Direct CP: Challenges, Progress & Outlook
Amarjit Soni; HET-BNL

Myron Bander Memorial Symposium

WeE gJ3)n



outline
* Prologue

* Challenges of Dir-CP

* Some Progress

* Insights from a candidate theory of flavor:
The importance of dir CP

e Epilogue



Nov 1977

PHYSICAL REVIEW LETTERS

Observation of Structure in the T Region

bem el £

Deserves a 2"4 NP for inventing the reaction: junk + junk -> gems +X
which has led to the discoveries of J, Upsilon, W, Z, top,...and remains
the most powerful exploratory tool in our arsenal!!
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CP Noninvariance in the Decays of Heavy Charged Quark Systems

Myron Bander, D. Silverman, and A. Soni
Department of Physics, University of California, Irvine, Califoynia 92717

(Received 9 May 1979)

Within the context of a six-quark model combined with quantum chromodynamics we study
the asymmetry in the decay of heavy charged mesons into a definite final state as compared
with the charge-conjugated mode. We find that, in decays of mesons involving the b guark,

measurable asymmetries may arise. This would ‘present the first evidence for CP nonin-
variance in charged systems.
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Leads to very accurate determination of sin 23 , Ca_rt.er & Sanda, PR’L'SO
providing a very important test of CKM-paradigm Bigi & Sanda, NPB’81
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Direct CP: Long? standing challenge for theorists
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Data driven “solutions”

* From Theory need non-perturbative framework..
 For K (g’ /¢) on going lattice efforts for ~30 years!

o [significant progress [by RBC-UKQCD]in related problem of
the Al =1/2 PUZZLE , see arXiv:1212.1474;PRL] Lattice
methods not available (yet) for D, B

e Resonance dominance ....width contains info of o
Eilam, Hewett, AS, PRL'91; Atwood+AS, Zphys'94
e B*=>DPK channels .....most precise determination of y

Atwood,Dunietz,AS, PRL'97 .........
NoBa70+10°  S(unch)

Thewy ppocign Boyind), Pelh T



http://ckmfitter.in2p3.1r
see also http://mwww.utfit.org
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A PRIEE (2 QS%MS/W OF B¢

Year

2015

2010

2005

2000

1995

1990

1985

0.737+£0.02
0.74+£0.025
0.724+0.045
0.749+0.026
0.724+£0.084
0.73+0.03
0.738+£0.055
0.782+0.07
0.72+0.039
0.83+0.18

0.699+0.025
0.87+0.061

0.73x0.015
0.789+0.027

0.863+0.058
0.86+0.07

Average LLV 2011 (Np=2+1) |
Average LS 2010 (N;.-—2+ll
SBW 2010 (Ng=2+1)
RBC-UKQCD 2010 (Ng=2+1)
ALV 2009 (Np=2+1)
ETMC 2009 (Ng=2)
JLQCD 2008 (Ng=2) )
CP-PACS 2008 (Ng=0) ]
RBC-UKQCD 2007 (Ng=2+1)
HPQCD 2006 (Ng=2+1)

RBC 2004 (Ng=2)
Becirevic 7003 (Np=0)
RBC 2001 (Ng=0, Q?)
CP-PACS 2001 (Ng=0.Q?7)

JLQCD 1997 (Ng=0)
Blum—Som 1997 (Ng=0)

Bernard — Somi 1990 (NF=0)
Kilcup et al. 1990 (Ng=2)

Bardeen at el. 1987 (1/Np)
Bemard et al. 1985 (Ng=0)

Gavela et al. 1985 (}\;pzal
Donoghue et al. 1983 (SU(3)
& PCAC), No error estimate

1980
0.0
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826' Results Lattice 2011

Mawhinney, plenary

LAT'11 .Lattice' 2011 claverag'e
M m 0.755 +/- 0.012 =
eV oL

S L. BMw = HUGE STRIDES
Qov |°S IS vmoy Laiho, van de Water | —E— IN LATTICE
L v PQJ AN . UKD CALCUII.BAK'I"ION OF
‘7“6\@)‘\\0 % L d\"W{S SWME =

&b\(\ \O'L\WN —k‘)k \

ane /R, ETMC (2 —8—

el %0
05 055 06 065_.07 075 08

TpRGI T
BK
* Average the four 2+1 flavor calculations presented

* Except for BMW, all are preliminary, although all groups have recently published By
results from earlier datasets, so preliminary work should be fairly reliable.

