Measuring vy

= v Is the phase of V. Can be determined using
B* decays. These diagrams result in the same
final state for D°—K*K-, K.

{b—§<

N AOCVCbVUS AT

»K

82 QL§| T

. DY

B4 '<
_ __f}K
U U

AOCVu chs ACT

= Phase differs by y, Amp by A-/A;
o different A’s for different final states

o Can also use doubly Cabbibo suppressed decays
Fermilab Academic Lectures, May, 2014 7



Results

| = Analysis Is very complicated & sums over
many final states (including D%")

= Results for y
BaBar (697
Belle  (e87)
LHCb (67+12)°

1-CL

08}
0.6

0.4

0.2

- Kgn+DCS

All Belle

oooooooooooooooooooooooooooooooooooooooooooooo

Fermilab Academic Lectures, May, 2014
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< UN
.\\_":'!\ f ;/
20Ny 7
iy -é
N Tl
.1"01’:']) AV

| s The B’—n*n~ & p*p~ decays can occur via
A

(a) - ﬁ} o (b)

b ll ”E-.."N..:fd ’ b a

L\u} + At — g ﬁ} P
(—1 T, P 1.1‘ ‘%} ﬂ?,+ p+

= If (@) Is dominant, then by measuring a,, we
measure sin(2(f+7y)) =sin(2(180 — a) = —sin(2a)
o Can tell by seeing the size of nn® & p¥p?.

o (a) not dominant for ntn~, but OK for p*p-.
However its not a CP eigenstate, but this can be

dealt with
m BaBar: a =(92.4 *%0_. .)°, Belle: (84.9 £12.9)°

3


http://arxiv.org/abs/0901.3522
http://arxiv.org/abs/arXiv:1212.4015

\‘-.\ u 'Vfl

/
v 0% D 4

g (8
= 40 sl N0
"?J Qﬁ“\\ D 0“5&3?
6;1;;:;; \-{cg a-
DEp AV

HFAG charm |
CP Violation In
charm

(=2}
o
T

Arg(q/p) [deg.]
=
T

IS not expected at
at a level >~10-3, e S
S0 is an excellent ol |
place to look for
New Physics -

I_|\II|III‘JIIilII‘\IIIIIJ[JII]IIIIII

02 04 06 08 1 1.2 1.4 1.6 1.8
lg/pl
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Are these measurements consistent?

. 15 B Im;u;dlmth;séL}IDJE ! T T I | 1T T 1 1T T 1 T T 1 ]
m CKM fitter - N . 6“2 -
group 1.0 ’ ; .
m Does a os [ -
“frequentist” : E
analysis = 00 1
= Also UT fit ol b
group does a : i :
“Bayesian 1.0 e —
. N % v i sol.w/ cos 2= 0 i
an aIyIS - FPch; i | | {eml.TtGL:.n_ssi 7
'1.5 [ I [ I L 1 1 1 [ I [ I [ I |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P

Fermilab Academic Lectures, May, 2014 5



O 20w = "
"o_f-;;.‘;e\_ A
TDED AV

Seeking New Physics

| s HFP

as a tool for NP discovery

o While measurements of fundamental constants
are fun, the main purpose of HFP is to find and/or
define the properties of physics beyond the SM

o HF
(0]0)
(0]0)

P probes large mass scales via virtual quantum
0s. An example, of the importance of such

0S IS the Lamb shift in atomic hydrogen

o A small difference in A £y ey
energy between 2S,,, & 2P, , 0. N =Q= =&

that should be of equal energy ? ?

at lowest order @ @ @@ g

Fermilab Academic Lectures, May, 2014 6



Flavor Physics as a NP discovery tool

=
A Sease N\
Dpp AV

= Another example of the importance of
such loops are changes in the W mass

a0 M, changes due to m,

dM ,, o m, W O ........ ’
dm, M,
b
o M,, changes due to m,,
M
dM W . de [ > oy » v
de MH

W

Fermilab Academic Lectures, May, 2014 7



Limits on New Physics

| = [t IS oft said that we have not seen New
Physics, yet what we observe Is the sum of
Standard Model + New Physics. How to set
limits on NP?

= One hypothesis: assume that tree level
diagrams are dominated by SM and loop
diagrams could contain NP

W e, u T b ~
b o v s by, W 5=
q S t,c,u t,c,uB S t, Xt o
_\C oru ‘ IN:; ,__: ‘_
q WA
Tree diagram example Loop diagram example
Fermilab Academic Lectures, May, 2014 8




What are limits on NP from quark
v decays?

