=0.299(11) ENAL/MILC (2015) ]
0.4 = [ Average R(D*)=0.252(3) S. Fajfer etal. (2012) —]
& In our scenario, nonzero contributions to 0ash .

0.25 T -
------------------ | Moriond 2017 t-
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Rp¢y anomaly

§ p B(B — Dt) P B(B — D*7i)
" P T B(B - Div) "7 B(B = D*tv)
(£ =eor u)

& In our scenario, nonzero contributions to
Rbp+) are found (via W’s and vector LQ).
However, they are cancelled out in the
degenerated p mass limit.
= Only negligible effect remains.

K+

& A ‘null’ result =
from LHCb?

V © [ Boprrrre) |

DO

I0>.<I°

06/06/17

[HFLAYV, arXiv:1612.07233v2]

N 0,5 T T T T I T T T T I I
% [~ ——— BaBar, PRL109,101802(2012) N
S - ——— Belle, PRD92,072014(2015) Ay’ = 1.0 contours .
ad 045 LHCb, PRL115,111803(2015) = SM Predictions —
[ ——— Belle, PRD94.,072007(2016) R(D)=0.300(8) HPOCD (2015) i
[~ —— Belle, PRL118,211801(2017) R(D)=0.299(11) ENAL/MILC (2015) ]
0.4 = [ Average R(D*)=0.252(3) S. Fajfer etal. (2012) —]
035 —
: C E
0.3 \ = =
mf = e}
- Moriond 2017 14
B l | PO2) = 67.4% ]
O' L L L L L L L L L L L L L L
%).2 0.3 04 0.5 0.6
R(D)
[CERN LHC seminar, 06/06/2017,
A.R.Vidal (LHCb)]
LHCDb muonic | i
PRL 115 (2015) 111803 ; : "
0.336 = 0.027 = 0.030 .
LHCD 3-prong il |
LHCb-PAPER-2017-017 A—
0.285+0.019+ 0.029 !
LHCb average 5 5
0.306 = 0.016 = 0.022 !
Fajfer et al. (SM)
PRD 85 (2012) 094025 e
0.252 + 0.003 :
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Misc on pions (skippable)

~\

" [ typical spectrum
(Auc~1TeV, Auv~10'°GeV)

My~ O(fz) = O(100) GeV

[Matsuzaki & Yamawaki,
arXiv:1508.07688]

large mass correction
via near-conformal
(walking) gauge theory




Misc on pions (skippable)

[ typical spectrum
(Anc~1TeV, Auv~10'5GeV)

Mo ~ O(fs) = O(100) GeV,

(1)

M +3 ~ 2TeV,

Ty
Mﬂ(i,)g ~ QTGV,
Mw(i,)&o ~ 3TeV,
Mw(i,):a,o ~ 4TeV,
‘™ (p, )-interactions o = m2/(g>f7) + ~2 in vector dominance )
Lyrr=agytr[0,m m]p"], « decay channel of p
Lyrn = 2 (1 _ g) tr [@,m, VM), « ~0
LYy rgm =—tr{|V,, 7| V' 7]}, & ‘gg=TrT’ pair production (evaded)
3
Lormmor = —f—tr {(Oym) |7, |7, 0]},




Misc on pions (skippable)

[ typical spectrum
(Anc~1TeV, Auv~10'5GeV)
Mo ~ O(fs) = O(100) GeV |

(1)

M +35 ~ 2TeV,

Ty

M +3 ~ 2TeV,

(1)

M +30 ~ 3TeV,

T(3)

M 230 ~ 4TeV,

T(8)

™ (p, m)-interactions o =m?2/(g>f2)

Lynr=agyitr|0,m, m|p"],
Ly = 2i (1 _ g) tr [Q,, VM,

ﬁV—V—W—W = —tr {[V,W ﬂ-] [V'u’ W]} ’

