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1. A brief introduction:
strong dynamics and a light scalar
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Paradigm: dynamical EWSB

Vintage compositeness:
replicate 2-flavor QCD

Higgs mechanism as usual from

SSB+gauge symm. Weinberg 79,

Susskind ’79

(QLQr) = Aj¢, Arc ~1 TeV
The Higgs is composite,

7T:|:77T0 — W[:,taZL MW — — FH = 246 GeV

A2
Pagels-Stokar: Fji ~ 4NM?In ( A;gj)

Setting Fi; = 246 GeVand Arc ~ 2...10TeV | this implies
that the dynamical mass is constrained: M ~0.5...1TeV

S0 how to get a 125 eV scalar?



A light scalar from strong dynamics:

PNGB from chiral symmetry

-Kaplan, Georgi (1984)
-Cacciapaglia, Sannino (2014)

scale invariance
“Yamawaki, Bando, Matumoto (1986) Parametrically light scalar

-Dietrich, Sannino, Tuominen (2005) (neap conformal, finely t,uned)
-Matsuzaki, Yamawaki (2012)

-Zacko, Misra (2013)

Further phenomenological tensions, S-parameter, FCNC, etc.
also resolved with walking dynamics.



A recent new development:

Coupling with SM changes properties of strong
dynamics from those observed in isolation.

Rest of the world
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Coupling with SM changes properties of strong
dynamics from those observed in isolation.

Example: EM mass splitting of wi, 0

In SM couplings are not small, e.g. top Yukawa
(Foadi, Frandsen, Sannino, 2012)

Ay Bk Sk

We will now consider this in a setting where all
masses are generated dynamically

(Also important: changes the location of conformal window,
Fukano, Sannino (2010))



We will consider:

- New strong dynamics (TC & ETO),

Two TC fermions in N dim. representation (QCD singlet),

- Only 3rd generation SM quarks,

The main results:

- BTC interactions lead to a 125 GeV scalar,
The scalar has SM-like couplings to W,Z and fermions,

- ODblique corrections OK,



A toy model (DiChiara, Foadi, Tuominen (2014))

L= Lsm+ Lrce + Lerc

Very simple extended dynamics to generate top mass:

M = Mgrc — !
Lerc = 2G (QLtRURQL + h'C‘) G M]%TC

> = exp(¢1I*7% /v)
ATC’i47TFH ﬁTc :@L Z@QL -I—UR WUR—I—ER WDR
2

—M (1+%H+---) (Q.ZQr + QrX'Qr) — %H2+---

U,D in /N dimensional rep. of a new gauge group.
F n = 246 GeV

Question: what is the mass of the composite scalar H %



The masses determined by the gap egs:

t N.G M; M2 4+ M?
U @ U = O + Q My = M + 3 <ME2)TC Mt2 In ETJ(\}E t )
D o D = 0 Mp =M
t - ‘ —t = Q Mt — 4772 (ATC R MU ln M(2]

Work to leading order in N and N, assuming both large and N/N. finite.
(e.g. Bardeen, Hill & Lindner (1990))

e — e e —— e

Consistency checks:

U D U U t U
i = + Q + Q+QQQ+
___________ D D b D
U D U D
e (0 O e O
"""""" U D
U t U
U t U

Using the gap equations, one proves Mmoo = Mp+ = 0
Also: transversality of W and Z vacuum polarisations can be shown.



Match with BEW:

U U t u t U
QuHTA = ;'QVVV T ‘"CDVVV + "-W + -
q
D D b D b D

2
Fy = lim M,HA(Q )2
q*—0 \/ZH—H+ (C] )

A2
In the limit G — 0 this is just Pagels-Stokar: Fl% ~ ANM?In ( A}g)

Using known values of M, and Iy , everything
expressed in terms of Ar¢c and Mgrc

Expect e.g. Arc >~ 3TeV Myt ~ 5TeV



The scalar mass: Suu(¢®) = ¢®> —m? — Uy u(q?)




The scalar mass: Suu(¢®) = ¢®> —m? — Uy u(q?)

