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The Standard Model
An Unnatural Higgs

High scale physics loops = mass correction to SM Higgs boson

New Physics
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An Unnatural Higgs

High scale physics loops = mass correction to SM Higgs boson

New Physics
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2 A2 2 2 _ M2 L A2
Am ANEW PHYSICS = My Am® = Mh Aew

Anp ~ O (Mp) = 0 (1034) — 0 (10%%) = 0 (10%),
= disagreement only after the 30th decimal place

Unnaturalness is a very strong suggestion that the SM Higgs is wrong
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The MSSM
After July 4th

SUSY Higgs?
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The MSSM

After July 4th

SUSY Higgs? — mpsusy < 120 Gev

%2000 ™ CMS Preliminary —4— S/B Weighted Data
(O1800F E=7TeV,L=511f"  —— SBF .
~ C s=8Tev L=53fy’ [ oreomeenen
G160}y =00
1400
[22)
51 200
>1000
© 800
2
Ny
R
o
=
@
w ‘ | |

0 120 140

m,, (GeV)

Evans (Rutgers) hof MCTC October 26, 2012 4/21



Strong EWSB: The Good!

Technicolor: (Susskind 1979; Weinberg 1979)
g9

» EW Symmetry Breaking:
SU@)w @ U(1)y — U(1)em
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Technicolor: (Susskind 1979; Weinberg 1979)
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» EW Symmetry Breaking:
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» Correct W and Z Mass Ratio:
p = My/Mzcosby=1
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Technicolor: (Susskind 1979; Weinberg 1979)
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/l\ » EW Symmetry Breaking:
s p SUR)w @ Ul)y — U(1)em

» Correct W and Z Mass Ratio:
p = My/Mzcosby=1

» Natural Example (sort of):
In SM, no Higgs — QCD =
W and Z bosons masses
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Strong EWSB: The Good!

Technicolor: (susskind 1979; Weinberg 1979)
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Conformal Technicolor: (Luy, okui2004)
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strong conformal fixed point
Nf ~ 4NC
(Nf =~ 2N, in SUSY)

soft conformal breaking

AL ~ meEe©
/\s ~ mf
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Strong EWSB: The Good!

Technicolor: (susskind 1979; Weinberg 1979)
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Walking Technicolor: (Holdom 1s8s;

/\S M Appelquist, Karabali, Wijewardhana 1986; Yamawaki, Bando,

Matumoto; Appelquist, Wijewardhana 1987)

Conformal Technicolor: (Luy, okui2004)
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Strong EWSB: The Bad?

Precision Electroweak Data?
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f = breaking scale, v = fsing
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Strong EWSB: The Bad?

Precision Electroweak Data?
» AT >0

S S N
PNGB Higgs Accidental
AS, AT suppressed AS < 07?

f = breaking scale, v = fsiné
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Strong EWSB: The Bad?

Precision Electroweak Data?
» AT >0
» AS suppressed (LSD 2010)

04 -03 -02 -0.1 00 0.1 02 03

S S N
PNGB Higgs Accidental
AS, AT suppressed AS < 07?

f = breaking scale, v = fsiné
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Strong EWSB: The Ugly. ..

FCNCs? AL ~ (Qd°)" (Qs®)?
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d—1
At

d = dim(H) and A; is the scale where g; gets strong
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How small does d have to be?
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Strong EWSB: The Ugly. ..

FCNCs? AL ~ (Qd°)" (Qs®)?
Depends on UV completion!

Top Mass? L > I QHIC

d—1
At

d = dim(H) and A; is the scale where g; gets strong

4 ( Ot ) <4wv)d‘1 10TeV d=3
Miop ~ 4TV
o Grstrong) \ At 40TeV d—2
—~Ar~{ 500TeV d=15
ot 4rv\9T Ao 7PeV  d=1.33
- ( > ( ) ~ 15 0 d=1
Gt strong At 15

How small does d have to be?

We need a complete theory!
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Minimal Conformal Technicolor

The Model
Field Content: (SU(2)c7c,SU(2)w)u(1),

P~ (2,2)0; XN(231),%; X’N(271)%; &~ (2,1) xN~8-10
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Minimal Conformal Technicolor

The Model
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Minimal Conformal Technicolor

The Model
Field Content: (SU(2)c1e,SU(2)w) U1y,

@20 x~@1) X ~ @O~ 1) xN~8-10)

Break electroweak symmetry

Raise N¢ to move SU(2)c¢1¢ into conformal window

Mass terms: £ > K& = SU(2)crce exits fixed point (mg ~ Kﬁ)
Global Symmetry: SU(4) — Sp(4)

(SO(6) — SO(5)) vl f
15 —-10=5: W*, Zand 2 PNGBs, hand a 0

sind=0 = NoEWSB v =|fsinf
sinf =1 = Technicolor

sinf <1 = v=fsinf < f, PNGB Higgs
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Minimal Conformal Technicolor

Vacuum Alignment

L > —kp—Rxx

L9 _ (@) (vx) + h.c.
At

Garc 2
+ /\1*4 lox|©+ ...