£7T-7T—7T—7T — _%tr {(a,uﬂ-) [7T7 [7T7 8“7-(]]} Y

0

° Pliy =

* Pay =

(e

f . ..
[ typical pionic decays
. p?3) — ﬁ?3)7r?1), : Mg ~ (34 0(0.1)) TeV,

* p3) — 7‘7%)#?1), : Mar ~ (34 O0(0.1)) TeV,
o plyy = Mgzt Mar ~ (3+3) TeV = 6TeV,

* pgy) — 7??3)7r%) : Mar ~ (34 3) TeV = 6TeV,

)0y M ~ (3 4+ 3) TeV = 6 TeV,

7?(61)%(71), . Mar ~ (1 +2)TeV =3TeV,

* Py — 7‘7(51)#21) : Mar ~ (1 +2)TeV = 3TeV.

For mp <~3TeV, p decay width is

Narrow.

\.




Misc on pions (skippable)

[Z[typical spectrum E[typical pionic decays
(Anc~1TeV, Auv~10'°GeV) o oy = 7Tt M ~ (34 O(0.1)) TeV,
Mo ~ O(fr)=0(100) GeV,
(1) ° p(g) — 77( 5T (1), : Mar ~ (3+ O(0.1)) TeV,
M +3 ~ 27TeV,
(1) o p?8) — 7_1'?3)7'('?3) : Mar ~ (34 3) TeV = 6TeV,

M +3 ~ 27TeV,
(1)

M +30 ~ 3TeV,
™(3)

o p()—>7r<) 3) Myr ~ (34 3) TeV =6TeV,

M rk30 ™ 4TeV o pliy = Ty Tly s Mar ~ (34 3) TeV = 6 TeV,
8
1 (p, T)-interactions o = m2 /(g5 f7) © PRy = Ty Ty Man ~ (L+2) TeV = 3TeV,
/:'p-7r—7r — agpi tr Ha,uﬂ'a 77]10“] ) o p?‘l) — 7?(61)#21) C My ~ (14 2)TeV = 3TeV.
Lyrn = 2 (1 _ 5) tr [0, 7] VW]
LYyyorn = —tr {[V,u, 7T] [V’u, 7T]} :
Lo = —itr {(Oym) [, [7r, O )]}, If this factor is less than a few,
Jr no problem.

\
M typical cross section of resonant 1 productlon (through WZW anomaly term)

o(GG — 77?1), — ¥7Y)




Composite scenario: QCD as showing example

& If a gauge theory is strongly-coupled, composite mesons (and other types)
are observed (like QCD below ~1GeV).

[QCD Lagrangian]
| ™ Loco = Lo + T " Loadr + Tay Rudr + 01 [S + 1Pl qr + G5 [S — iPl qr |

7 ~

e l\ cp couplings to external _ current mass terms
a“o gauge fields (W%,Z,Y) (via the Higgs mechanism) i
1 [explicit breaking: SU(N¢)LXSU(Nf)r = SU(Ny)v]

‘ZCO = qiPq — —tr |G ,,G""| €— pure QCD part
QCD : N
U
2 :
™M ar/r=| s |
.

SU(N¢)LXSU(N¢)r global flavor (chiral) symmetry, realized




Composite scenario: QCD as showing example

& If a gauge theory is strongly-coupled, composite mesons (and other types)
are observed (Ilke QCD below ~ I GeV)

{ '[QCD Lagranglan]

M Laop = Logd @£ @ HT" R @D +@p)IS + iPIan+@p|S — iPlay .
co“i“%& P ~_

d be‘o couplings to external . curren?: mass term§
fo“ﬂ gauge fields (W3,Z,Y) (via the Higgs mechanism) ff
. Y l\ [explicit breaking: SU(N¢)LXSU(N¢r = SU(Npv] §

)V
.
M‘C%CD %trm <4— pure QCD part

d SU(N¢)LXSU(N¢)r global flavor (chiral) symmetry, realized

f@ (§¢P) ~ AQCDcSAB(conﬁnement) — SU(N)LXSU(NfRr — SU(N¢)v spontaneously

[reviewed by e.g., M.Harada & — (Nf)2-1 #s of (pseudo) NG bosons emerge.
K.Yamawaki, arXiv:hep-ph/0302103]

[Chiral perturbation theory = effective descriptionl

~N

\.

