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The Cabibbo -Kobayashi~Maskawa" matrix

Gauge interactions do not violate flavor:
LGauge = Z Vo (i@ — gA ")y
Vv,a,b
Yukawa interactions (mass) violate flavor:
Lyukawa = Z Yo HY e = QuHYyur + QLHYpdr + Ly HYpER
Y,a,b
The Yukawas are complex 3x3 matrices: huge potential

E/U — ULY(}hagUR, Yp = DLYgiagDR, Yr = ELYgiagER for NP effects
(MFV?)

From Gauge to Mass eigenstates

e neutral currents:
Z_LLZ u% — Q_LLZ ULUzuL = fL_LLZ ur

* charged currents:
E%Wd% — ﬂLWULDzdL = ﬂLWVCKMdL

. . ¥ = Virtual Nobel Laureate
Enrico Lungh| % = Real Nobel Laureate




The Cabibbo -Kobayashi~Maskawa" matrix

B-decay, K—T1TIV, D= (TT,K)IV, VYN X, ...
B—T1TlV, B2 XUV
CP violation

B—DOlv, B—=Xclv
t— Wb (single top)

no direct meas. (B— XY, AMgs, ...)
no direct meas. (AMg4, CP violation, K mixing)

—A 1 —\%/2 AN?
AN (1 —p—in) —AN? 1

Wolfenstein ( 1 —A%/2 A AN (p — in) )

parametrization:

¥ = Virtual Nobel Laureate

Enrico Lunghl % = Real Nobel Laureate



Treatment of lattice inputs and errors

Lattice QCD presently delivers 2+ flavors (aka unquenched)
determinations for all the quantities that enter the fit to the UT

Results coming from different lattice collaborations are often
correlated

° MILC gauge configurations: fad, fas, &, Vub, Veb, fk
¢ use of the same theoretical tools: Bk,Veb

¢ experimental data: Vb

It becomes important to take these correlation into account
when combining saveral lattice results  [LaihoEL,Van de Water, 0910.2928]

We assume all errors to be normally distributed

Enrico Lunghi



|st < 2nd family (no K mixing)

 Vud nuclear B decays (0*—0%), m — fv (mp2)°

}va f7T7 f—l-(o)

* Viss K — (v (Kgg), K — mly (KEB)

* Important for phenomenology
Z'
¢ GF universality (Ist row unitarity): :
1/2 W V
Gexn = Gy [[Vaal® + [Vas? + [Vau 2] S
Vadl? + |Vas|? + [V =14 0.01Mn X /(X — 1)

X:m%//m%‘/

@ combination proportional to I'( Ko ) /(I (742 )’ (Ky3)) :

Vus(KEZ) v Vud(0+ — O+)
Vus(KES) Vud(ﬂ-EZ)

(depends only on fx /(fxf+(0)))

Ryos =

md) tan? 3

ms /) 1+ ¢egtanf
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|st < 2nd family (no K mixing)

Un itarity:
. l:_elfl'\(l_;oﬁc - vud (0+ - 0+)

l \,us’\]udk\‘\-a)

0'220.97 |
ud charged Higgs mass (GeV/cz)
¢ Error bands dominated by lattice uncertainties:

f+(0) = 0.964(5) RBC + UKQCD N; =2+ 1

fr {1.197(*19,) MILC (N; =2+ 1)

f=  |1.189(7)  HPQCD (N;=2+1)
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2nd < 3rd family: determining A

* Can be extracted by tree-level processes (b—clv)

* AMB;s is conventionally used only to normalize AMBg4 but it
should be noted that it provides an independent
determination of A (that might be subject to NP effects):

AMpg, o f} Bp A*\?

e Other processes are very sensitive to A but also display a

strong P-N and NP dependence and are therefore usually
discussed in the framework of a Unitarity Triangle fit:

ex| < Br ke AN On(p — 1)
BR(B — 7v) o« faA*X°(p* +n?)
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e Exclusive from B—DUlv. Using form factor from lattice
QCD (2+1 dynamical staggered fermions) one finds:
[FNAL/MILC]

_ 1 —3
|Vcb| — (386 - 12) x 10 [average:Laiho,EL,Van de Water]
[exp. error on B—=D™ rescaled to account for the large X?/dof = 39/21]

Inclusive from global fit of B— XV moments. [Biichmuller;Flicher]

n B T T T T T T T T T T T T | T T
(5]