This mass term knocks SU(2)¢c7¢
running out of its fixed point
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Minimal Conformal Technicolor
Vacuum Alignment

E
E 9 _H¢¢ - /Z;XX/ - K££ f:gf.r—poim
2 ‘€ermion masses
+ I (@) (vx) + he.
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EW TC

true vacuum

EW vacuumis 6 = 0 TCvacuumis 6 = 5
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Minimal Conformal Technicolor

Vacuum Alignment

gauge
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fermion masses
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Vacuum Alignment

gauge
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Minimal Conformal Technicolor
Vacuum Alignment
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Minimal Conformal Technicolor
Electroweak Precision

S-Parameter?
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S-Parameter? Small 6 (%) = small S-parameter!

Small enough to fit EW data?

» my indep of 6

» mp,=125

> sing < 1, S-T okay!

» ~ 10% tuning
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Minimal Conformal Technicolor
Electroweak Precision

S-Parameter? Small 6 (%) = small S-parameter!

Small enough to fit EW data?

» my indep of 6
» mp,=125

1, S-T okay!

> singd <

~

» ~ 10% tuning

L L L L L
~04 -03 -02 -0.1 0.0 0.1 02 03

Additionally, CFT = AS may be naturally small! sy, sundrum 1991 LsD 2010)
Large AT > 0 can come from isospin violating |/ x|* terms
Composite Higgs, but no top compositeness
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Minimal Conformal Technicolor
Phenomenology

SU(4) — Sp(4) = 2 physical PNGBs
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Minimal Conformal Technicolor
Phenomenology

SU(4) — Sp(4) = 2 physical PNGBs

h — PNGB Higgs

» my = /3¢cm; — can be light
> Ghfi ~ 9sm,pif X COS O

> Ghvv ~ gsm,pvy X COS O

> Ghhvv ~ 9sM,hhwv X COS 20
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Minimal Conformal Technicolor
Phenomenology

SU(4) — Sp(4) = 2 physical PNGBs

h — PNGB Higgs
» mp = +/3cym; — can be light L o
> Gnir ~ 9 prf X COS O ' / —

> Ohvv ~ gsm,avy X COS 0
> Ghhvv ~ 9sM,hhwv X COS 20

a — Pseudoscalar PNGB

Branching Ratio

> Mgy = my/sinb
» Extremely narrow state
» Single production suppressed

» Pair production through TC resonance or off-shell PNGB Higgs

» Invisible at sin9 <« 1
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Dimensions in Conformal Theories

For Conformal Technicolor to work, we need:
» d =d(H) ~ 1+ eto separate EW scale from flavor scale
» A =d(HH) > 4 to evade the hierarchy problem

How small can d be???

Evans (Rutgers) hof MCTC October 26, 2012 12/21



Dimensions in Conformal Theories

For Conformal Technicolor to work, we need:

» d =d(H) ~ 1+ eto separate EW scale from flavor scale
» A =d(HH) > 4 to evade the hierarchy problem

How small can d be???

1 H i - (Rattazzi, Rychkov, Tonni, Vichi 2008; Rychkov, Vichi 2009; Vichi 2011;
AX|Omat|C Fleld Theory' Rattazzi, Rychkov, Vichi 2010; Poland, Simmons-Duffin 2010)

» Bounds on HH: (d > 1.5 from Poland, Simmons-Duffin, Vichi 2011)

Evans (Rutgers) hof MCTC October 26, 2012 12/21



Dimensions in Conformal Theories

For Conformal Technicolor to work, we need:
» d =d(H) ~ 1+ eto separate EW scale from flavor scale
» A =d(HH) > 4 to evade the hierarchy problem

How small can d be???

1 H i - (Rattazzi, Rychkov, Tonni, Vichi 2008; Rychkov, Vichi 2009; Vichi 2011;
AX|Omat|C Fleld Theory' Rattazzi, Rychkov, Vichi 2010; Poland, Simmons-Duffin 2010)

» Bounds on HH: (d > 1.5 from Poland, Simmons-Duffin, Vichi 2011)

10

Lattice- (Appelquist, Fleming, Neil 2009; Hasenfratz 2010;
°  Del Debbio, Lucin, Keegan, Pica, Pickup 2010; others...)