See also recent summary by FLAG working group of FLAVIANET (arXiv:1011.4408)
They quesngePyernorg! IBWOIN): fV I — 2+1 1

[
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Some of the issues/anomalies
e sin23(measured-tree)=0.665 pm 0.024 vs

Predicted from SM ~ 0.76 —0.82 (pm 0.05)
[depending on input used]

* sin2[3 (penguin) tends to be bit low ~0.58pm 0.07
e [extremely important test of flavor alighment]

e V, ,excl ~(29.7 pm 3.1) vs (40.1 pm 4.7) incl X10*
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Persisting anomalies/puzzles ,
AP Nl = KT - Al Ko S LA o

Sin2 3 from SM fits tends to be higher than the “gold-plated,”
measurement by B-factories

Sin2 3 from gold-plated (tree) modes tends to a bit higher
than from penguin modes

B=>tv ;B=>D(*) t v

Charm direct CP seen is somewhat bigger than naive quark-
level expectations.....

In all of these important issues, effects of QCD are providing a
huge challenge for theory

Lattice understanding of an ancient puzzle....
FOOD FOR THOUGHT
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CULPRIT: DIRECT CP!



Al=1/2 Rule K=>ntm

+ AlKs => " 7 J/A[K => 7 70 ] ~ 22! /JJVZ:V ]
s 2 S W

. %
~ Ut K =& U
K e MUCH, MUCH speculations, role of penguins,[SVZ
and the like]

* Folklore[see e.g. DGH book: section VIlI-4]:

“the factorization hypothesis works reasonably well
in repr ducing the experimental value of A2”

Al ) b <I< (TS|,
Ultimate goal (for ~30 yrs!) ERSIZUIEs Qﬂ()/[zg 5

() ’ [ ]
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Four stages ?L D

. "‘1982 — 1994 .with Claude Bernard

~ 1995 1998 W|th Tom Blum

ZDl/\/F/ ChPT, QA

* 1998---2008 RBC

PWF,ChPT QA =—a/\/F'& (C

2008 -> present RBC-UKQCD

DWF, LL, Ne=a+ (> @C?)
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Dissecting 3/2 Amp on the lattice

Simplest basic step is
Significantly different
from
phenomenological
expectations

2(At) [107]

2.

Tr (V)

| DRAMATIC
| CANCE Lmﬂwl

RBC-UKQCD

arXiv:1212.1474




Current status

Experiment 323 x 64 243 x 64 163 x 32
(IDSDR) (Iwasaki) (wasaki)

a1/GeV . 1.375(9) 1.73(3) 1.73(3)
myc /MeV 498 511 662 877
my /MeV 137 142.9 329 421
|F=|/MeV 207 200 0 0
Re(A3)/(1078 GeV)  1.479(4) 1.436(63)(258)  2.668(14) 4.911(31)
Im(A3)/(1071% GeV) - -0.620(46)(120) -0.6500(34) -0.5502(40) .
Re(Ap)/(1078 GeV)  33.20(2) ’ 32.1(45) 45(10) @ I\
Im(Ap)/(10712 GeV) - = -33(15) -41{25}Q——-5'5/
Re(Ap)/Re(Az) 22.45(6) ’ 12.0(17) 0.1(21) y
Re(c’/c)/10—3 1.65(26) 5 2.0(17) 2.7(26)

Stolen from Christoph Lehner

27 / 29
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Outstanding Th.puzzles of our times

e Hierarchy puzzle

SNF L = 2 e
R 4 ., e \o /\WN o
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* Flavor puzzle A§,Qmm -2 €8
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INSIGHTS FROM A MODERN
THEORY OF FLAVOR



The Randall-Sundrum (RS) idea

Accoding to siring Meorny,

Island Universes in Warped Space-Time

Fifth dimension

(Wikipedia)

our universe might consist of

ambecded in higheai
dimensions. In the model
developad by Lisa
Aandal and Raman
Suncirum. gravity is much
WEEHAr on GuUr Drane
than on ansihes brans,
saparated from us by s
fith climension. | Tima i
Fd umsEEr
dimanslon. )

GRAVTTY BRANE
fwhare gravily s
poncantraied)

a theee-dimensional “brane,”

¥

Space is warpoed by enargy throughoul
fiva-dimensional spacodime, As a resut,
gravity |e much weaker on our brans

The ends ol
. open strings,
WhoEe

Gravilions,

which fransmil gravity, are
closad stings, whizh are nol
confined o althar brane,

ascillations are
particles and
foroes piner
Ihar gravity,
ang siuck to
our anea

FRAME
{OUr UrFveErse)

Warped space-time
Because space-time s warped,
things are exponentialy bigger and
ligiiar closer to our brang

E’C&m\ S\vl\tm\ Ne\r»w{‘vl
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. (Fle &Y
RANDALLFOUNT 7 H DA\/WDWSL]