U D u ¢t U

U D u ¢ U

First, set G = 0 and trade ™M with the dynamical mass Mpgo via

Yun(q® = Mzy) =0



The scalar mass: Suu(¢®) = ¢®> —m? — Uy u(q?)

U D u t U
Qo Qo+ OO0
U D u t U

First, set G = 0 and trade ™M with the dynamical mass Mpgo via

Sua(q’ = Mgo) =0
Then, at G # 0 solve for Mgy by setting

Sun(@@ =M% =0 @ M7 = (125)° GeV”



The scalar mass: Suu(¢®) = ¢®> —m? — Uy u(q?)

U D u t U
e G e O = OO0
U D u t U

First, set G = 0 and trade ™M with the dynamical mass Mpgo via
Yun(q° = M) =0
Then, at G # 0 solve for Mpyo by setting
Sun(@@ =M% =0 @ M7 = (125)° GeV”

In the limit Mo < Are < Mgrce the dynamical mass is given by

N, M
M2, ~ ! N My g2
HO ™ In(A2.o/M?2) | _ Ne MZ Mg~ PO
N M(2] Arc

So Myo can be large even if the physical Higgs is light.



Numerical evaluation:

< — p—
=) o =
T I T

MH() (TCV)
.c L[]
- .\h L

Mgrc (TeV)

SU(S3) gauge theory and

U, D fermions in 6-dim. rep.

e.8. SU(E)MWT
(see Kuti’s talk)

e.8. SU(3) gauge theory and

U, D fermions in 3-di
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Lrre = 2G (thRURQL -+ hC)

is a simple toy model; leads to large splitting between U and D.

—> large T-parameter.

Need to consider more general patterns of ETC couplings:



&. A more realistic model:
masses, couplingsand S & T

Di Chiara, Foadi, Tuominen & Tahtinen 1412.7835



Richer ETC sector

G,.:(1,1) or (N,N¢) -multiplet
under (TC,QCD)



Richer ETC sector

G,.:(1,1) or (N,N¢) -multiplet
under (TC,QCD)

LETC ~ —gXXfme’G“ + M?;GMG“*

‘QXX’ ‘2

Mg,

LETC ~ X, X'|?




Richer ETC sector

X/
G,.:(1,1) or (N,N¢) -multiplet G f
X X'
under (TC,QCD)
X
Lerc ~ —gxx' X7, X' G* + MGG,G" G, ~ gj\)il)?;, X7, X’
LeTc ~ ‘gXX/‘Q\YV X'|?
MZ, :

Assume ¢gxy = 9xy and a single ETC scale M.
We considered (1,1)y=0,1 and (N, N¢)y=1/6,5/6,7/6 , and
derived the resulting 4-fermion interactions.

1 1
(YQL = 0, YUR — 57 YDR — _5)



Lerc = 2Goqut [(QL LIR) (ZR‘]L) + (ﬁLtR) (URQL)] +2G gDy [(GLDR) (ERQL) + (ﬁLbR) (BRQL)]
+ 2Goouu (QuUR) (UrQL) + 2Goopp (QDr) (DrQL) + 2Gau (7, tr) (ErqL) + 2Gages (7,.br) (PraL)

+ ALgTC

_ 9Qq9Db _ 9Qq9Ut
GQgpb = /{1/12 GQqut = /\Cl/lg etc...

AEETC ~ (Y’XUJX)Q

- Operators in ALgtc do not contribute to masses at LO.
- They will contribute to S and T.

- 85 operators.



L=Lsyv +Lrc + LeTC

Lere = 2Goqu |(QuUr) (trqr) + (7.tr) (URQL)] +2Goqon |(QrDr) (brar) + (7.br) (DrQL)]
+ 2Goouu (QuUR) (UrQL) + 2Goopp (QDr) (DrQL) + 2Gyau (7, tr) (frAL) + 2Gygen (7,br ) (braL)
+ ALETC

M = Mgrc

Y, = exp(¢I1*7 /v)
A >~ Ak Lrc =Qp PQL +Upg iPUr + Dg iDDg
2

— — m
M (1+2H +- ) (Qu2Qr + Qp¥'Qr) — -H? + -
U,D in N dimensional rep. of a new gauge group.