(«ﬁ Spin-one vector mesons can be described by hidden local symmetry (HLS). A
SU(NH)LXSU(NoR = [SU(NLXSU(Nrs)R]giobaX[SU(N¢)v]gauged

. (Nf)2-1 #s of vector mesons are introduced. y




Form of effective Lagrangian
I Basic ingredients of chiral perturbation theory (with HLS):

I ¢ R :@7;73/ f a-@im/ fa (non-linear basis of chiral symmetries)

would-be NGs pions (NG bosons)
for rho mesons
(longitudinal d.o.£.s)

™ pp=p, T (T : SU(8) generators) (HC rho meson fields)




Form of effective Lagrangian
I Basic ingredients of chiral perturbation theory (with HLS):

I ¢ R :@7;73/ f a-@im/ fa (non-linear basis of chiral symmetries)

would-be NGs pions (NG bosons)
for rho mesons
(longitudinal d.o.£.s)

™ pp=p, T (T : SU(8) generators) (HC rho meson fields)

I Materials for constructing effective Lagranglan

" p = Oupy — Bopp— 9ol pv] , [HC rho’s field strength]

o _ Dur &y -Du&g . Dubr €+ Dubs g
L 2 ! ln = 2 !
0s gauge coupling [(covariantized)

Du€rr) = ulr(r) — 9pPulRr(r) + ifR(L)J;MgM)’ Maurer-Cartan one-forms] ;

(external) SM gauge bosons

[gatls]
& h(n) € g (o), &r = h(@) - Er - gh(a), 5

pu = h(x) - py - b (x) + ih(f’?) Db (x), puv — W) - ppy - BT (),

&1, — h(x)-ap, - hi(x), &, — h(x) - &y, - W (),



Form of effective Lagrangian (cont'd)

I Effective Lagrangian (lowest terms):

HC pion decay constant (typical) HC rho-meson mass scale

l— 3. A2 m? 3
L=- +|?fwtr[&lu] +Sfrlaf) -
0

rhos (‘kinetic’) pions (‘kinetic’) rhos (‘mass’)




Form of effective Lagrangian (cont'd)

I Effective Lagrangian (lowest terms):

HC pion decay constant

(typical) HC rho-meson mass scale

2
¢ =~ )BT ST )

rhos (‘kinetic’)

SM gauge bosons

pions (‘knnetnc’) rhos (‘mass’)

HC rho mesons

6-2><2 & QSGZ%L + (gWW,LLTa + %gYB,LL> & ]-3><9

R,— L
_prf _ v Ho_ q q
for SU(2)w-doublet quarks l L / R

02x6

06x2
(gwWor® — gy B, -1
@W L 59y Dy 2x2
for SU(2)w-doublet leptons

J




Form of effective Lagrangian (cont'd)

I Effective Lagrangian (lowest terms):

HC pion decay constant

(typical) HC rho-meson mass scale

2

E—— t pW ftrozLM +—2p [&ﬁu]%—---

rhos (‘kinetic’)

SM gauge bosons

pions (‘knnetlc’) rhos (‘mass’)

Uy, =& /1, U, =&r- fL

Uy — h(x) -V, Y — h(z) - YL

HC rho mesons , o gave®
1 1
M | @ 9@ 9 2 O, 7] f_ [%7 | + defining
Py o ; 7T 1 g dressed SM
M fermions
—— T M — — V| — 5 7, [, O] +
f7r f7r 6f7?r) gL/Rzl—’_'“
g R+ L R, — L A
p Lo pf _ ™ T A q
for SU(2)w-doublet quarks / R
{ﬁf} _ 62><2 ® QSGZ%@ + (gwWut®+ 29vB,) ® 13><; O6x2
)
8x8 02x6 (gWWﬁ‘TO‘ — %gyBu . 12><2)
L for SU(2)w-doublet leptons

