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What is Beyond the Standard Model ?

7|
.-»/-'f:s f
o o The LHC will restart this month -
/;gm will it reveal the nature of the

(/‘- - |fﬁT ’ ' Higgs ?

“With this new energy level, the LHC will open new horizons for
physics and for future discoveries,’ says CERN Director-General Rolf
Heuer.“I'm looking forward to seeing what nature has in store for us”.

(Feb 2015)




Composite Higgs

IS viable possibility:
Higgs is a gq bound state (possibly ggq )

— What models are compatible with EW data?
* Most likely strongly coupled

— What are the generic properties of strongly coupled models?
* Is walking necessary ?
« spectrum : where is Mo++ compared to M, ?



Strongly coupled models

We need only three Goldstones — 2 massless fermions will do
— Nfr=23SU(3) : QCD
— Nf =2 SU(2) adjoint : conformal
— N =2 SU(3) sextet : popular but is it indeed chirally broken?

« Poster: RG B function with Wilson fermions disagree with staggered

« discrepancy could be due to rooting (?) or strong coupling effects
- needs better understanding
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Strongly coupled models

We need only three Goldstones — 2 massless fermions will do
- Ns=2SU3): QCD X
— Nt =2 SU(2) adjoint : conformal X
— Nf =2 SU(3) sextet : popular but is it indeed chirally broken? 2?2

« Poster: RG B function with Wilson fermions disagree with staggered

« discrepancy could be due to rooting (?) or strong coupling effects
- needs better understanding
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Strongly coupled models

We need only three Goldstones — 2 massless fermions will do
- Nr=238U(3):QCD yx
— Nf =2 SU(2) adjoint : conformal
— Nr =2 SU(3) sextet : popular but is it indeed chirally broken?

« Poster: study with Wilson fermions disagree with staggered

« discrepancy could be due to rooting (?) or strong coupling effects
- needs better understanding

27



Strongly coupled models

We need only three Goldstones — 2 massless fermions will do
- Nf=238U(3):QCD yx
— Nf =2 SU(2) adjoint : conformal
— Nf =2 SU(3) sextet : popular but is it indeed chirally broken?

« Poster: study with Wilson fermions disagree with staggered

« discrepancy could be due to rooting (?) or strong coupling effects
- needs better understanding

2

If not Nf =2 :

— Nf =6 SU(2) fundamental (1313.4889 - LSD)

— Nf = 8 SU(3) fundamental : seems to be close to the conformal
window : E. Rinaldi talk; D. Schaich finite T poster

We need some mechanism to break flavor
SU(8)xSU(8) — SU(2)xSU(2)
What is the remnant of the many flavors in the IR?



Simple model - |

SU(Nc) gauge with Ny light (m¢,=0) and N» heavy (mx) fermions
In the IR the heavy flavors decouple, N; light remain

N, +Ny, =small: gauge coupling runs fast, heavy flavors have
limited effect on the IR (QCD)

IR ® RG flow from UV to IR

mp
UV

B 1/g?



Simple model - I
SU(Nc) gauge with Ny light (m¢,=0) and N» heavy (mx) fermions

N/,+N/; = near but below the conformal window

IF the gauge coupling is “walking” the IR can be
very different

® RG flow from UV to IR

“walking”

B 1/g?



Simple model - Il
SU(Nc) gauge with Ny light (m¢,=0) and N» heavy (mx) fermions

N¢+N; = above the conformal window
the gauge coupling will be “walking”’;
the IR will be very different

IRFP



Simple model - Il
SU(Nc) gauge with Ny light (m¢,=0) and N» heavy (mx) fermions

N¢+N; = above the conformal window
the gauge coupling will be “walking”’;
the IR will be very different

What are the properties
m, Of these strongly coupled
“walking” systems!