Po1enls aQo\Aj S M i

Co anesp ovd To 5-d Curved Space
mjg light fermion 6
HOLS&Q‘I- HH :é <H5>
G = /{a J\C ™
— >
~ )2

nr

Figure 1= Warped geometry with flavor from fermion localization. The Higgs field resides on the
TeV-brane. The size of the extra dimension is 77, ~ Mz,

Simultaneous resolution to hierarchy and flavor puzzles

23
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Localization parameters of the 3-families of quarks

(‘Q1 — —0579 (’Q2 — —0.517, CQs = -0473

o . Table from
Cyy = -, (42: Cup = ~0.558, : " M. Neubert

@Moriond09

Cdy = —0711. Gy = —“666‘
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I

Fermion “geography” (localization) naturally explains:

Grossman&Neubert; Gherghetta&Pomarol; Davoudiasl, Hewett & Rizzo

 Why they are light (or heavy)
 FCNC for light quarks are severely suppressed automatically

 RS-GIM MECHANISM (Agashe, Perez,AS’04) flavor changing transitions
though at the tree level (resulting from rotation from interaction to mass
basis)are suppressed roughly to the same level as the loop in SM=> CKM
hierarchy

e 0O(1) CP ubiquitous;.....nedm, in fact ALL DIR-CP
[€’/e,AACP(B=>Krt),A(Sin2f);S[B=>K" py]; AACP(D)..] are an
exceedingly important path to BSM-phase and new physics

 Most flavor violations are driven by the top

-> ENHANCED t-> cZ(h) ....A VERY IMPORTANT “GENERIC”
PREDICTION..Agashe, Per-gz AS’06

AN 1 TeN AN 1y (e

EXTENSIVE RECENT STUDIES by BURAS et al and NEUBERT et al
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4174,( he | lenee, RS ﬂéswﬂeﬂlqﬂ/ﬁ 3T/

' week endin
VOLUME 93, NUMBER 20 PHYSICAL REVIEW LETTERS 12 NDVEMBERgzmq

TABLE . Contrasting signals from RSI with the SM.

&'mﬂn' SB.i_".'!"qb SBJ_"@E’K? Br[h = S[+'!r_] SBJ_T_"KH-QE"T SHJJ_'P-K-T
RSI AmM1 +0(1)] 0(1) sin28 + 0(0.2) Br‘*M[ (:r 1] 0(1) 0(1)
SM Ami‘}t"l A sin2 3 o (sin2, A2) %(/\f sin23)

~ Poall, BAMJLM 0\9 PRL’OO«2
Bt LRCuens Cas confiudb ol ATK b

> (mKr 7 (o leV
/'”wl/e Sijmafa all (;e(pmne a Qvtmceu.
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Messages from a candidate theory of flavor

e Direct CP is an extremely powerful probe of

flavor alignment and holds the key to
unlocking new physics

* In a candidate theory, the gigantic tension
between hierarchy and flavor puzzles gets
dramatically amielorated.
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[ [

W,ZH —= bb
Vs =7TeV: [Lat=4.7 1"
\s=8TeV: Lat=13f"
H— 1t

Vs=7TeV: [Lat = 460"
Vs =8TeV: [Lt= 1310

H— WW = viv

|
ATLAS Preliminary

s =T TeV:
Va=8TeV: |
H— vy
ve =7 TeV:
Vs =8 TeV: |

Let=481"
Lat = 20.7 i

Lot - 481"
Lot = 20.7 it

H-zz" 5 4

\s=7TeV: |Ldt=461"
\s=8TeV: |Lat = 20.7 f”

[ l

E I
: my=125.5 GeV

Combined
Vs=7TeV: [Ldt=46-481"

\s=8TeV: [Ldt=13-207 fn"
| | |

E.L\PE)ES

-1

CHFa0D

0
Signal strength (u)

+1

Combined
p=D080E014

H— bb
n=115+082

H—1t
w=1.102 0.41

H— vy
w=077£0.27

H— WW
U= 0.68+0.20

H- 27
=082+ 026
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Vs=7TeV,L=51fb' {s=8TeV,L<194 '

CMS Preliminary m, = 125.7 GeV
P, = 0.65

0

0.5 1 1.5 2 2.5

Best fit ﬁfﬁsm

1=0.80+0.14
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Is Nature Unnatural?