J




Form of effective Lagrangian (cont'd)
I Effective Lagrangian (lowest terms):

HC pion decay constant (typical) HC rho-meson mass scale
2
p _ _
E—— t pW :f trozlu e [a||u]+ V=& fn, YL=¢&r-JL
rhos (‘kinetic’) pions (‘knnetlc’) rhos (‘mass’) NV, — h(x) -V, Y, — h(x) - Y
SM gauge bosons HC rho mesons | gaue® gave®
gauu{}g/@ 2f2 6 (e f_[%»ﬁ]"'"' defining
1 g dressed SM
A M fermions
™ 6., =2+ p Vs 7] = =5 [, [, Q] + -+
I f7r 613 E/r=1+--
Ry + L Ry — L A
_ b pf el q
for SU(2)w-doublet quarks / R
{ﬁf} _ (12><2 ® QSGZ)‘_TG + (gwWur®+ $9v By) ® 13><; 062
7’
Bx8 026 (QWW[Z‘ @ — 1gy By - 12><2)
L for SU(2)w-doublet leptons )

B ’fective couplings of f_.-fL-p (being gauge-invariant):

(gij = (911 + 2921, + 93L)”)

Loty ZlQiJL!(‘TJEV“@m‘P‘Z) +19§"L!(‘T’27“@|WJL +hc.) +!9§7L|(%7“@|W2)

(undetermined) 3x3 matrices (No additional fermion/scalar is required.)




How about Z’! [review] 3/12

(a straightforward candidate: Z’ vd £y = —aM,u — dMyd — IM] — TMpug — (VRr) Mpvg + h.c.\

g , yi1(Hy)  yio(Hy) 0
¢ basic pheno. strategy: U(1) L.t 4 M, = Yo (H1)  yse(H) 0 ,
g bL ) <¢> U(l)’ breaking hgl <]:"2> h§2<{[2> yg3<}~]1>
£ (by 2 new scatar) yih (H1) yia(Hy)  hiy(Ha)
Mg = yg1<H1> 932<H1> h§3<H2> ;
)

' VA
b
&
|
N
’_\N
[E
o o O
R
—_
~~—"
N~
l\DN
[N}
=)
R
—_
~~—"
o O
R

& other (anomaly-free) U(1)’ Y11 (Hi)
e.

[L.Bian et al., arXiv:1707.04811] i
IZU(l; y(Lu-L1) + x(B3-L3))
(x,y: arbitrary values)

=
N

5
|

o O
<
ST

OT - O O
&
o O

N /\\’_/vv

Fundamental Z’ scenarios work [(with additional fermion(s) and scalar(s)].




How about Z’! [review] 3/12

(a straightforward candidate: Z’ vd £y = —aM,u — dMyd — IM] — TMpug — (VRr) Mpvg + h.c.\

. yi1 (H1)  yie(Hy) y
€ basic pheno. strategy: U(1)’.,-Lt 1 M, = v (H1) vy, (Hy) 0 ,
g bL ) <¢> U(l)’ breaking hgl <}~]2> h152<{]2> ygB <]~{1>
(by a new scalar) yh (Hy)  yia(Hy)  his(Hy)
Mg = ygl<H1> 932<H1> hg3<H2> ;
0 0 ?J?C)Z3<H 1)
- Yukawa mixing I /1
N among SM quarks Y11 (H1) , O~ 0
SL ~{(¢) & vector-like ones M, = 0 ?/22< 1> O~ )
& other (anomaly-free) U(l)’ | Y, (Hy) 0 0
e.g. [L.Bian et al., arXiv:1707.04811] i Mp = 8 22 <OH1 y ?H ’
M u(l; y(Lu-Lr) + x(Bs-L3)) M Oy @i
X,y: arbitrary values o 2 (P 2 ()
Coy y values) My = | @) 0 2B
z (P2) 20 (Pg) 0

2 Fundamental Z’ scenarios work [(with additional fermion(s) and scalar(s)].

2 Q: How about composite case”?




