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125 GeV TD signal at LHC
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Lattice Meets Experiment 2012:



% Introduction & brief summary

ATLAS (arXiv: 1207.7214) CMS (arXiv: 1207.7235)
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El.-----------
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This year is exciting!!

A new boson at around 125 GeV was observed
at LHC, through yy, ZZ*(4l), WW*(2l2nu)



The signal strengths (u = o/osu)

ATLAS (arXiv: 1207.7214) CMS (arXiv: 1207.7235)

CMS s=7TeV, L=51f"{s=8TeV,L=53fb"

ATLAS 2011 - 2012 { m,= 1260 Gev m, = 125.5 GeV

Comblned
{==7Tev: JLdt=45-48m" L.l=1.4i0.3

(c=8Tev: JLat=5g.-50m"

2 3
Best fit o/o,,

Somewhat large diphoton event rate:
M (diphoton) ~ 2 Iimplies a "new Higgs boson” (impostor)
beyond the SM !



Is it Techni-dilaton (TD) ?

predicted in walking technicolor,

arising as a pNGB for (approximate) scale symmetry
spontaneously broken by techni-fermion condensate;
its lightness is protected by the scale symmetry,

and hence can be, say, ~ 125 GeV.

* 125 GeV TD signatures at LHC are



Quick view of main result S.M. and K. Yamawaki, arXiv:1207.5911

EW pseudo-dilaton

TD (in 2FM) is favored by
the current data !!

""""""

* diphoton rate
enhaced by techni-fermions
(> W loop contribution)

ATLAS&CMS data
iggs

T
TD NTC=4

e asmy e * goodness-of-fit performed
for each search category

TD can be better than
the SM Higgs




* Walking technicolor and TD




W A schematic view of Walking TC

aTC ATC Blarc) ~0
"walking”

QCD-|I|<€ ﬁ Oler

A ~

Arc ~mp ~ O(1TeV) mg 'T Arc
(~1TeV) (ETC~20"3TeV)

Her + O = Oler
*Chiral/EW sym. breaking by dynamical generation of TF mass @pcr

i

mp ~ Aprae Velea—1 for o > ey “Miransky scaling”  Miransky (1985)

(FF)pro ~ FZEMEATC —3  Tm =~ 1  (solve FCNC problem)

wide range Walklng mr < u< Arc % (naturalness)
(approx. scale invariance)



Yamawaki et al (1986); Bando et al (1986)

* Walking TC and techni-dilaton

aTC ATC Blarc) ~0

QCD-Iike/ “walking”

QCD-|I|<€ ﬁ Oler

A ~

Arc ~ mp ~ O(1TeV) mg 'T‘ Arc
(~1TeV) (ETC~1073TeV)

Her + O = Oler

* Techni-dilaton (TD) emerges as (p)NGB for approx. scale symmetry

yis

mp ~ Arce Ve/ea=1 for o > a.r  SSB of (approximate) scale sym.

a starts “running” o b 200 [ o 1 2/2
(walking) up to mF fla) = Arogp—=-— _

Qley

s Nonpert. scale anomaly

A L fd (Q) 2 .
induced by mFitself ~ OnD" = 5 (aGL,)#0:




* Ladder estimate of TD mass

* LSD + BS inlarge NfQCD A composite Higgs mass
Harada et al (1989); Kurachi et al (2006) M b~ AF .
- .
. _ ~500 GeV
LSD via gauged NJL for one-family model (2FM)
Shuto etal (1990); Bardeen et al (1992); still larger than ~125GeV
Carena et al (1992) ; Hashimoto (1998) -

* This is reflected in PCDC (partially conserved dilatation current)

Ba) , o

21 72 . 0 4
FiM5 = —4(6) = (GL) = 3nmE Miransky et al (1989):

v
i r Hashimoto et al (2011):
~ NtcNTF __

where nN= "9 2 O(l)
Mg/mp — 0

2 A2 o only when R:J,’HT.TE-F — 00, 1.e., a decoupled limit.
— | =% ¢ = fini
= A te

No exactly massless NGB limit:



% Holographic estiamte w/ techni-gluonic effects

K. Haba et al PRD82 (2010); S.M.and K.Yamawaki, 1209.2017

* Ladder approximation: gluonic dynamics is neglected

* Deformation of successful AdS/QCD model (Bottom-up approach)

Da Rold and Pomarol (2005); Erlich, Katz, Son and Stephanov (2005)
incorporates nonperturbative gluonic effects

O «<—— z=¢€

Zm

5d SU(NTF)L x SU(NTFR )

Z
12

ds? = (L/z) (uydxt dz” —d::f)
uv IR

) ’ *Zm 1 % - 1 | |
S5 = / d'x / dz =y ?chélx(z)(— ~Tr [LMNLMN -+ BMNRMN]

—\ 4

‘ 1
+1 [Dyy®! DM — mi01e] + 0100 @X)

QCD "m =0
F'ﬂ-:.:;:. = _{3 — Ym)(1 + A.'TRJIF'ILE { —
wtc T




input model parameters

frt = 92.4 MeV
Mp = 775 MeV

<oaGuuA2>[it = 0.012 GeVA4

Model predictions

measured
Maa [a1 meson] : 1.3 GeV 1.2 ---1.3 GeV
Mfo(1370) [ggbar bound state] : 1.2 GeV 1.1---1.2 GeV
Ma [glueball ] : 1.3 GeV 1.4 --- 1.7 GeV (lat.)
S=-161mlL1o [S parameter] : 0.31 0.29 --- 0.37

[- <gbar g>]*(2/3) [chiral condensate] : 277 MeV 200 --- 250 MeV

Monitoring QCD works well!




*WTC-case with " =1

-- TD mass (lowest pole of dilatation current correlator)

My 3 V3/2
i7Fr ~ V Nrcl1+aG

(G — o0

125 GeV TD is realized by a large gluonic effect: G ~ 10
for one-family model w/ Ft =123 GeV (c.f. QCD case, G ~0.25)

--- TD decay constant (pole residue)

E
¢ it J\'-—"[‘F \/J{_] ‘l‘Jl l'}
Fo Y
~ /2NT1p.

r=(Mgzm )<l

free from model-parameters !!

— Exactly-massless NGB limit (“conformal limit”) is realized:

. F .
F—ﬂ — 0 and F_j — finite . as G — oo,

: 5(04) e ﬁ —5 4
My GI+0)

in contrast to ladder approximation
Lattice cals will give a conclusive answer



e .
TD Lagranglan b@[OW mer S.M. and K. Yamawaki, PRD86 (2012)

* effective theory below mF
after TF decoupled/integrated out
& confinement:

governed by TD and other light TC hadrons

1
mg / A7
~ _ N . . .
1TeV 1073TeV * Nonlinear realization of scale and
fer & 0= Qley chiral symmetries

Nonlinear base x for scale sym. w/ TD field ®

x=e¥Fo sy = (1+a"8,)x

TD decay constant Fo §¢p =F,+2v0,¢

Nonlinear base U for chiral sym. w/ TC pion field i

.
U = E'_"g“"_-“J Fr o = x¥ ﬁjx U



eff. TD Lagrangian , _ Liny +Ls —V,

i) The scale anomaly-free part:

F2 . Fy
ﬁiﬂ‘c’ — TW)(ETT[D#LTID“U] + ?ﬁaﬂ}(a#}:

i) The anomalous part (made invariant by including spurion field “S"):

> reflecting ETC-induced

O e O G :
Ls = —my ((?) -X) If TF 4-fermi w/ (3-ym)
X Br(gs) 2 Br(e) 2
+log (5){ o G g T [+

T Br: TF-loop contribution

i) The scale anomaly part: :
to beta function

F2M2 1
Vx = @TC?Xd (log)( - 1)

which correctly reproduces the PCDC relation:

(0%) = —0pV,




TD couplings to the SM particles

* TD couplings to W/Z boson (from L_inv)

L 2mw/Z
Yeww/zz = —F,

* TD couplings to yy and gg (from L_S)

_ Br(e) 1
ggb’y’y o Fe Fg
__ Brlgs) 1

Br: TF-loop contribution
to beta function



TD couplings to the SM particles

* TD couplings to W/Z boson (from L_inv)

Z "\

9oWW /77 = ()
The same form as
* TD couplings to yy and gg (from L_S) SM Higgs couplings
except Fo and betas

Br: TF-loop contribution
to beta function



* TD couplings to SM fermions

(3 —vm)ms |
— o

* Ym == 1
in WTC to get realitic masses w/o FCNC concerning 1°tand 2"¢ generations
9off _2VEW
Ghsmff Fy

. Miransky et al (1989); Matsumoto (1989); Appelquist et al (1989)
* =T, ot 2
jm — =

in Strong ETC to accommodate masses of the 3rd generations (t, b, tau)

9eff _ALVEW
Ihem ff Fy



Thus, theTD couplings to SM particles
essentially take the same form as those of
the SM Higgs! :

Just a from the SM Higgs:

IhsuWW/Z2Z

o ff

But, note depending highly
on particle contents of WTC models.

To be concerete, we consider the one-family model (1FM)




* Estimate of i : #1— Ladder approximation

* PCDC (partially conserved dilatation current)

2172 iiou | N Nre f
FQJI@} B __lwﬁ) <H#> = 4&ac = —RY ( TC TF) ?}?}1:

* criticality condition Appelequist et al (1996)

f\’TTF ~ '—L-'?\"TTC

* Pagels-Stokar formula o E'IE‘W,H N
T — / A E!
# of EW doublets

* Recent ladder SD analysis
(large Nf QCD)

HV ~ UT HF ~ l—l

Hashimoto et al (2011)




* Inclusion of theoretical uncertainties
Ladder approximation is subject to about 30% uncertainty
for estimate of critical coupling and QCD hadron spectrum

critical coupling : T. Appelquist et al (2988);
Hadron spectrum : K. -I. Aoki et al (1991); M. Harada et al (2004).

Nrp Wy —Af
AN1c ~1%03 ) = AEvae = iy 272

NTCNTF) 4
——— | mp

Estimate
w/ uncertainty included

125 GeV)




S.M. and K.Yamawaki, 1209.2017

* Estimate of A :#2 -- Holographic approach

* TD decay constant for the light TD casew/ G ~ 10:

F, ]
E ~ 3/ 2NTF - \V.u" j{?[lj —+ Ji}{I‘J
. =Mz )< 1
il ‘H,' 2‘“\'*"_[ [.-" “

free from model-parameters !

Inclusion of typical size of
1/NTC (20% ~ 30% ) corrections:

Np M,
1 ) \125GeV




* Calculation of beta functions

The loop is dominated at IR (ym = 2)

(well approximated by

1
constant mass) qf;r_ . . Sr(p) = 5=
Ladder approx.
J, ()

Yukawa vertex 5 IR

5 P S et DA N RN i g B=1m)Z(P*) _alm

Xorr(p,q=10)= F¢5DSF (p) = 7, (1 pﬂﬂp#) Sy (p) - F, p F(J:
The resultant betas coincide constant

just one-loop perturbative expressions:




e p-
TD mass Stablhty beIOW mFS.M.and K.Yamawaki, PRD86 (2012)

walking regime = scale symm well protected
(natural enough)

Can TD mass be as small as 125GeV below mFr?




e .-
TD mass Stabl[lty b@[OW mFS.M.and K.Yamawaki, PRD86 (2012)

walking regime = scale symm well protected
(natural enough)

Can TD mass be as light as 125GeV below mF?

- YES!!!