Decades of confounding experimants have physicists considering a startling possibility: The universe

might not make sanse.
by: Matalie Wolchover
May 24, 2013

email print

15 the universe natural or do we live in an atypical bubble in a multiverse? Recent results at the Large

Hadron Collider have forcad many physicists to confront the latter possibility. (lllustration: Giovanni

Villadoro)
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Simons Science News by Year Ll

Highhighted Articles

Solid or Liquid? Physicists
Redefine States of Mattar

Glass and othar strange matearials have
long confounded textbook definitions
of what it means 1o be solid. Now,
two groups of physicists proposa a

new solution to the. ..

laain moré

Computer Scientists Take Road
Less Traveled

An infinitesimal advance in the
travaling salesman problam breathes
new life into the search for improved
approximate. ..

lsarn maore
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GEE, DON’T SEE NO NP SIGNALS
FLAVOR: TOLD YOU SO



Higgs is SM-like =>
e Light SM-like Higgs strengthens case for
mKK >~ 10 TeV in warped framework

See Azatov, Toharia, Zhu, arXiv 1006.5939
Goertz, Haisch, Neubert, 1204.0008

Davoudiasl, McElmurry, A. S. 1206.4062

e With mKK> 10 TeV resulting set up is
simpler and economical but at LHC only
(at best) radion (Higgs-like scalar)
possible
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Restate

e Light SM-like Higgs strengthens case for

mKK >~ 10 TeV in warped framework; a
conclusion that actually results from flavor
physics
* RS framework provides a compelling

simultaneous resolution of weak-planck

hierarchy and flavor puzzle via an elegant
geometric interpretation

* Provides a strong rationale for higher energy
hadron collider for direct experimental
verification

Bander Memorial Symposium; 6/8/13; Soni
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W KK
[~ T/

_ ™
é_—-Tfu\/

SIGNAL EVENTS/1ab '
=
o

1 1 ] | ] 1 ] 1 I 1 ] 1 ] | ] 1 ] 1
20000 30000 40000 50000 60000

Vs (GeV)

FI1G. 10 (color online). Signal rate for a possible gluon KK
resonance as a function of the collider energy employing the cuts
described in the text. Branching fractions and efficiencies have
been neglected. From top to bottom. the results are shown for
gluon KK masses in the range from 3 to 12 TeV in steps of 1 TeV.

Davoudiasl,Rizzo,AS,PRD’08 I EMEENRIEVEr N 3 — "E('F 33




Lesson learnt from Vv’s

~ Circa 1983, after long and arduous efforts, Am?
upper bound used to be around a few ev? but
efforts to Search oscillations continued basically because
there was no good theoretical reason for m, to be zero.

* Recall it took more than a decade beyond ‘83 and Am?
had to be lowered by almost 4 orders of magnitude (!)

before osc were discovered.

 Moral: Physical “principles” shouldn’t be
abandoned easily .....We’'ll just have to work
harder to get to it
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Adapted from Browder

A lesson from history ()

"A special search at Dubna was carried out by E. Okonov and his
group. They did not find a single K, = ©* ©~ event among

600 decays into charged particles [12] (Anikira et al., JETP 1962). At
that stage the search was terminated by the administration of the

Lab. The group was unlucky."
-Lev Okun, "The Vacuum as Seen from Moscow"

1964: BF=2 x 10°3 (poam, flp(

A failure of imagination ? Lack of patience ? ab//ﬂ,( K / é L,
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DPRAWING STRONG ca,chuswws
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Expected Progress
 Expect more data from LHCb =>.....S(LHCb)

 SuperKeKB/Bellll X 40 more Lumi....
[A HUGE DEVELOPMENT FOR OUR FIELD!]

* In addition lattice (more powerful computers
+ numerous theoretical & technical developments),
for the 1% time simulations with physical m_ .......

 So in ~ 5 years expect significantly tighter tests



Crucial message from an illustrative
modern theory of flavor

e O(1) CP ubiquitous;.....nedm, in fact ALL
DIRCP[¢’ /e, AACP(B=>Kn),A(Sin2B); S[B=>K"
ny], AACP(D)..] are an exceedingly
important path to BSM-phase and new
physics

e Precision tests should be given high priority
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Drop a pebble in the water:
just a splash, and it is gone;
But there's half-a-hundred ripples
circling on and on and on,

Spreading, spreading from the center,

flowing on out to the sea.
And there 1s no way of telling
where the end 1s going to be.

Drop a pebble in the water:
in a minute you forget,

But there's little waves a-flowing,
and there's ripples circling yet,
And those little waves a-flowing
to a great big wave have grown;
You've disturbed a mighty river
just by dropping in a stone.
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“F | The cramaic sihousties of fhe pagodas, Bagan, situdted on fhe Eastern bank of the inawaddy
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Chalets, . TNLE PRIAGES
RESRT,
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