FH ~ 246 GeV



Masses:

P Q Q My = Mg + 4N Goouu My Iy + 4 Ne Gogue My I
Q Q M; = 4N Gogut My Iy + 4N, Gt Mi I
. Q Q Mp = Mg +4 N Goopp Mp Ip + 4 Nc Gogpp My I
¢ My = 4N Gogpp Mp Ip + 4N Gy My I -
Q O

7 / d*k 1
X =1
(2m)* k2 — M%



Masses:

U P Q Q Mu = MQ + 4NGQQUU Mu Iu + 4Nc GQqUt Mt It
Q Q M; = 4N Gogut Mu Iy + 4 N G My I

b MD = MQ + 4NGQQDD MD ID + 4Nc GQqu Mb Ib
D D g 2 g 2
——¢@——= 00—+ +

. [ M, = 4NGQqu MpIp + 4 N, qubb My I .
Q. O

; :,/ d*k 1
X =7 (2m)* k2 — M%
U t
W@V\N—I—’V\A@M
D b
U D t b
d4€ 1
KXY—_Z/ dw/ — M3 — (1 — z) M3 )?

= 4 [NMZ Kyp + NMBKpy — NeMPKy, + NeMZ Ky
(Pagels-Stokar)

{.l 1%
T (@) = ww(g?) (gpv - qq;] )

V2G F



RO ST 0’0 e

SS
J"rDD

+
2 SS 78S 2 SS 7SS



ISS
ZHH — _M2 + Nyz uu DD ]

+
2 SS 7SS 2 SS 7SS
1_NNCGQqUtIUUItt 1_NNCGQquIDDIbb

Again, trade M= for the dynamical mass Muo at G=0,

and solve Mmo from Yyp(Mz =125GeV) =0 (G #0)



U U t U
H
B R OSSR O O O
D D b D
#0000
X X X X X X X
0=0+CO+000
7SS 7SS
Z‘HH = —M2 -+ Nyz zuu + DD ]
SS 7SS 2 SS 7SS
1_NNCGQqUtIUUItt 1_NNCGQquIDDIbb

Again, trade M= for the dynamical mass Muo at G=0,

and solve Mmo from Yyp(Mz =125GeV) =0 (G #0)

Convergence of the series requires:

N Goouu A? < 47? , N Goopp A? < 472



Expanding to O(M% /A): O(1TeV)

2 2 (Gaguu + Gogpp)A” AZ
H — HO Y2 In A2 In A2
Mg T M3
O(1TeV)
O(1)

Convergence of the series requires:

N Goouu A* < 4m*, N Goopp A* < 4

= Large but subcritical 4f couplings.



Expanding to O(M% /A): O(1TeV)
AQ AQ
M = b - O oot 1
Mg T M
O(1TeV)
O(1)

Convergence of the series requires:

N Goouu A* < 4m*, N Goopp A* < 4
= Large but subcritical 4f couplings.

M

FT = —!
MHO

= 2...4%, for My ~ 1TeV

.. Mo ~ 600 GeV



Couplings

Lvukawa = ~yuUUH - ypDDH — y; ttH — y, bbH

((i>‘—_]{ > *>(Q 'M' Use gap Egs. and

R0
566

><f)((XfX(} expand to O(M2 /A?)

>OOQ 3/02(‘/§GF)1/2MDI !/b:(\/EGF)me,
M+ F/L’*(‘ﬁGF)UZMur 3/:2(\/5&)1/2%,

SM-like Yukawa couplings.




Couplings
1/2 1/2
L =2V (V261)"™ e HW, W+ 0 (ViGr) 0,17, 2

”I'?”x% B e T

;“&- zﬁ> x}}'

ayw = 4 (\/iGF)l/Q(NyUMUKUD + NypMpKpy + Neye My Ky + NcbebKtb)

~ V2Gpd (NMZKyp + NMpKyp + NeMP Ky, + N M Kpy) =~ 1.

d4€ 1
Kxy=—i | d
Xy = 7’/ x/ —aM% — (1 - 2)MZ)?