~1TeV ~1073TeV

Work on the eff. TD Lagrangian: [ = (;,, + Lg -V,

Dominant corrections come from top-loop

cutoff by mF ~ 4 m Frt ~ 1TeV (~ Fo)

oMy 3 mp 2 ~1
w/  mi~2M; My(125GeV) ~  4nZ F7 7 O(107* —107")

naturally light thanks to large Fo



* 125 GeV TD signal at the LHC

S.M. and K.Yamawaki

PRD85 (2012);
PRD86 (2012);
arXiv:1207.5911;
arXiv:1209.2017




Characteristic features of

X125 GeV TD in 1FM (w/ Nrc=4,5) at LHC

W,z v.s. SM Higgs
di-weak bosons ;ﬁgd)_: (XE\CIPY/F(D) 9v=(0.1--0.3)gr suppressed
W* Z*
b,t
quark, lepton pairs >9¢_ — &
suppressed
b,t
0 o, Pr(g)
digluon g¢ _ enhanced
g 00000 QCD-colored TF contributions
F,t Br(e)
Y \NN\/\, gé
diphoton ———¢ >>W-loops enhanced
y V'V

EM-charged TF contributions



* The 125 GeV TD signal strengths

* decays to bb, tau tau, WW*, ZZ*, diphoton

@ - T
] . JvRea I:S] BR{E} — bb}
bb. Heb = H‘}:Igl’a (s) BR(hsy — bb)
owasl(s) +0z4(s)  BR(¢ — bb)
OW hey (S) + 0 zhay (8) BR(hsm — bb)

& (s) + ovpr(s) BR(¢ — X)

oiD (s) + ovt (s) BR(hsm — X)

X= tautau, WW*, ZZ*: px =

Iy ogr(s) BR(¢ — X)
Hyvyoj = t‘T'rS'?[ﬁ'?:' BR{I'-ESM — X) -

diphoton _ _

Ecr - oGp(S) + EviF - oypr(S)

Ear - oG (s) + Evar - ovRE(s)
BR(¢ — 1)

“BR(hsm — )

Hyy2j =




* chir2 fit based on the current data on Higgs search categories

(vEw I Fy )best X i 1in .-"III dof
12/13 ~ 0.9

10/13 = 0.7

* TD can be better than the SM Higgs (chi*2/d.o.f=1.0),
due to the enhanced diphoton rate
In contrast to other dilaton/radion scenarios
w/o extra BSM contributions like TF



* The best-fit signal strengths (for each category)

Characteristic feature:

ATLASE&ECMS data

Vbb : suppressed

dashed TD NTC=4

solid TD NTC=5
dot-dashed TD NTC=6
NSV e Yyoj : enhanced



* TD is the characteristic light scalar in WTC:
the mass can be 125 GeV;
protected by approximate scale invariance.

* The couplings to the SM particles take essentially the same
forms as those for the SM Higgs, except couplings to
diphoton and digluon.

* The 125 GeV TD in1FM gives the LHC signal favored by
current LHC data, notably somewhat large diphoton
event rate thanks to extra TF contributions.

* More precise measurements on exclusive categories
(e.g., Vbb, tt+jets) will draw a definite conclusion that
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1

. “Zm 1 24
S = / dtr / d z /—_g g_Qecgﬁlx(z) ( _ ZTI. [LMNLMN + RMNRMN]

+Tr [Dy @' DM@ — miate] + S0y ex0Max)

%(trfz} +o(z,z)) explim(z,z)/v(2)]
dx(z) = vx(z),

Q(x,z) =

AdS/CFT dictionary:

* UV boundary values = sources

L l. L Y
2 = 2y (sz]' — (j)

aM = limZ, (—17(3))
e—0 z

¥
“~ ZT”E “~

M' = lim Lvx(z)

e—

L€

* IR boundary values:

«——> chiral condensate (T'T')

«—> G2
gluon condensate (aGj,)



* AdS/CFT recipe:

Ss —> 558, 9,7, a][uv_boundary = Wap generating functional

classical solutions \

sources = UV boundary values
for bulk scalar, vector, axial-vector fields

Wi —>  (TJ(2)J(0)) J=FF,G? Fry,T°F, Fry,vsT°F

pv?