¢ 1 @ Inclusion of b—sy has strong impact
_ HFAG
l | on quark masses but not on V¢
ICHEPOS8

| @ NNLO in 0 and O(1/my?) known

1 @ Calculation of O(xs/mp?) under way
| @ Issue of my is relevant for Vs

V.| = (41.31 +£0.76) x 10~°

20 discrepancy between
inclusive and exclusive
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Bs mixing

* There is only one unquenched determination of the Bs

matrix element from HPQCD but there are two
determinations of fgs (FNAL/MILC and HPQCD):

fB(MeV) (6fB)stat (de)syst
FNAL/MILC 08 [28] 195 7 9

HPQCD 09 [29] 190 7 11

Average 192.8 + 9.9 fB _ (1928 —— 99) MeV

IBs (MGV) (5st)stat (5fBS)syst

FNAL/MILC "08 [28] 243 6 9
HPQCD '09 [29] 231 5 14 fBS \/ BS — (275 I 13) MeV

Average 238.8 £9.5 \

HPQCD alone finds (266 + 18) MeV

AN

Bp, Bg.
HPQCD 09 [29] 1.26+0.11  1.33+0.06
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|st < 3rd family: p and n
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The Unitarity Triangle Fit

1 1 1 | I 1 | | I 1
excluded area has CL > 0.95
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ex: CP violation in K mixing

O time dependent Acp in

B— (TTTT,pp,pTT) modes (large
penguin pollution removed with
isospin analysis)
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B: time dependent Acp in
B—J/Wp K and related modes
(very clean)

y: B—=DOK® decays (model
independent studies - separation
of D-meson flavor and CP
eigenstates )

€k

‘ fitter : 'Y sol. w/'cos 2B < 0

Beauty 09 : (excl. at CL > 0.95)
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K mixing ( € K)

A(Kp — (7m)1—0)
A(KS — (7‘(’7‘(’)[:0)
: Im M ImA
1Pc 12 0
e esin g ( AMp ReAO>

"% k. C. By |V, | " N2 (\ o/ (1 — p) +n:t.S0 (24)

_|_77c:tSO (:1767 xt) _ nccfbc)

e Critical inputs:
o By from lattice QCD

° \Vcb\ from inclusive and exclusive b — cfv decays

° Kein the SM from (' /€ )exp and lattice QCD
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K mixing ( € )

x| = rCeBic| Vo N0 (Vi (1= ) + meeSo (1) + meeSo (s @) = Mectre

e Experimentally one has: ¢= = (43.51 +0.05)°

* ImAo/ReAo can be extracted from experimental data on €'/¢
and theoretical calculation of isospin breaking corrections:

W <IH1A2 ImA() > [PDG]

Re(eh /1) oxn ~
* Relek/er)e V20ek| \Reds  ReAy

o ImAy = (=7.94+4.2) x 1073 GeV [RBC/UK-QCD]

| st unquenched attempt!

* Combining everything:
ke = 0.92 = 0. [Laiho,EL,Van de Water]
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K mixing ( € )

* Buras, Guadagnoli & Isidori pointed out that also M5
receives non-local corrections with two insertions of the

AS=1 Lagrangian:

U, C

e Using CHPT they obtain a conservative estimate of these

- . effects. Combining the latter with our
determination of ImAo we obtain:

ke = 0.94 1+ 0.017 [Laiho,EL,Van de Water;
Buras, Guadagnoli, Isidori]

6% !
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K mixing ( € )

x| = rCeBic| Vo N0 (Vi (1= ) + meeSo (1) + meeSo (s @) = Mectre

e Note the quartic dependence on Vep: [Veb|*~A* A8

* Critical input from lattice QCD

(K°|Ovyyaa(p)|KY) = —fKMKBK(M)

By (0BK)stat (0K )syst
HPQCD/UKQCD 06 [17] 0.83 0.02 0.18
2+| DW fermions =———> RBC/UKQCD ’07 [18] 0.720 0.013 0.037
Aubin, Laiho & Van de Water 09 [19] 0.724 0.008 0.028

2+ DW valence fermions

and 2+| staggered sea Average 0.725 £+ 0.026
configurations

Br = 0.725 4+ 0.026
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K mixing ( € )

x| = rCeBic| Vo N0 (Vi (1= ) + meeSo (1) + meeSo (s @) = Mectre

* Error budget:
[Lalho EL van de Water

1.0 . .
~ All other uncertainties

have negligible impact
on the combined error

Central value of K¢ is
Important
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Bq mixing

e Ratio of the B and B4 mass differences:

AMp, mp, B/} |V,

2

AMp,  mp, Edf%d Via

* No dependence on V¢,

* Two unquenched determinations:

¢ FNAL/MILC: £ = 1.205 4 0.036 4
e HPQCD: & = 1.258 +0.025 4

* Average: & = 1.243 -

- 0.034
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* Exclusive from B—T1lv. Using form factor from lattice QCD
(2+1 dynamical staggered fermions) one finds:

V| = (3.42+£0.37) x 107° [HPQCD, FNAL/MILC]

* Inclusive from global fit of B—Xulv moments.