= Tree diagrams are unlikely to be affected by physics
beyond the Standard Model

0-7 1 1 1 I 1 1 1 | 1 1 1 I 1 1 ) I 1 1 1 I 1 1 1 I

5 Note y is a CP violating

angle but is measured
via Tree diagrams here —

' excluded area has CL>0.95

Fermilab Academic Lectures, May, 2014



0o

/1' 2 N
DED AV

CP Violation in B° & K° Only

= Absorptive (Imaginary) part of mixing diagram
should be sensitive to New Physics. Lets compare

T T I T T T ' T T T I I I 1 I 1 1 1 I 1 1 1 I 1 T
0 ' —
- ¢  asam, Ll
A Am €k fitter ]
= d FPCP 13 ]
_— ]
. T -
—§ sin2p —
— | © sol.'w/ cos 23 <0 —
- 8 (excliat'CL > 0.95) —

o —
3 7
s ]
-3 Wt -
- £ ' —
- K o =
- Y B .
- I | l l T |

Fermilab Academic Lectures, May, 2014
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They are ConS|stent

,ﬁmd & Am

£ | fitter
-f.’%md K

FPCP 13

IIII|IIJ_1|IIllllllllllllllllllllll

= But consistency Is only at the 5% level
= Limits on NP are not so strong

Fermilab Academic Lectures, May, 2014
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ooF UNy )
L - X
“a";f\’j"': “1;‘:%4:-4:{' |
0 =
=l alt 'f‘:f::
Vopp a0

- COmpare IBIL‘-lur.I‘uEdla:elahzllsLlL}lu_g:s! N I‘%%I AL L L
measurements 1o T ?’%a
' % Amy& Amj
look for

discrepancies 05

O B(O mixing and = 0.0
CI5. Parameterize
NP ash & o 05

m Mo = MY x (14 he*)

1.0 €k
tter Y i sol.wcos2f<0
FPCP 12 | (excl. at L= 0.95) —
45 L Lo v v b b by
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p
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= = N
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YDEp A9

Limits on New Physics

3.0

2.5

2.0

1.0

0.5

0.0
) 0.0

041

'
il
|

T T T T 1._\_I‘_ T T I-

pum -

LA

’___5“3
T99.7%cl 25
2.0
w

1.0

vy,
o

0.5

| 111 1 | 111 1 | 1 11 1 | L1 11 | L1 11 | (|
4]
n

0.0

0.2

&

g 2

0.3 0.4 0.0 0.1

=
n

[ B . (e
S &8 & & 8 &8 B &

0.2

-

K\
er
2013

.--"99.7% cl

=

e
()

0.4

e
tn

J. Charles et al
arxXiv:1309.2293

New Physics amplitudes could be ~20% of Standard Model

Fermilab Academic Lectures, May, 2014
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http://arxiv.org/abs/1309.2293

m Inclusive b—sy, (Ey> 1.6 GeV) L
= Measured (3.55+0.26)x104 (HFAG) A ;fJ . 5

il

R N

b W s b 5

s Theory (3.15+0.23)x104 (NNLL) Misiak arXiv:1010.4896
= Ratio = 1.13+0.11, Limits most NP models
= Example 2HDM <

= m(HY) <316 GeV

2HDM tanp=2

MH+ [GeV]

250 500

750 1000 1250 1500 1750 2000

Fermilab Academic Lectures, May, 2014

)
l\'I
/
/i\
H,” “H
___________ =’// ‘\=

i

H

Misiak et. al hep-ph/0609232,
See also A. Buras et. al,
arXiv:1105.5146

Measurement

SM Theory

74


http://pdglive.lbl.gov/popupblockdata.brl?nodein=S049R15&inscript=Y&exp=Y&fsizein=1

eyl
< 0% <0 ] u
- “l Cu’L"’gﬁll ‘ ]
08 s 98
A VIS

O, =V0aglls

’/_,1‘,'-"9&@' N

DEp AV

= A given theoretical model must explain all the
data

Model must thread
through all
experimental
constraints (12 axe
handles). One
measurement can,
In principle, defeat
'~ the theorist, but we
! seek a consistent

| pattern.
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o
f“r SUOS '\“d;‘
“ il —
Bl I O DOW” An a SeS
R N
O,=0 =
”4,'—'%0-\)\‘%’

| = Here we pick models and work out their
consequences |n many modes Ex (C|rca 2010):

Straub axX|v 1012. 3893

15 L MSSM-LL 5

I-‘i .

h |

N , :

T 10 | :

n-@ 1
) i
g O
- xS
mx 0.5 L =
= =
QO

0.0 :

0 10 20 30 40 50
0° x BR(Bs = putp™)
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I
—>
B
= SM branching ratio is (3.520.2)x10 [Buras

arXiv:1012.1447], NP can make large contributions.
Standard Model MSSM

= Many NP models possible, not just Super-Sym

Fermilab Academic Lectures, May, 2014 77



) 'I‘Uf:' D

= Discrimination

A, [pKlee ]

Ay, — [pr]cc ]

s LHCDb uses B—h*hto tune
cuts for a multivariate analysis
s Other variables to discriminate

«=== comb
phys J
| B s aw
roe B 5 [K'mlee -
. R
B, — [K'T]cc 7
Bl S K'K o

against bkgrd : B impact by
parameter, B lifetime, B p,, B R e mw:;
Isolation, muon isolation, mlnlmunﬁmlf—-——-—
mpact parameter of muons, ... wf
= B, production is measured by o ++ +
using the LHCb measured ratio L

f/fy. New value of 0.259+0.015

Fermilab Academic Lectures, May, 2014 78



Production fractions: B—DXuv
use equality of I',, & known 1's

Events / (0.3)

;14;3-:: . —— gy =200 — + . .-.+. ;J
gunu be\{:"‘ Bﬁ D —)KTE T

o =

Ewoo + )Y < 1600 3
&I 800 '