Current collerators g, e, v, 114
are calculated as afunction of three IR -boundary values and . :

dual
& :IRvalue of bulk scalar 5 «—> FF
— G :IRvalue of bulk scalar o, «——> wa
Zm + IR-brane position




The model parameters:

£ G Znm. L M M a C
g5
®IR  Ox IR IRbrane &d OUV  Ox UV coeff. coeff.
value value position  coypling Vvalue  value of M of Ox

A —

set explicit breaking

. sources = 0O
matching to
current correlators M [v
> G2 term
v Leading log term
\ Leading log term \ll
Nre ol _y = V3 e Nro
1272 = 9 10272

rhenomenologqical input values

Fix

Fr =246 GeV/YND = 123 GeV (1FM)
Mo =125 GeV

S =0.1




S.M. and
Other holographic predictions (1FM w/S=0.1)

and K.Yamawaki, 1209.2017

NTC =3
4 Techni-p, a1 masses Mp = Ma1 = 3.5 TeV )
Techni-glueball (TG) mass MG = 19 TeV
TG decay constant FG = 135 TeV
dynamical TF mass mF mF = 1.0 TeV
N y | 1 e Y
NTC =4
4 Techni-p, a1 masses Mp = Ma1 = 3.6 TeV )
Techni-glueball (TG) mass MG = 18 TeV
TG decay constant FG = 156 TeV
dynamical TF mass mF mF = 0.95 TeV
- /
NTC =5
- Techni-p, a1 masses Mp = Ma1 = 3.9 TeV ~
Techni-glueball (TG) mass MG = 18 TeV
TG decay constant FG = 174 TeV
dynamical TF mass mF mF = 0.85 TeV




W/ Tevatron data

included:

ATLAS&CMS data dotted TD NTC=3
SM Higgs

dashed TD NTC=4

solid TD NTC=5

dot-dashed TD NTC=

CDF&DO 1.96TeV
CDF&DO 1.96TeV
CDF&DO 1.96TeV
CMS 8TeV vy2j (loose)
CMS 8TeV vy2j (tight)
CMS 7TeV YY2]
ATLAS 8TeV YY2j
CMS 7TeV+8TeV YY0i
ATLAS 7TeV+8TeV  yy0j
ATLAS 7TeV T
CMS 7TeV+8TeV T
CMS 7TeV+8TeV Z7*#(41)
——————————————————————— ATLAS 7TeV+8TeV ZZ*(41)
CMS 7TeV+8TeV  WWH*(212v)
ATLAS 7TeV+8TeV WWH*(212v)
CMS 7TeV+8TeV bb

ATLAS 7TeV bb

bb

YY
WW*

10




W/ Tevatron data included:




Farhi et al (1981)
One-doublet model (2DM)

Total # of techni-fermions

TFew | SU@B). | SU2)L | U(l)y
( U ) 1 ; . Ntr = (NTF)EW —singlet + 2Np
D L
Ur 1 1 1/2 w/ critical # for mass generatio
Dp 1 1 -1/2 iInWTC
NTF ~ 4NTC
One-family model (1FM) Appelequist et al (1556)
T Fraer SU3). | SU2). | ULy
U
Qr — ( ) 5 > 16
L D .
L, = ( g )l 1 2 “1/2
Upr 3 1 2/3
Dpr 3 1 -1/3
N r 1 1 0
Fr 1 1 ],




* Other pheno. issues in TC scenarios

S parameter

S =~ Np - 8]7(/[@7% ~ 0.3 - Np (for QCD-like)
Np : # EW doublets toolarge! ¢f. S(exp)<o0.1 aroundT=o
Oneresolution: ETC-induced “delocalization” operator Chivukula et al (2005)
_ vector channel T -
fL Fr AZ . JMSML JTCL
ETC
In low-energy
a — 2i7reaten VEW
JH s (Ut i DI W/ U = e2meend
JL I,