» Evidence for conformal window ¢
Ne=3,12< Ny <16

» d measured in a few models
N.=2,N; =6
1.97 < d < 2.87 (ursa etar2010) 2

7o °

[ 10 20 30 40
LogL/Lol

Appelquist, Fleming, Neil 2009
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Dimensions in Conformal Theories

For Conformal Technicolor to work, we need:
» d =d(H) ~ 1+ eto separate EW scale from flavor scale
» A =d(HH) > 4 to evade the hierarchy problem

How small can d be???

1 H i - (Rattazzi, Rychkov, Tonni, Vichi 2008; Rychkov, Vichi 2009; Vichi 2011;
AX|Omat|C Fleld Theory' Rattazzi, Rychkov, Vichi 2010; Poland, Simmons-Duffin 2010)

» Bounds on HH: (d > 1.5 from Poland, Simmons-Duffin, Vichi 2011)

10

Lattice- (Appelquist, Fleming, Neil 2009; Hasenfratz 2010;
°  Del Debbio, Lucin, Keegan, Pica, Pickup 2010; others...)

» Evidence for conformal window ¢
Ne=3,12< Ny <16

» d measured in a few models
N.=2,N; =6
1.97 < d < 2.87 (ursa etar2010) 2

7o °

[ 10 20 30 40
LogL/Lol

Appelquist, Fleming, Neil 2009
How small must d be for flavor???
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Evans (Rutgers) hof MCTC October 26, 2012 13/21



A Recipe for UV Completion
What do we need?

In general, we need:

1. L maps on the SM (or MCTC)

Evans (Rutgers) hof MCTC October 26, 2012 13/21



A Recipe for UV Completion
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AMpl
In general, we need:
1. L maps on the SM (or MCTC)
} SU(2)cre
T New
Yom
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A Recipe for UV Completion
What do we need?

In general, we need: Mo
1. Lerr maps on the SM (or MCTC)
2. No Large FCNCs
} SU(2)cre
T New
Vsu
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A Recipe for UV Completion
Suppressing FCNCs in Technicolor

d S

Mass generation in ETC = Large FCNCs C _
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A Recipe for UV Completion
Suppressing FCNCs in Technicolor

d S
Mass generation in ETC = Large FCNCs C _
S d
Qi \
Bosonic TC: (Samuel 1990; Dine, Kagan, Samuel 1990) H
_Jlu _
Avoids large FCNCs — Mgysy > Ar¢
uf ye
yre (Yu)j t j
Loff > —5— (\U\UC) <Q,ch> + h.c.

2
MSUS Y
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A Recipe for UV Completion
Suppressing FCNCs in Technicolor

d S
C

Mass generation in ETC = Large FCNCs

Qi
Bosonic TC: (Samuel 1990; Dine, Kagan, Samuel 1990)

Avoids large FCNC
eﬁ:B‘!IllkﬁUWC +—hC

SUSY

No SUSY flavor problem Minimal flavor violation
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A Recipe for UV Completion
Suppressing FCNCs in Technicolor

d S
C

Mass generation in ETC = Large FCNCs

Qi
Bosonic TC: (Samuel 1990; Dine, Kagan, Samuel 1990)

Avoids large FCNC
eﬁ:B‘!IIIISUWC +—hC

SUSY

No SUSY flavor problem Minimal flavor violation

SUSY and Technicolor solve each other’s flavor problem!
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A Recipe for UV Completion
What else do we need?

In general, we need: Mpi
1. Lerr maps on the SM (or MCTC)
2. No Large FCNCs —
} SU(2)cre
T New
Vsu
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A Recipe for UV Completion
What else do we need?

In general, we need: Mo
1. L maps on the SM (or MCTC)
2. No Large FCNCs — Bosonic TC — Msysy
3. We need to account for the top mass }SU(2)CTC
T New
Ysu
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A Recipe for UV Completion
That Dastardly Top!

YrcVH, Ve Yt QzH,t°
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A Recipe for UV Completion
That Dastardly Top!

YrcVH, Ve V1 QsHut?
d—1
. yre\ (Y Arc
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We have: Mygp ~ 47 Vew (yic) <£> ( Arc )OH

4r 4r Mﬂavor

d—1 1
- (%> <i/77t7) (l\;:;fo) - ﬁ

We need both y7¢ and y; strong at the flavor scale!

Coincidence problem? Not if both reach fixed points!

Need strong coupling!!!

Fixed points in SUSY? a-Maximization! (ntiigator, wecht 2003)
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A Recipe for UV Completion
What do we need?

1Mpl
In general, we need:
1. Lo maps on the SM (or MCTC) }SU(3)SCTC
2. No Large FCNCs — Bosonic TC — Msysy

3. We need to account for the top mass (flavor) }SU(Z)CTC

» Large Yukawas = conformal above Msysy —— Agy

Superconformal Technicolor! }SM

Only two scales, Mgysy and Agw
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Superconformal Technicolor
Into the UVII!