B +0.20 —3 [Gambino,Giordano,Ossola,
B 0-15exp_0,25th) 10 Uraltsev (GGOU)]

m 0-15expt8:%%th) 102 [Andersen,Gardi (DGE)]

N +0.25 —3 Bosch,Lange,Neubert,Paz
= 0.156xp ¢ 57th) 10 [ B o

— 0-24exp T 038th) 10_3 [Bauer,Ligeti,Luke (BLL)]

| .30 discrepancy between inclusive and exclusive
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Trouble with V4 inclusive

* It is really not an inclusive determination: cuts eliminate vast

parton model

including fermi motion (model)

kinematic limit of b—c

* Very strong dependence on my (higher mp = lower V)
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G%m?m 2
BR(B — 1v) = F87TFB+B+ (1 — mz/szJr) f]_% \Vub\z

¢ Only lattice input: /5 = (192.8 +9.9) MeV

* Babar and Belle published measurements using semileptonic and hadronic
tags (to reconstruct the recoiling B meson):

BR(B — 70)exp = (1.74 £ 0.37) x 107°

[Note that both HFAGO9 and PDGO9 do not include the most up-to-date
BaBar semileptonic tag analysis and present (1.43+£0.37) x 10°]

* |In NP models with a charged Higgs (2HDM, MSSM,..):

tan® 3 mQBJr
m2,, (1 + € tan )

J/

BR(B — )Y = BR(B — )M (1 -

\

-~

g
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Inputs to the fit: summary

By = 0.725 + 0.026 Veb|exes = (38.6 £1.2) x 1077

(40.34+1.0) x 107
ke = 0.94 4 0.017 Voplinat = (41.31 £0.76) x 1077 }

£ =1.243+0.034 Vi loxel = (34.2 £3.7) x 1074
fu.\/ By = (275 £ 13) MeV Vablinet = (40.1 £ 2.7 +(4.0) x 107

additional theory uncertainty

}(36.4 +3.0) x 10~*

Amp, = (0.507 & 0.005) ps~t Amp. = (17.77 £ 0.10 £ 0.07) ps~*
o = (89.5 £ 4.3)° v = (78 £ 12)°

m = 1.51 4+ 0.24 Mt pole = (172.4 £1.2) GeV

ns = 0.5765 + 0.0065 me(me) = (1.268 £ 0.009) GeV

ns = 0.47 £ 0.04 ex = (2.2294+0.012) x 1072

ng = 0.551 £ 0.007 A = 0.2255 + 0.0007

Syrs = 0.672 4 0.024 fi = (155.8 £ 1.7) MeV
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Current fit to the unitarity triangle

- x*/dof.=2.1
= __p—value = 3%

BR(B—)TV)"-VFH B} | :
05 To

:Sin 25]1% =0.774+0.035 = 240
BR(B — tv]ge = (0.85+0.11) x 107* = 240
Bilas = 0.895+£0.090 = 180
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Model Independent Interpretation

* The tension in the UT fit can be interpreted as evidence for new
physics contributions to €x and to the phases of By mixing and
of b — s amplitudes:

ex = e2C.
M12 - M182M 62Z¢d

* This implies:
Ay K, sin 2(0 + ¢a)
Sin 2 sin 2(a — ¢g)
BR(B — tv)NF BR(B — mv)°M ry

* | don’t entertain here NP in the |M/2| because it cannot explain the
tension in the UT fit
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Model Independent Interpretation

* NP in B mixing:
(Hd)ﬁt — —(4.4 = 1.8)0 (2.40',]? — 37%)

* NP in K mixing:

(Og)ﬁt — 1.24 &

e NPinB—T1V:

0.13 (1.80,p = 18%)

(TH)ﬁt — 2.00 -

Enrico Lunghi

- 0.48 (2.20,p = 35%)