SM like couplings to W and Z.




Oblique corrections:

lémt _,
5= 1YY IT,55(0),
1
I'= [ [T (0) — T+ w-(0)]
aM%,v

q q
— —
AWV\/\Q\/\M/VB A\/\/\/\WB
I v I Z

Lerc = 2Goqu [(GLUR) (trqs) + (7,.tr) (URQL)] +2G Db [(QLDR) (brqL) + (7,.br) (ER.QL)]
+ 2Goouu (QuUR) (UrQL) + 2Goopp (QLDr) (DRQL) + 2Gagt (7.tr) (FrAL) + 2G g0 (7. br) (PrL)

+ ALgTC



S. Numerical results,
conclusions and
outlook



After fixing o, Gr, Mz, Mg, M, M,
the model has 14 parameters.

N, A, M and 11 ETC couplings.

- We consider N=4 and N=6

2
5 N, AQep

2
m. In

-To fix A ,scaleup from QCD: f- = 62

N, Fp N 2.7 TeV N =14
A=\ 7, tacr :‘A—{z.zTev N =6

m2 /4

- Keep M as free parameter.



To avoid large contributions to T, set

guu = 9dbbD
gtt = gbb
gup = g = 0

- Large enough couplings to reduce scalar mass to 125 GeV

- Further constraints from S and T

7-‘-/3 < ‘gQQ‘a ‘gUUHgQQ‘v ‘th‘a ‘gUb‘S 2T

—2m < ‘gqq‘a 91| < 2m

For each value of A and M, generate 25 O00 models



By construction, all points have

my, = 125 GeV Fine tuning on a few % level

Select only the points which satisfy

Fr [N, N.
0.5m., ”\/ < Mo < 1. 25m0 \/
f?r kfw

O(1 TeV)

N =4 500 GeV < Mpo < 1300 GeV
N =06: 400 GeV < Mpygo < 1000 GeV

All points have Higgs couplings within 10% of SM values.



N=4, A=27TeV, M=27TeV

lgp:| increases

lgus| increases

|904| increases to right

Larger M,
larger My — Mp splitting,

— positive T.




N=6, A=22TeV, M=22TeV N=6, A=22TeV, M=2.7TeV

E | Y T .
,- 3 » gpt| increases
2 : p
| gus| increases
0 ~ A
, i’ |904| increases to right
-2
~4 04 —02 00 "‘203.: 0.4 :.(;..6 08 2 04 -02 00 o.z. 04 06 08
p N=6, A=2.2T§V, M=50TeV
) Larger M,
3
larger My — Mp splitting,
2 2
. : — positive T.
0
-2
-04 <02 00 02 04 06 08 =3 -04 -02 00 02 .0.4 06 08
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Average over points within 38sig¢ma in S and T:

N, A, Mvalues Ve b Suww SHZzZ S T
N=4, A=2.7, M=3.7| 0.92 1.04 1.08 1.07| 0.18+0.04 0.18 +0.05
N=4, A=2.7, M=3.2| 0.93 1.03 1.08 1.07| 0.17+0.05 0.18 +0.05
N=4, A=2.7, M=2.7| 0.93 1.01 1.09 1.08| 0.15+0.06 0.17 +0.06
N=6, A=22, M=3.2| 0.92 1.04 1.08 1.07|f 02+0.03 0.2+0.04
N=6, A=22, M=2.7| 0.92 1.03 1.09 1.08| 0.18+0.04 0.19 +0.05
N=6, A=22, M=2.2| 0.92 1.02 1.09 1.08| 0.15+0.06 0.16 +0.07

Higgs-vector boson couplings scaling
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Conclusions and Outlook

1. Strong dynamics coupled with SM:
125 eV scalar,
- few % fine tuning
- SM- like couplings

<. Further directions
- Compare with lattice results,

- BETC models,
- Phenomenology