Consider a supersymmetric theory with the following field content:

SU(3)scrc x SU(2)L x SU(2)r > U(1)y
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Superconformal Technicolor

Into the UV!!!

Consider a supersymmetric theory with the following field content

SU(3)scrc x SU(2)L x SU(2)r > U(1)y

Vo~ (93’2’1) — technifermions (ultimately cause EWSB)
ve ~ (3,1,2)

Yo ~ (8,1,1) sterile technifermions (break SU(3)scre,
T~ (37 1,1) - get Ny = 6 for conformal running)
P~ (1,21) —, cancel anomalies

Pe ~ (1,1,2)

H ~ (1,2,2) — messengers of flavor

o OO
o OO
o O o

a=1,..4
At SUSY breaking scale ¥4 getsa  (X) = (X°) = (
VEV — SU(3)sctc — SU(2)cte
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Superconformal Technicolor
Superpotential

Superpotential terms:

WS VHYC + Uy P+WeY Pe+ 330+ 33y +3°5 5 CHTww 4y Cwlwe
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Communicates mass to SM fermions
Masses for 3rd SCTC color (and P fields)
Masses for fermions of CTC

After SUSY breaking, we find:

Superconformal running =
light SU(2)c1e gauginos!
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Superconformal Technicolor
Superpotential

Superpotential terms:

Wa@@+WCZPC+ZZC zzz+zCzCzC+zww+z@

Communicates mass to SM fermions
Masses for 3rd SCTC color (and P fields)
Masses for fermions of CTC

After SUSY breaking, we find:

Superconformal running =
light SU(2)c1e gauginos!

Lot ~ Ealp + bt + 1°9° + [°2 + (°)T (Q1°) + Mida

where ¥ 53, 210,2,3 —&é(a=1,...,6)
Which is almost the lagrangian for Minimal Conformal Technicolor!

High-energy SU(3)scrc — low-energy SU(2)c1¢ (almost) MCTC!
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Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

Evans (Rutgers) hof MCTC October 26, 2012 20/21



Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

In SM, N; = 3 and N; = 6 = good for strong conformal fixed point!

Evans (Rutgers) hof MCTC October 26, 2012 20/21



Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

In SM, N; = 3 and N; = 6 = good for strong conformal fixed point!
EXCEPT SU(S)C is weak at Mgysy!

Evans (Rutgers) hof MCTC October 26, 2012 20/21



Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

In SM, N; = 3 and N; = 6 = good for strong conformal fixed point!
EXCEPT SU(S)C is weak at Mgysy!
need gs[rong X SU(S)Weak — SU(3)C

Evans (Rutgers) hof MCTC October 26, 2012 20/21



Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

In SM, N; = 3 and N; = 6 = good for strong conformal fixed point!
EXCEPT SU(3)¢ is weak at Mgysy!
need Gstrong X SU(3)weak — SU(3)c
Gstrong = SU(3) = no room for fields to do breaking!

Evans (Rutgers) hof MCTC October 26, 2012 20/21



Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

In SM, N; = 3 and N; = 6 = good for strong conformal fixed point!
EXCEPT SU(3)¢ is weak at Mgysy!
need Gstrong X SU(3)weak — SU(3)c
Gstrong = SU(3) = no room for fields to do breaking!

Two options:
(see arXiv:1012.4808 — JAE, J. Galloway, M.A.Luty and R.A.Tacchi)

Gstrong = SU(N; > 3) or split the quark flavors

Evans (Rutgers) hof MCTC October 26, 2012 20/21



Flavor in the UV

SU(3)c

Flavor: How small does d have to be?

Need strong y;! = Strong color group above Mg sy!

In SM, N; = 3 and N; = 6 = good for strong conformal fixed point!
EXCEPT SU(3)¢ is weak at Mgysy!
need Gstrong X SU(3)weak — SU(3)c
Gstrong = SU(3) = no room for fields to do breaking!

Two options:
(see arXiv:1012.4808 — JAE, J. Galloway, M.A.Luty and R.A.Tacchi)

Gstrong = SU(N; > 3) or split the quark flavors
SU(6) extended color or SU(3) top Color
At 2 100 TeV ds<1.8
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Conclusion

» Conformal Technicolor is a realistic way to get a 125 GeV Higgs
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Conclusion

Conformal Technicolor is a realistic way to get a 125 GeV Higgs

v

v

MCTC shows a viable story of the S-parameter

v

UV-completions serve as “existence proofs”

v

Recent work from both theory and lattice test and bound CTC

v

More study on the lattice needed! — probe conformal window

» SU(2)mere with fundamentals

» SU(2)crc with one adjoint and fundamentals
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