Dfb: 9406+110

»>
o o

100

Vs =7 TeV Data (b)

Events/ (4 MeV)

-6 -4 2 0 2

In(-Imem) m(K*K ) (MeV)

Fermilab Academic Lectures, May, 2014 Also D°, A, 79



P & n dependence

fs EDI'I'(BD )u‘) Tp- T T o
fu +fd EDIT(B — DO ) + HEDH(B_'D+FL) 275‘3 |

= Ncorr(B.—Dup) is D ,u+DKp
= Also using hadronic B, & B° decays find

OB OB
=t (a) LHCb = (b LHCb
03} 03 ]

0.25 0.25

ﬂ 2 1 1 1 1 1 1 1 1 1 1 ] 1 1 1 ] 2 1 1 1 1 1 1 1 1 1 1 1 1
0 10000 20000 30000 40000 2 3 4 5

p(B) [MeV/c] n(B)
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Evidence for B,—utu-

LHCb: arXiv:1307.5024, PRL.111.101805 (2013)

16T
145'
122'
10?-

Candidates / (44 MeV/c?)

1

(= " A .]
B RN RERE AR RRRNE
*

2
m., [MeV/c?]

B(BS — )
B(B® = ptp™)

(29%]5) x 107°
(3.7%31) x 10717

= Avg: B(B, —>u+u‘):(2.910.7)X10'9
= Avg: B(B*—pru)=(3.67;

1--> 4.0c

CMS: arXiv:1307.5025, PRL. 111.101804 (2013)

CMS-L=5M"{s5=7TeV,L=201" {s=8TeV

=
™

Y

e

e

=
=

S/(S+B) Weighted Events / ( 0.04 GeV)
=

e

o

—4— data

—— full PDF

I By

] Bo___.!“+l"-

..... combinatorial bkg
==ux= semileptonic bkg
..... peaking bkg

0 o
4_9 5 51 52 53 54 55 56 57 58 59

m,, (GeV)

B(B? = utp)
B(B® — utp)

(3.01§9) x 107,

(3.575%) x 107

Fermilab Academic Lectures, May, 2014

--> 4.30

)XlO “10 (not significant)
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4 | | |
SUDS ﬂ\
- =
o e ga_‘_*s‘:f\ a S

ol
2.0 :
15 - MSSM-LL :
7;: -Only this range
i “allowed :
3 | :
T 10 ¢ :
'ﬁ | 1
a
o —
LU
. 3
0.5 -
(@))
) (@)
i L
o

0.0

109 x BR(B, — ptp™)
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=+  Flavor as a High Mass Probe

m Already excluded ranges from box diagrams

d Lo = Lgy t+ Ciz O, take ¢, ~1 Ways out

_ A 1. New particles have

| large masses >>1 TeV
105} 2. New particles have
104; degenerate masses

i 3. Mixing angles in new

10°F . sector are small, same
i as in SM (MFV)

0% . 4. The above already

ot Implies strong

(s — d) (b — d) (b — s) (¢ — u)

Ampg,ex  Amg, sin28 Amg, ALp D-D COnStralnS on NP

A, [TeV]

See: Isidori, Nir

Fermilab Academic Lectur( & Perez arXiv:1002.0900; 23
Neubert EPS 2011 talk




~ Some hints of
discrepancies with

SM

Fermilab Academic Lectures,
May, 2014



B K®)|H-

= Similar to K*y, but more decay paths

. I}' o
S
m:*”f / /
,_._f'| "
J

‘_'5,5--‘ B L > W + hew
b ﬁrc;ﬂ s 5 a3 particles
W In loops
q q q 9

= Several variables can be examined, e.q.
muon forward-backward asymmetry, A IS
well predicted in SM

Fermilab Academic Lectures, May, 2014



= Theory K®I[*-

s Decay described by 3

angles & dimuon invariant fx&\ \‘ﬂ\

mass (g?)

s For each bin in g2
1 d3(r'+ 1) 9
I'dcosO;dcos O dp 167

3 1
[—(1 — Fr) sin @ + Fr cos® Oy + —(1 — FL)sin2 B g cos 26,

— Fy, cos® Bk cos 20, + 2(1 — Fr). 11 sin? O sin? Ay cos 2¢ +

1
2

= F, is fraction of longitudinally polarized K*°
m A, forward-backward asymmetry =%(I—FL)A?6

= SM prediction of g? for A crossing 0 is

q, =4.36'33,GeV’| (Beneke)
Fermilab Academic Lectures, May, 2014 26
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Bo—K*O[*|~

q"l_l -
% Theory Bl Binned LHCb -
9 7 Other data
© 1 from CDF,
X 1 J/w ~| BaBar &
. -
o 1 Belle
8 0.5 1
— . —
Q -—+—- .
-c [

0- N N P

0 5 10 15 20

 [GeV?/cY
s Conforms to SM predictions by

Bobeth et al. & Matias et al

Fermilab Academic Lectures, May, 2014 o



Forward-Backward asymmetry

1

| |_|_|CbI . T.helory B Binned
.