<= Slightly favored

Difficult to reconcile with
<= a charged Higgs effect
(but... see new BaBar results)




Removing Vb

* Vu is the most controversial input to the fit

10}

- x%/d.of. =225
- p—value = 3%

:Sin 25]1% = 0.774+0.030 = 320
BR(B — 1v]ge = (0.85+0.11) x 107* = 240
Brlas = 0.902+0.091 = 190

Enrico Lunghi



Removing Vi : Model Independent Interpretation

* NP in B mixing:
(04)g; = —(10.0£3.4)° = (2.90,82%) <= Favored

* NP in K mixing:

(C.)p, = 1.254+0.13 = (1.80,18%)

e NP in B—TV:
Difficult to reconcile with

(7H) g = 2.09 £049 = (2.20,27%) <¢= acharged Higgs effect
(but... see new BaBar results)

% Non trivial agreement between &k, B> TV, Y and AMs/AMd
favors scenarios with NP in B4 mixing.
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Removing Vs and Ve ?

* The use of V., seems to be necessary in order to use K
mixing to constrain the UT:

AMBS — Xs f]}QBSBBSAQAZl

lek| = 2B ke N (A4)\4(,0 — 1)n9Sp () + A? (ngSo(azc, Ty) — 77130(330)))

BR(B — 7v) = xr f3A2\9(0? + n?)

* The interplay of these constraints allows to drop Ve while
still constraining new physics in K mixing:

x  Br (f5.BY*)* f(p.n)
x  Bg BR(B — 7v)* f5* g(p,n)

Enrico Lunghi



Removing Ve !

* The use of V., seems to be necessary in order to use K
mixing to constrain the UT:

Lo . . — —
0.} / :

y

/ 355 B_)TV A | p-N tOpOlogy of the

€ V g constraint makes it
v relevant despite large

errors on B—TV

05

fi. BY?
4.7%
18.9%
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Removing Ve !

* The use of V¢ seems to be necessary in order to use K
mixing to constrain the UT:

10f

Y*/dof.=23

_Ip—value

ex + B-o>1v + AM;

121+0.22 = (1.00,p = 8%)
—(11.4+£2.7)° = (2.70,p = 85%)
2.14 0.5 = (2.20,p = 50%)
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Super-B expectations...

5, = 0BR(B — 1) 6, =06(f5.\/Bs)

Or Os PsMm 04 £ 004 po, 04/004 - _
11.4+42)° 85% 270 Ofps V B, =2.5%

*20%  *4.6% 5%
*20%  2.5% 1.1%

| SBR(B-7v)=10%
11.24+3.7)° 85% 310 5% VB, =2.5% & SBR(B—1v)=10%

*20% 1% 008% 11.0 +=3.1)° 85% 3.50 5t current uncertainties

—( )
—( )
— )
10% *4.6% 0.03% —(12.2 £3.0)° 84% 4.0
3%  *4.6% 107°% —(12.5+£2.4)° 84% 5.20

—( )

—( )

—( )

—( )

10%  2.5% 0.005% 11.9+2.7)° 83% 44do
10% 1% 00003% 11.7 4+ 2.5)° 82% 4.70 ol AM,/AM, + a + ,B +y
3%  2.5% 107%% 12.3+2.2)° 82%  5.50 . . . . _

3% 1% || 4x107%% 12.0+£2.0)° 81% 590 | | D

0.0 02 04

® Even modest improvements on B—TV have tremendous impact on the UT fit:
L = 10(50)ab”! — ©r=10(3)%

® Interplay between Bs mixing and BTV can result ina > 50 effect

® The fit is completely clean
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* b—sll decays are very sensitive to NP and they are part of
the B-factories, Tevatron, LHC-b and Super-B programs

* Inclusive B—Xll decays are very clean but can only be

studied in a B-factory environment:
NNLO + QED

Bow = (1.59 £0.14) x 10~°
(Bi7") oy = (1.60 £0.51) x 107°
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* Exclusive transitions can be studied in hadronic experiments but
suffer from largish theory uncertainties:

° power corrections (appear in the QCDF/SCET approach)

¢ B—=K* form factors (presently from LCSR)

107 A 107

0.8 { 0.8

0.6+ 7T 0.6+
04 ___——_ -7 L 04

02| f 02+

00! ] 00!

[Ball,Zwicky]
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* The FF’s are the dominant source of uncertainty on the
calculation of asymmetries (forward-backward, isospin, CP):

21 7 77—

g2 = (4.0 +0.12) GeV?