IRFP



Ns+N» (lattice) models

No2+Ny, =2+ 6 if Nf=8is the UV model
or

N,+Nj, =2 +10 for Ns =12 conformal behavior in the UV

“ Pilot study:
I Ny+N, =4 + 8 : conformal in the UV, Ni=4 flavor in the IR

| in collaboration with R. Brower, C. Rebbi, E. Weinberg, O. Wltzel
_arXivi1411.3243  }

Why 4+8 ? We use staggered fermions:
4 and 8 flavors do not require rooting
(rooting is no-go in a conformal system near IRFP)



N/,+N,= 4+ 8 : The lattice action

Action: nHYP smeared staggered fermions,
fundamental + adjoint gauge plaquette

This action was used in the Boulder 4, 8, and 12 flavor studies
(1106.5293, 111.2317, 1404.0984)

It is the action used in the 8 flavor joint project with LSD
(E. Rinaldi’s talk, D. Schaich’s poster)

We understand this action well



N,+N, = 4+ 8 : Parameter space

3 independent parameters: (g%, me, ms )
— g?does not matter once the flow has reached the RG trajectory

— sufficient to work at g2 =const, vary msonly
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N,+N, = 4+ 8 : Parameter space

— [3=4.0 (close to the 12-flavor IRFP)
- m»=0.10, 0.08, 0.06, 0.05
— m¢=0.003, 0.005, 0.010, 0.015, 0.025, 0.035

Nisap x> x x x x> 1 Volumes:
ol ® ® e . . 243x48, (dots)
32364 (circle),
e OO @ e ’ ° | 48396 (square)
Sl ® ® e o « | Color: volume OK / /
OO squeezed
0.04r
002f 20,000 MDTU, most still in
" o progress

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

m,



L attice scale

Use Wilson flow to estimate the lattice scale 81,

12 i I
o * Nf=12
11F A mh=0.050 i
¥ e m, =0.060
10 m,=0.080 -
S : mh=0100 \/St() SJL/S
‘;\: 9t " Nh_4 . - . L.
’ = = IS usually sufficient
2 8t = .
g 8 - - = — color coding
w
<
37 . \
o Nf=4 X X X X X X X
5 6 = - e
§ = - . 0.10 ® @ ° ° °
St 4 - . - - i} 008f O® @ e o o
4+ 4 - 3 0.06 ° ® ° ° °
+ O [ @
3._ 0.04r
0.02r
2 > ' . \ A . l e "8+4"

O 0.()'05 0.101 0.0‘1 5 002 0.0125 063 0‘0135 O.I04 0 0.605 0.61 0.615 0h§2 0.625 0.63 0.635 0.04



Topology evolution

Topology is moving well even with the lightest mass

10} m =0.050 -

=0.010,
243x48 volume
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Running coupling

Gradient flow transformation defines a renormalized coupling

arXiv:1006.4518
t: flow time;

> i 1 \_ 1 2
SGF(,U—@)_WI (E@®)) E(t):energy density

8(2;F IS used for scale setting as

géF(t=t0)=%
Is it appropriate for renormalized running coupling?
Yes,
— on large enough volumes
— at large enough flow time
— In the continuum limit



Running coupling

t2(E(¢))in the chiral limit g&.(t/ty) rescaled by to
at various mp values at various mn values
1.4 1= I i I ' ' ‘ | | = 25 T T T .
e m; =0 m; =0
1'2_mh=o.080 |
—mh=0.100
1 ——N;=4
|
| =
30.8* | g
w : sqri(8t)<2 !
06 : c\,g*%
041 :
|
T __________________tb_réf_v_aTu_(—fOEO ________
0.2 |
0 | | | ! I I | ! ! | | | !
0 2 4 6 8 10 12 14 16 18 0 0.2 0.4 1 1.2 14

. 0.6 0.8
Wilson flow t Wilson flow t/t0

Rescaling forces the renormalized couplings to agree at to
Fan-out before and after are due to cut-off lattice artifacts



Improved running coupling

t-shift improved running coupling

g(;,;(u:%):ﬁﬂw(mo»

by adjusting 7o most cut-off effects can be removed
(1404.0984, 1501.07848)

25 T T \ T T \ n 25

géF(umh)
2 .
Q}*F(}Lmh)

: ! . ‘ 0 | | | | | |
0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
Wilson flow bt Wiison flow v,

0 0.2 04



Improved running coupling : 4+8 flavors

25

‘m =0.050
— h
me =0 m_ = 0.060
20} ___m_=0.080
m, =0.100
N =4
15}
[
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> 10t
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NN
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%=01 xﬁt; xih“amﬁh
0 ! ! T T EE===
0 0.2 0.4 0.6 0.8
Co KMy

Nf=4 : running fast

g&-(1) develops a “shoulder” as m; — 0 : this is walking !