> gwW, — gy B, modifies SM f-couplings to W, Z
contributes to S “negatively”

2
K -3 AS “©;‘21 ( XS:X:) Stotal — 0 ("ideal delocalization”) /




Top quark mass generation

_ _ _ 2
F ouU A
N oETc [P me~ TR s (AETTCC ) Aro
ETC scale associated w/ top mass
fr Fr

1/2
—  ARRo 1TV ()77 (120Y)

too small!

One resolution: Strong ETC Miransky etal (1989)

--- makes induced 4-fermi (tt UU) coupling large
enough to trigger chiral symm. breaking (almost by NJL dynamics)

- Tm
(TU)mre ~ (AAETc) TUVre 1<ym <2

boost-up ,
o

T parameter (Strong) ETC generates large isospin breaking
—> highly model-dependent issue




* Direct consequences of

Ward-TakahaShi identities S.M. and K. Yamawaki, PRD86 (2012)

* Coupling to techni-fermions

q]_il_;}u/dlyf-_awy{ﬂ|ﬂﬂ# D, (y)F(z)F(0)[0) = idp(0|TF(x)F(0)]0)
— i (2dp + 270,) (0|TF(z)F(0)|0)
Jalt
H#T (») '
H - -I- P ()p#
F(p)
Dilaton pole —SEH(p) — ipum— )p Syt (p)
dominance a
F, - (6(q = 0)|TF(z)F(0)|0) = 6p(0|TF(z)F(0)[0)
w/ TD decay constant Fphi Yukawa vertex func.

<{:)‘Dﬂ-("')|o({})> = _'inbff;x.f'f_'j'qx




* Couplings to SM fermions

No direct coupling TC
#0) (£(0)|0:(0)|f(p)) = 0.
tra orm

Techni-fermion loop induces

F
f(p) _ iGf dAl
> _ Tr[SE(1) - 6p S - Sp(l
P [ e TrlSe () - 30571 (0) - Se ()
ETC induced L
) : Te. 47
4-fermi = s, [ s,

. o F, V) (2n)!
Lo¥rc =G FFff

] : . —i Sp(FF) _ _
f-fermion mass: F, PV —L Sp(FF) = (3 — v )(FF)

my = —Gp(FF)




* Couplings to SM gauge bosons

WT identity = scale anomalyterm + anomaly-free term

lim /ddz €' (0|T9,DP(z)J,(x)J,(0)|0) = liE:‘.] (—iqp/d”lz e'7? {O\TDP(Z]J#(R:)JU(D)\U))

q,—0

9o

—l_iﬁD <0|TJ,U [I")Ju [OHU} ’

1, (0)
J,(0) J,(0)
D?(z) o
{;%C —_ { ((Qdi —4) —de—)
TC r
p
'-’Tl £ ._;'rt £
e (@) 7.(a)
The loop integrals are actually saturated by IR contributions (ym = 2)
9 | pa b —  928p(q) . Br: TF-loop contribution
igi BT(G(O)T L7 (@) T (0)10) a2 (0° Guv — Pupo) to beta function

2 PyuPy -
_|_ i (,;m, - *p—j) T (0) + O(p'TI"(0))]



Br: TF-loop contribution

26r(g) to beta function

II;r:]- I:j'?:g#”-' — Py ]'3'2-'1]
@ .

+ = (g,z,_pf”) T1,.(0) + O (0))]

igiy F.T(6(0)|T ;" (2)J7°(0)|0) —

* For SU(2)W gauge bosons: W -"broken” currents

I1;7(0) = ﬁDF_?E _ VEw CouplingtoW ,
B m?2
! ! Loww = —=LoWiWHe

F,
ND = TF -EW-doublets s

I1(0) =