AL — _0.094£0.02 (22%)

A — 0,066 = 0.015 (23%)

q* (GeV?)

e Error band controlled by the q?=0 value of the FF’s:

A0(0) A,(0) A3(0) V(0) gt "y .
0.333 +0.033 | 0.233 +0.038 | 0.190 + 0.039 | 0.311 + 0.037 attice results for t esze
T;(0) 7,0) - §(0) .0~ form factors at any g

0.268 = 0.045 | 0.162 £ 0.023 0.118 £ 0.008 | 0.266 = 0.032) value are invaluable!!
\ /
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The shopping list

4 fx/fr, f+(0)
& B— D0 form factors at the inclusive level of precision

@ B— 1T form factors (not clear inclusive prospects)

4 /. Bs:becomes essential if the b—c problem persists

@ fg:important for B—TV (critical if 3-10% precision is reached)

4 B— KO form factors: cornerstone of a big part of present
(Babar, Belle, CDF DO0) and future (LHCb) experimental flavor
studies

4 B—Y form factor at small g% important to determine the B
meson wave function (Ag) using QCDF in B—Ylv

Enrico Lunghi



Backup slides



Comments on systematic uncertainties

* We treat all systematic uncertainties as gaussian

* Most relevant systematic errors come from lattice QCD

(Bk,&) and are obtained by adding in quadrature several
different sources of uncertainty

e Gaussian treatment seems a fairly conservative choice
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Comments on systematic uncertainties

* We treat all systematic uncertainties as gaussian

* Most relevant systematic errors come from lattice QCD

(Bk,&) and are obtained by adding in quadrature several
different sources of uncertainty

e Gaussian treatment seems a fairly conservative choice

Bk = 0.720 £ 0.01345 + 0.037 4y Bk = 0.720 + 0.0135 + 0.0375y

- Gaussian
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Comments on systematic uncertainties

* We treat all systematic uncertainties as gaussian

* Most relevant systematic errors come from lattice QCD

(Bk,&) and are obtained by adding in quadrature several
different sources of uncertainty

e Gaussian treatment seems a fairly conservative choice

B = 0.720 + 0.0134 + 0.037 gy

- Flat
~ Gaussian
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Comments on systematic uncertainties

* We treat all systematic uncertainties as gaussian

* Most relevant systematic errors come from lattice QCD

(Bk,&) and are obtained by adding in quadrature several
different sources of uncertainty

e Gaussian treatment seems a fairly conservative choice

B = 0.720 + 0.0134 + 0.037 gy

- Flat

- Gaussian .
- 1.50 (gaussian)

— >
13% (gaussian)
0.7% (flat)
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Three types of CP violation

* Mixing (mass and CP eigenstates are different)

I'(BY

phys

(t) = 07 UX) # T(Byy(t) — £ 0X)

* Decay
DB — f1)#£T(B™ — f7)

* Interference in decays with and without mixing

[(Bpuys(t) — fop) # D(Bpuys(t) — fop)
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Time dependent CP asymmetry in B — J/¢Kg

* Penguin polluting effects are CKM (10-?) and loop
suppressed:

v

C

bV* thV{Z ==V,

C

b‘/>l< Vubvfjs

* |t is a clean measurement of the B4 mixing phase
(assuming no NP corrections to the Tree amplitude):
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Time dependent CP asymmetry in b — sss

* No tree-level contribution

* There is no loop suppression of the sub-dominant
CKM combination: uncertainty is (1-10)%

A= (P = POV,V + (P = PV, V.

* Analyses in the framework of QCD factorization
(SCET) and PQCD conclude that some modes

should be very clean: B — OK s
B — 1 KS
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Time dependent CP asymmetry in b — ¢gs

[HFAG 2009 afi“@?)
‘- 0.67ic§).02 _’SszS = sin 2(5 + Qd) + 0(0.1%)

) In QCDF:
059007 || ASy =S5y —sin2(8+ 6,)
. ) »
= 2 ‘%Z‘Kg cos2(3 sin~y Re (CL‘;)
0.025
AS, = 0.03£0.01 [Beneke,Neubert]

[EL, Soni]
AS,, = 0.01+0.025

Other approaches find similar results
[Chen,Chua,Soni; Buchalla,Hiller,Nir,Raz]

 We will consider the asymmetries in the J/¢, ¢, n' modes
e A case can be made for the K K K final state [Cheng,Chua,Soni]
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