qgs =4.9+£09 GeV?/c*

A

|

——

0 5 10 5 20
¢? [GeV?/c¥

No evidence of deviation from SM so far

Fermilab Academic Lectures, May, 2014 28



o (L (3
o ‘ ";""
RN A H
DEp AV
| v | v | - | -

= Resonances T [7 .1 . data
. . > 150 ] total
found inhigh 2 WGTT0) 4160y~ NONTesoNant
2 ' interference
4= region & 100 --= TESONANCES
= One would - ; background
. Qo ;
think they S sof. 4w
would be in 2 N A O
KRl also O o e e e
3
. ShOUl d 800 4000 4200 4400 4600

affect theory
predictions

Fermilab Academic Lectures, May, 2014
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1
r

1'7’,‘_
R K
. ()
o o
TR £ s
+ 5 A
CORONAT ()
s 4
o =7
“Ar. o ~

More «variables

s Back to K®II-, new observables in

formalism designed to less sensitive to
hadronic form-factors

Descotes-Genon et al arXiv:1303.5794

i : [3(1 Fv)sin? 0 + Fy cos? 05 + — (1 — Fp)sin? 0 28
— — — sin COSs o - s1n COSs
dcos@,dcosfx d¢ 32 |4 . A =T - " -

2 1 (2) . 2 ey
— Fy, cos” B cos 26, + é{l_FL)AT sin” @ g sin” 0y cos 2¢ +

\/FL(I — Fy,) P sin 20 sin 26, cos ¢ + \/FL(I — F,)Ps sin 28 sin 8, cos ¢ +

(1 - FL)AEE sin? Oy cos by + \/FL(I — FL)P{-: sin 20 g sin 8y sin ¢ +

V/FL(1 — FL)P{ sin 20 sin 26 sin ¢ + (S/A)g sin? 0 sin” 0 sin 2¢

Fermilab Academic Lectures, May, 2014 2



Possible deviation

Y 7
= Could be 2 ol LHCh )

Someth | ng , 0.6 SM Predictions _
but o.4+ 1 fb! —4— Data _
significance °'§‘ T
depends on ool + _
theoretical 0.4F _
model. & 0.6 3.70 locaF + ‘ _

-0.8— -

deviation Is S
. 5 S

only in one g2 [GeVZ/ct]

place

Fermilab Academic Lectures, May, 2014 37
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Rare Decays - Generic

4GFE
| Heff:_ \/— 16 9

m CO;, for SM, C 'O, are forNP. Operators
are for Pr. = (1+y5)/2

Z(CO +ClOY) + hee. .

Vin Vi

L — vV m _ a Va
O7 = ?(SUM/PRZ))FM ; Og = %(SO’M”T PRZ))G’U’ :

Og = (57, PLb)({4"1), O10 = (87, PLb) (" ~50)

Os = my(5Prb) (£L) Op = my(5Prb) (ly50)

s O'=0 with P, —P

s Each process depends on a unique
combination

Fermilab Academic Lectures, May, 2014 52



Other Processes

| m Other processes probe different operators
m Let 6CI=C,(NP)-C.(SM)
s Examples:

B(B = X,utp™) =107 x » b(;.;0C:0C; =+ by

| 4,j=0,7,77,9,9/,10,10/

]

B(B = XiW)u oo = |800) 8+ aqrn (607 + (6C)?] +
‘|‘H(D}7) (507 + a(o,7) (SOTI] . 10_4

Fermilab Academic Lectures, May, 2014 33



DEp AY

s Filled bands:
B—-K*utu—, K*y &
Bs—>H+M—

= Dashed: all g for
K*urp—

= Orange: only
1<g?%<6 GeV? for
K*urp—

m Some suggesta /
TeV Z

NP
C‘B‘

Gauld et al arXiv:1308.1959!

4_ Descotes-Genon Bl 683%CL
. et al [] 95.5%CL
- arxiv:1307.5683 [] 997%CL
2F i"7 Includes Low Recoil data
. [ Only [1.6]bins
0
— Ok
— 4k S g

-0.15 -0.10 -0.05

Buras, Girrbach arXiv:1309.2466
Fermilab Academic Lectures, May, 2014

000 005 0.10

cF
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http://arxiv.org/abs/1307.5683

B-—1v problem?

w- @ | Can be new particles
instead of W- but why
H # | not also in D(S)—>£+v?

m B -1V, tree process: »

= sin2pB, CPVine.q. BO—>J/\|1 Ks: Box magram

p-value
0.30 10— = ————— 1.0
s Measurement not in : BR{gﬁm_e;;Efw[,l ELJ e 1 Bos
. 0.25 — B -
good agreement with : 1R
o 020 - World average of ] 0.7
SM prediction based ¢ | 4 measurements 1 M4
f_ a/g 0.5 - — 0.5
on CKM it 1Y {0,072/ £0.011)x10 1 | o4
: : 010~ New Belle 1 Bos
New Belle measurement in using 1 [ Result CKM fit without -
method. Discrepancy may be 005 |- thesetwo @« 1 W
resolved, but 3 other determinations ] i A
need to be checked s Io.lsl B Io!7l B Io.lsl B Iofgl Y 00
sin 2f3
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(%)
R e\‘,or B
= Also, tree level — BaBar result b—w