Walking range can be tuned arbitrarily with m,



Improved running coupling : 4+8 flavors

25

mes =0 h

201

15}
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10+

g&-(1) develops a “shoulder” as m; — 0 : this is walking !
Walking range can be tuned arbitrarily with m,



Improved running coupling : 8 flavors

25 | i
f8148t196b50m004
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Improved running coupling : 8 flavors

25 ' 7
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Is this walking?

The “shoulder” is the gauge dynamics : slow evolution



Improved running coupling : 8 flavors

25 .
8148t96b50m004 .
—— 18148t96b50m008 . . I . . . . .
2071 —— 18148t96b50m010” 4. Nr=8
—— 18132t64b50m015 c=03
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15+ 3L m _O ':::::;::_,':-.'.f.‘
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The “shoulder” is the gauge dynamics : slow evolution



Improved running coupling : 8 flavors

25

f8148t96b50m004
— {8148t96b50m006
— {8148t96b50m008
20 — {8148196b50m010 |
— {8132t64b50m015
— {8124148b50m020
15+
3 ,
= m —0
10+
S
5 B T - ..
- > T - e
T = 001 S~I-oITzSIooc
0 ' ! ! - ===
0 0.2 0.4 0.6 0.8 1
Co Wity

The “shoulder” is the gauge dynamics : slow evolution
The fast rise is due to the fermion mass running
What is the consequence of the two separate regimes?



Connected spectrum, 4+8 flavors

o "f//'//';‘ /
@ 15/ oo ¢
E. S _/-,/6;/- >
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0 | | | | | | |
0 002 004 006 008 01 012 014
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> M'IT, Mp VS My
(rescaled by the gradient flow

scale 8, )

— little variation with mx



Chiral limit ?

Mo/M+ shows that we approach the chiral regime

2.4 i A m =0.050
A m_=0.060
A A ™ =0.080
2.2+ A m =0.100
2 A
—A=
g 1.8 Ii
& + s
1.6 == —h
iq‘: . N
1.4F == ]
—A
l M— < N=12 predicts an almost
1O 0.62 0.|04 O.I06 O.I08 011 0.|12 O.|14 0.16 ConStant ratlo (as ShOUId be
/8o In a conformal system)

(arXiv:1401.0195)



Chiral limit ?

Mo/Mr : compare to 8 flavors

2.4 i A m =0.050 1 24+ A PB=48
A m =0.060 A B=5.0
A — A m =0.080 —
2.2t Nf—4+8 A ™ =0.100 1 2.2 Nf_8
2r A : 2-&
—h—
. v - | —A—
< 1.8f . 1.8¢ E‘E‘E
~—
= A= 4
1.6_ =“; 7] 16_ III
—— - —— _, = =
SVNS
= e
1.4 A ] 14T
1.2r 1.2F
12 flavors 12 flavors
1O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 10 0.02 0.04 0.06 0.08 0.1 0.12

my/ 8ty mi/ 8ty



Finally : the 0** scalar state

We use the same method to construct and fit the correlators
as with Nf = 8 joint LSD project:
— Disconnected correlators:
« 6 U(1) sources
« diluted on each timeslice, color, even/odd spatial
» variance reduced (Yv)
— Fit:
 correlated fits to both parity (staggered) states

» the vacuum subtraction introduces very large uncertainties
— it iIs advantageous to add a (free) constant to the fit

C(t) = cO++cosh[M0++ N, /2—t))+cﬂsc (—l)tcosh(Mﬂsc N, /2—r)]+v

—this is equivalent to fitting the finite difference of the correlator

C(it+1)—C(z)



Mixing in the 0** channel

There is one major difference between Nr=4 + 8 and 8 :
— with non-degenerate masses the 0** splits to light and heavy states
— there is mixing the heavy and light species

This is similar to n - " mixing in QCD
— need to diagonalize the correlator matrix

D (O-Cy)  ZD,1)

C(t)=
» 2D, (1) 2D, ()-C,, (1) )

\

Normalization: even though we we describe 4 and 8 flavors, on the lattice
they correspond to 1 and 2 staggered species



Mixing in the 0** channel

D, (1)-C,(t) V2D, (1)

C(t)=
o 2D, (1) 2D, ()-C,, (1)

Diagonalizing C(t) could lead to very large statistical errors.

Fortunately: D¢n << diagonal terms for almost all parameter values

101 .

| Oee
04 e \/MDE
10 ' 2th Chh

Finite difference correlators at
= 0.05, my,=0.005

1071 | ¢

Finite Difference Correlator




Mixing in the 0** channel

D, (1)-C,(t) V2D, (1)

C(t)=
o 2D, (1) 2D, ()-C,, (1)

Diagonalizing C(t) could lead to very large statistical errors.

Fortunately: D¢n << diagonal terms for almost all parameter values
P _ but not always!

CM
04 e \/QDE
10 ' 2th Chh

Derivative correlators at
=0.05, m,=0.015

1072 |

103 |

Finite Difference Correlator
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1076 |




Mixing in the 0** channel

D, (1)-C,(t) V2D, (1)

C(t)=
o 2D, (1) 2D, ()-C,, (1)

Diagonalizing C(t) could lead to very large statistical errors.

Fortunately: the lightest excitation in D¢s (and Den, Din ) is the 07

101 o

L Dgg(t) — Cﬁﬁ(g 00—
o o0 —f— ]
100 F 1 Derivative correlators at
101 | o ms = 0.06, m,= 0.010:
;%10_2fémééiie®® | Deeand Des - Cop
) 10-3 éégii% _
A 2R 4D g
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02




The O0** mass

We strive to compare predictions from Dy, and Des - Cer correlators
— Inthe t — « limit they should agree

mx= 0.06 , m¢=0.010:

058 o Ettég — gw(t)_ gw Mo-++ predicted from non-linear
32° fitted mass t) — t .
07l v o1 s mae oy 1 range fits (tmin - N1/2)
Sl 323 fitted mass Dy (t)
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The O0** mass

We strive to compare predictions from Dy, and Des - Cer correlators

mx= 0.06 , m¢=0.010:

0.8 . . ! .
A 243 fitted mass Dgg(t) — ng(t)
\ 4 323 fitted mass Dgg(t) — ng(t)
0.7t m 247 fitted mass Dy (t)
323 fitted mass Dy (t)
0.6F
0.5F
: -
> 0.41 =
3 = 5 YT T
R Ay 2 = DA -
0.3F f }L e | A
s L i
= - A y
v T
0.2 w W — }L I m I %
. J_ . - —
0.1
0 | | | | |
2 6 8 10 12 14 16

min

— Inthe t — « limit they should agree

Mo++ predicted from non-linear
range fits (tmin - N1/2)

both volumes, both correlators
predict a consistent value



The O0** mass

We strive to compare predictions from Dy, and Des - Cer correlators
— Inthe t — « limit they should agree

mx= 0.06 , m¢=0.010:

0.8 2 20 fred mass D —cnn | Mo++ predicted from non-linear
v 323 fitted mass Dy (t) — Cp(t) ft t . N /2
0.7f B 243 fitted mass Dy(t) range ItS ( min = T )
Sl 323 fitted mass Dy (t)
0.6 s
0.5r -
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%C’ 0.4 o 3
SFE 1y
0.3r f :
3y L e & .| both volumes, both correlators
0ol e i_.i_._Jl___ __}L__I_._._ T W - _ _
x X I predict a consistent value
o1} 1 \
pion

O | | | | | | |
2 4 6 8 10 12 14 16



Spectrum

Compare the pion, rho and 0** masses:

mx= 0.08

2.5 1
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0 | | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

m, = 0.08: the 0++
- IS just above the pion,
- not Goldstone
- well below the rho



Spectrum

Compare the pion, rho and 0** masses:

m;= 0.06

2.5 1

M,+/8ty

—_— .y
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-
_ -7 -
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. . - ~-
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—_ L

| _/.,/
1 -
05 B /I/' . I\/I7T
/ AM
-/ M ++
! * "
0 | | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

mi~/ 8t0

m; = 0.06: the O++
- IS degenerate with pion

at heavier my
- need larger volumes,
more statistics to resolve

the small m, region



Conclusion & Summary

Lots of interesting possibillities ....
Lattice studies are needed to investigate strongly coupled systems

Even those without apparent phenomenological importance can
teach us :
— understand universality
* Wilson vs staggered vs rooted staggered vs domain wall fermions
— understand general properties of strongly coupled systems
« walking near the conformal window
* 0** near the conformal window

Models with split fermion masses, like the 4+8 flavor model,
help us navigate the landscape
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