= Similar to B~—1'v analysis (R D

= Fully reconstruct O+ 0 I m>1Gey

! | HJFJFW
one B, keep events with - | T
an additional D®) plus

L N
an e or . B {\\\\ el

= Signhal is wide, e (GeV?)
WMB—-Drv, BB—Dt v, WMB-—D™(t( /7 )w

baCkground1 eSpeCIa”y O0B— D*r v, BNB-— D% v, []Background
D**| v, needs careful estimation
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L\\' ’
S 2
2 88 i ¥ *
AN — ' : V

s -.-5‘; \{ge g

| = Results given in terms of ratio to B—>D®)lv

R(D) 0.297+0.017 0.440+0.058+0.042 +2.0c
R(D*) 0.252+0.003 0.332+0.024+0.018 +2.7c

~ 08

= Sum is 3.4c above SM <
m AlSo Inconsistent with
type Il 2HDM |

tan8/my+ (GeV—1)
37
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ﬁOther searches




=T N
DEp AV

ljoranav’s

= Several ways of looking for presence of

heavy v's (N) in heavy quark decays if they’ ™p
Majorana (their own anti-particles) and

couple to “ordinary” v’s
= Modes analogous to v—less nuclear 3 decay

Simplest Channels:
B-—-DtI'- & B-
—D*- |-

|- &l canbe e
W or T

Fermilab Academic Lectures, May, 2014 39



< < . - * + -
>| i ﬁ SUDS “ ' -y | ’
W0 Seientia ?;J -~

\ COROMNAT }
) Q"l'i ﬂ‘ LN
o 3.\‘“@”_._5 g

(/;1‘;'55 ams 0

DEp AV

e’e” mode not

competitive with B'—D"e’e Belle <2.6
nuclear B decay B —D'e~ Belle <1.8
m chers unique  g—pty Belle <1.0
since measure 5Dt LHCD <069

coupling of

- *x+ - -
Majorana vto u~ B =D LHCb ~ <3.6

Belle [arXiv:1107.064]

Fermilab Academic Lectures, May, 2014 20



OD_SJJQUV

m Can also look for
Majorana v (N),

where N—->W*u~
s A Atre, T. Han,
S. Pascoli, & B. Zhang [arXiv:0901.3589]
= Many other ways of searching:

o KnN

o plley

o Tyt

o L.

Fermilab Academic Lectures, May, 2014 #7



LHCDb
search as a
function of
Majorana

neutrino
mass and
lifetime

T 109 L —1ps =200 ps
E E LHCb .. 10 ps — 500 ps
— C
15} C 100 ps —— 1000 ps )
-) 3 I | llﬂ A 5
| -, ; ' o
0° B bpdtedi e
3 e WGV THET R LT
- - & F Fe '.'.
9 o~ . f . . ,-..-
10 E i LR Oy 5 T A
B B R S SR
1000 2000 3000 4000 500C
| Neutrino mass [MeV1
——r——r—— T

107

. i 10-5...|....|....|........
Fermilab Academic Lect 1000 2000 3000 4000 5000

Neutrino mass [MeV]



The Dark Sector

| = Could it be that there are 3 classes of
matter?
o SM particles with charges [SU(3)xSU(2)xU(1)]
o Dark matter particles with “dark” charges
0 Some matter having both (“mediators”)

s Searches for “dark photons”

o A mediator, COUp'GS to b—quarks (see arXiv:056151 hep/ph)
o BaBar &(Y(1S)—invisible)<3x104 @ 90% cl

o Other experiments

0= i'= +
'.j-’/{‘ | \\'@
' "Uf:']) A®
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& Search summary
| 10-2 0.01 0_2
= Parameterize by
mixing ¢ . _ o
Standard 1074 Needed {0 _210_4
o & explain g-2 |
10_5 _510—5
= Dark photon mass | 6
V4 _6 | B
mA 10 10
1o 0.01 0.1 { | """1"(}0-7
mA'/GeV

From B. Echenard arXiv:1205.3505
Fermilab Academic Lectures, May, 2014 #



Wetraquarks, both
heavy & light

Fermilab Academic Lectures,
May, 2014



= Belle 2008: BO—>J/\|!7T;2+- - PRL 100, 142001 (2008)

a0

Claimed resonant signal | Vet K0
decaying into J/yn~ at - |
4430 MeV = a charged & I paogaund
“charmonium” state, not & |
possible with only cc

s Tetraquark candidate

Ewvent=/0.01 GeV

38 4.05 43 4 55
MIT YY) (GeV)

Fermilab Academic Lectures, May, 2014




But not Ba&aL

' PRD 79, 112001 (2009)
e Y(29)7K moments %

s BaBar shows that
moments of K*r-
resonances can
reflect In mass

——

—

o
]

== J/yrK moments

Bkg. subtracted efficiency corrected

peak 0

m Data are -
compatible with
Belle 0'

m Difference Is In 38
Interpretation
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0.996 GeV/c? < M(K,n) < 1.332 GeV/c’

(“K* veto region”)

Belle does 4D amplitude fit

| = New fit confirms 35¢
observation, but '

| | 300
guestions remain :

251

201

Events / 0.17 GeV?/c*

150
100

5t

PRD 88, 074026 (2013)

With £(4430)

No

L ] bkgshh]
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SUDS

Cb full fit for 17

IV
Vopp AV
w1000 | o I T | | | 1
o i LHCbH "y 1 210 5—{ 9) ,ﬁ- LHCD E
& ﬁ‘;i . By, o] F ]
o ey I
= W T | S - RRRAT e E
E 5 []0_ “’Lﬂ:w-:v__- I _ :3 r 'uv\.vu.: ........ g SR .'\n:n'\-g ........ » 7
~@- data = [ e 1 Elof R
: - = % = 1 = s, 1 ]
—=— total fit --<-- total fit with no Z(4430) E ;ﬂr tL = 8
= b = '
—— Z(4430) excluded o ; e ...IIIl |8 1F E
K.{BQZ) ﬂmfg;o;g&?;%'“? .,JWG y:‘_-;-=-r;:n . :0 - -'1 ] o F'J . :q
- & i . - I:\ & 2
—— Z(4430) b my,- [GeV?] m- [GeV]
— K S.wave " : — i : — - , — —
—— K,(1430) = 600 ’ 4 & i 53 iy
2 [ '+: ] - + |
—— background - i Hﬁ*‘*‘ﬁ * 3{* ﬁﬂ;w¢+ il 5 e 1—+ —.-—h.q‘—q—_ Jﬁ —_— *E
K (1680) = —tg*; T e 4 4 Z1000[ b T = - T
% 3 oo Tt - [ —_— - —— 7
K (1410) 2 A00R, v ’ *'L E - ——— 1
g 1 IS - -
200/ 4 F0r _
- LHCb ] LHCD
bt et T T ettt T ] P e
0 o T T i I b - T T —
-1 -0.5 0 0.5 -100 0 100

= pvalue of 12% arXiv:1404.1903
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http://arxiv.org/abs/1404.1903

0%
& 0z =) u
- 0 :uslll’oo;u ™Y ~
el Y M)~
Ny S
1] EY( _je# (]
=0 =
\,} -s._:\ _ ,g‘;,?'ja..,- &
/_',1, Fod= N\
‘U!:'I) AV

« Replace the Breit-Wigner amplitude for Z(4430) by 6
independent amplitudes in m, .2 bins in its peak region

N
Eo.z -
- 1 ] Rapid phase transition at the peak
0 - N of the amplitude — resonancel
-0.2_— — o
- . First time ever the resonant
] ] character of the four-quark
0.4 - . candidate has been
] demonstrated this way!
-o,fsﬂ 6' ! '_0'4' ' '_D' P 6 — |0|‘r ' arXiv:1404.1903
Argand diagram Re A”
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Scalar octet problem

O.=Vacl=."
“«cv_{"-;:;.:':x g
TDED AV

| m 0" vs 1- meson masses (charge = 0)

I=0:m[fy(600)] ~ 500MeV  I=1:m[p(776)] ~ 776 MeV
I=1/2: m[x] =~ 800MeV [=0:m[w(783)] ~ 783 MeV
I=0:m[fy(980)] ~ 980MeV J=1/2:m[K*(892)] ~ 892MeV
I=1:mlap(980)] ~ 980MeV  [=0:m[¢(1020)] ~ 1020 MeV

m For 1, adding an s quark increases meson
mass

m Suggestions that O* mesons are tetraquarks
m For qq, o=fy(500) & ,(980) are mixed with
f;(980) mostly ss

m AS tetraquarks | fo) = % ([su][sa] + [sd][sd]) , |o) = [ud][ad]
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e SUDS \\E/J:'

LX) 0z =

’/%\L‘% fg*ff\é\ g g e S

;1»})!:; D A® S

= Here f,=f, (980), o=f, (500)
@ gg model ‘;;}Jhp ® qg model t} Thp

B

B
—\ }f , COS( { } O, sing

Stone & Zhang, Phys.Rev.Lett. 111 (2013) 6, 062001

- tetraquark model . tetraquark model .
(c) q E}J/’lp (d) g L}Jhp

C

B! E*—‘Q : *—Q
q{S—d'w\’\uu m‘dd}f ﬁB{ _(-w\%;nrdd CYO

S

m Large f, expected in qq, no o rate for tetraquark
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7 gves W)
09 Sl a\:gﬁ ¢ O
\ COROMNAT )’
¥ ea?;‘-\
L Ve gl
T S
DED AV

= Here f,=f, (980), o=f, (500)

@ qq %E}W ®) g model by
B E . = —P—&
e Ty

Stone & Zhang, Phys.Rev.Lett. 111 (2013) 6, 062001

tetraquark model . tetra k model -

c) c quark moael_ ¢
E}J/W @ E}J/w

{ »—‘& E”{E " L
S T

d
= Small f, expected in qq, half of o rate in tetraquark
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c\_\‘,:_‘\’, UN .

gas o

Egﬂ’» 0%
¢, sl
VYorn a

S S O
3 8 8

2 W = b O ]
o O
3 3

Combinations / (5 MeV)
-
S

10

S

0 | faea sssgumm
FE S et #*;—* T

|l||-||1r||- BRINEFRRIna ---|l||J||-I||-I---|||!|-l-lr||-ll-|||- iR v
- L}

Rk IR

arxXiv:1404.5673

#
‘-I C N ]

-F-l-'--lil---Fl-- -

3300

54b0 5500
m(JApmT) [MeV]
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http://arxiv.org/abs/1404.5673

— e
< <

Events/ (20 MeV)
=

10
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B, results

= | | | | | | I | | | | | | | | I | | | | | | | | I | | | |

= e Data

E —Fit LLHCb

= =-=-=Signal

R Background

. - - - £,(980) arxiv:1402.6248

- ---f’z(1525)

— f2(1270) -----

B fu(lﬂ'[]{}} . "

— M -
-t fU(IT%} - e

— e, | L.

- ,..-l"""":: -------------------------- ‘ "'l;-hn'.‘.'_“,r .....

= 5 TR RN

B ::}; _f- -'i ) :."'-“- '\‘

B :' ! 1 r'-" HI";T", ) i

_:I-P _-' ‘f-.‘ L .\‘ .

= I.‘:f '|J "L -.‘ r‘\‘:. ‘

= oy et e

il B o \ RN

p o : - ]

_ -}:' - © 7 "x K

= ot K \ . "y
] - F . v l.l-
NI | | 1 L] PRk | 1 P 1 | 1 "R T T B T N

| 1 1.5 2
m(T') [GeV]
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W0 SerrnTia b =<
\ COROMNAT )’
PR 0%,
O( =0qzl= i
£ )'..’.‘-,3‘ /=T N
DEp AV
| | | | ] ] | | I | | ] ] | | | | ]

® Data

Fit

..... Signal

---------- Background
_ — = p(770)

f! ----- f,(500)

-\: - f,(1270)

f --= (782)
p(1450)
—_— p(ﬂ1700)

C
T _
®
c

o)
-
-

e
S
-

. ] : arxXiv:1404.5673
\ i“**/ ‘:': ; “ \“‘: o’ ".
s+ '::’/ © -""T'm e

0.5 R 15 2
m(rt') [GeV]
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= Not tetraquarks
tc“-LIl SOTH p— T; p—
— I/ fo(500) ) (980

B
B(B

~ |77 N

BB — Jh fy(980), fo(980) — nr
(D 2 Tofl080), WO 3 77) ooy

B (B = Jji fo(500). fo(500) — w+7-)

tan® o, =7, = (1.17553507) x 1072 < 0.098 at 90% C.L
= In qq model mixing 2 |p,,| < 17° at 90% CL
m Tetraquark prediction of 0.5 ruled out at 8c
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Future AcCts

s LHCb Upgrade: run at 1033 cm2/s (x5), &
double trigger efficiency on purely hadronic
final states. Much improved sensitivities to
New Physics at higher mass
o Implemented by having a purely software trigger
o Requires entire detector to be read-out at 40 MHz

m e*e” Super Belle
m TIme scales are on the order of 5 years
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= g
= " L] J/ u
B _svos @l =
00 Stiana O~
\ COROMNAT ;‘(\3
2R, A7 =
22l o
N, 2 =N
‘U!:']) AV

m Heavy Flavor physics Is very sensitive to
potential New Physics effects at high mass
scales

m LHCDb has started to make world class
measurements of flavor physics.

m We hope to find physics beyond the Standard
Model or derive limits that strongly constrains
theories of New Physics.

s The LHCDb upgrade is necessary to improve
sensitivities.

= Many other interesting results have not been

mentioned
Fermilab Academic Lectures, May, 2014

59



Fermilab Academic Lectures, May, 2014




The

End
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Common Analysis

Im(C;)

s APS = W. Altmannshofer, P. Paradisi & D. M.

Straub arXiv:1111.1257v2

L5F 10_— 7 lopr =TT T T
1n
E 5t . 5
05} I p ]
0of C o Z ] of
5 B ; :
—05[ _ ' ]
: -5t | ] 5
~10f j ]
_1-5_5;[5 _1_0 Z05 00 0% 10 g;j _m; s 0 5 0 B 0 5
Re(C7) \ (B—X ) / Re(Cy) Re(C)p)
S(K*y) K*og+{" low g2 K*og+- high g?

= Many more such generic constraints
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Candidates/ ( 5 MeV/c?)

[ Combinatorial

; < <
12000 — = LHCb i S 2200
LHCb > ] > 2000
10000 - Bg_> Dt 3 = ..F % - B’ DK™ d = 1800
B!>D)n 3 ) B’ DK ] 2 1600
6000 COA AT 3 g CI8°—D £ 1200
B B’ D+ E = , 2P = 1000
4000 |:|BB—>Dp* I 'E [ B’ Dr* = 'g 800
[ Combinatorial E 3 [ Combinatorial & 600
2000 3 400
] SRy | 200
$00 5200 5400 5600 5800 5400 5600 5800 Y 5300
m(Dt) [MeV/c?] m(DK*) [MeV/c?]

D K*
= Take ratios, use theory

Y —

5400 5600 3800
m(D;x%) [MeV/c?]

= P, dependence now & .
evident, implications

o

4

for ATLAS, CMS = P

0.2

analyses 0.1

P TS T TR AN TR TR SRR T N T
0 10000 20000
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P TR I TR TR T
30000 40000

p.(B) MeV/c]
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o
w0 scienma

= B_ lifetime results

here use only fully E 21 Alo0(LI=0.5
reconstructed decays 7 02F
s K'K- istakenas CP < |
even (A,=-1) 0-15F
s Ovals show 39% cl, 0.1
while bands 68% cl - |
s 1.=1.509+0.010 ps,  ops| 1205 Iy
AT’y = 0.092+0.011 :
s, y.=Al /2T = O :
8.07-'_}/8.01 (SfromSAnna A 11'/6FS [p;f

Phan)
Fermilab Academic Lectures, May

only full reconstructed B, decays used




=
Ny Zo=_ N7
DEp AV

asl

= By definiion  r(#- f)-r(M-7)
= - T(M > f)+T(M 1)

at t=0 M—f is zero as is M—f
= Here fis by construction flavor specific, f #f
= Can measure eg. B.—D!uv, versus B.—D u*v,

= Or can consider that muons from two B decays
can be like-sign when one mixes and the other
decays, so look at p*u* vs
m a3 IS expected to be very small in the SM,
S|—(AF/AM) tan<|>12, where tan(|>12—Arg( [',/IM,,)

= In SM (B°) a% =-4.1x10%, (B,) a5 =+1.9x10°

Fermilab Academic Lectures, May, 2014  arXiv:1205.1444 [hep-ph]
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)
) ._-,"'; i o
g~ Y
-j ; O
-
O g,
“o{'f:?;;’é‘ A
N S as
DEp AV I

= Using dimuons (3.90)

0.02
AL =(-0.787 +£0.172 £ 0.093)% | py
. . ¢
= Indication from DO ol )
that |tS BS asl I
= Separate dimuons ﬁ
Into B, and B, 0021 1
samples using muon e Lo
. | an : L. TEZI0NS
Impact parameter g, | o v
= Find 47 =(-0.12+£0.52)% e

) . 004 002 0 o
a’, =(-1.81+1.06)% a’

Fermilab Academic Lectures, May, 2014 66



New DO Analysis

= Measure ag using D_.uv events, D.—¢n*

x10°

= Detecta p assoclated g«
with a D, decay '

B (B,) — u* D] v (weighted)
N(D)) = 203513 + 1337

N(D) = 47965 + 1173

D+

N(wD5)/6

20— — Signal Fit

----- Background Fit

—W v TN
B ~- _ 10- . N
> D nil_( Y —E 7 a2

M (qxrfi [GeV/cY
zero suppressed

v |4y

= Find a3=(-1.08+0.72+0.17)%
= Also measure ag, using D*u v, D*—Kntr*
s a,=(0.93+0.45+0.14)%

Fermilab Academic Lectures, May, 2014 67



.=(-1.810. 56)%
S|—(-O.2210.30)%
s 30 from SM
m arXiv:1208.5813 o5

-0.02

-0.04

‘f.-\‘f AL

Preliminary

—JDoa
DO &

- Combination

& Standard Model

HERE A':,uP ) 68%CL

mjﬁ. (IF‘ a')EB;GCL

llllll
T
IIIII
lllllllll
llllllllll
IIIIIIIIIII

It tH]

-0.04
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LHCb measurement

| s Use D .u v, D.—¢n*, magnet is periodicaly
reversed. For magnet down:

MeV

«j Preliminary

3
S

10 Preliminary

-

=

o

z .
oo

[©.s}

[b]

*5 «

= "
= 1
1

)

Candidatess / 2
=

<
=]

10°
...........

1800 1850 1900 1950 2000 1800 1850 1900 1950 2000
m(K*K 7t*) (MeV) m(K*K7 ) (MeV)

» Effect of B, production asymmetry is reduced
to a negligible level by rapid mixing oscillations

= Calibration samples (J/w, D**) used to measure

detector trigger, track & muon ID biases
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—dst
m LHCDb finds _

s __ 0

a’, =(-0.24 +0.54 +0.33)% M

i | ; *
a5 =(-0.05+0.56)% a5 | '

sl
m Results consistent -
with SM 0021 |
m EXxpect ¢, to grow vis)
as | HFAG |
: 20.04 |
S|nf2|ﬁs|+ar9(M12)]
for finite a 004 002 0 '0;102
Fermilab Academic Lectures, May, 2014 A
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o »:;a-«:ﬁ,\f'{:{
1 e n
Y et
:Q’ =
Ab Fraction
Vopp a0

= Significant p, dependence
Lfllllf;‘”IIHIIHIHIIHIIHI_ nﬁg”ll”lll”l“lllHIHIII”
ﬁﬁ;— = inn [2,3] = 0SE

futt,

04f 0.4f

0.3 03f

02 = 0.2fF

- \s=7 TeV ] E Vs=7 TeV :
o1E| LHCb Preliminary ~3 pb e %1 LHCb Preliminary ~3 pb-! E
T s v A R R S

[fas/(fu + fa)] = 0.401 + 0.019 + 0.106 — (0.012 = 0.0025 £ 0.0012) x p,(GeV)
= In general agreement with CDF measured at

<p>~10 GeVic fa,/(fu+ fa) = 0.281 + 0.01215051 0 0%
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