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Muon g-2



Muon g-2

g-factor deviates from 2 due to radiative corrections

[aexp —a®™ = (26.1 £8.0) - 10—10J

> 30 deviation
cf. a,(EW) = 1.5 x 1077

HMNT (06) ._._.

JN (09) ._._.

Davier et al, T (10) |—q—|

Davier et al, e*e* (10) |—-—|
e T

HLMNT (10)
G—ILI\/INT (11)

-- experiment ------- ------- -------- -------------
BNL
@NL (new from shift in A)

17(5I I‘II8CI)I I%QCI)I II200 210
a, x 10'% + 11659000



SM Prediction

(SM = QED + EW + Had (LO + HO + HLbL)]

Exp: 116592089  (63)  [x10~ ']
~ W,zZ H had
;\’\N"‘/Li M 5@’% had
QED EW Had(VP) Had(LbL)

[afj‘p —aSM = (26.1 £8.0) - 10—1()}




SM Prediction

(SM = QED + EW + Had (LO + HO + HLbL)]

EXp: 116592089  (63)  [x10~1]
QED: 116 584 718.952(0.08) uptoas
EW: 153%2 (1 .8) full two loop
Had(LO) [HLMNT]: 6949.1 (43)") .,

[DHM/Z]: 6923  (42) ) consistent
Had(HO): —98.4 (0.7) ) "
Had(LbL) [PdRV]: 105 (26)°

[N,JIN]: 116 (39) [ ™

[afj‘p —aSM = (26.1 £8.0) - 10—1()}




Hadronic light-by-light scattering in the muon g — 2: Summary

Some results for the various contributions to a}; Y29 x 1011:

Contribution BPP HKS, HK KN MV BP, MdRR PdRV N, JN FGW

70, n,n 85+13 82.71+6.4 83+12 114410 — 114413 99 + 16 84413

axial vectors 2.5+1.0 1.71+1.7 — 2245 — 15+10 2245 —
scalars —6.8+2.0 — — — — == 4 — 712 —

7, K loops —19+413 —4.5+8.1 — — — —19+419 —19+13 —

s | - - - | omo | - - - -
other — — — — — — — 0120

quark loops 2143 9.71+11.1 — — — 2.3 2143 107448
Total 83132 89.6+15.4 80140 136425 110440 105 + 26 116 &+ 39 191481

BPP = Bijnens, Pallante, Prades 95, 96, '02; HKS = Hayakawa, Kinoshita, Sanda ’95, '96; HK = Hayakawa, Kinoshita 98, '02; KN = Knecht, Nyffeler
'02; MV = Melnikov, Vainshtein '04; BP = Bijnens, Prades '07; MdRR = Miller, de Rafael, Roberts '07; PdRV = Prades, de Rafael, Vainshtein '09; N =
Nyffeler 09, JN = Jegerlehner, Nyffeler '09; FGW = Fischer, Goecke, Williams ’10, 11 (used values from arXiv:1009.5297v2 [hep-ph], 4 Feb 2011)

® Pseudoscalar-exchange contribution dominates numerically (except in FGW). But other
contributions are not negligible. Note cancellation between 7, K-loops and quark loops !

e PdRV: Do not consider dressed light quark loops as separate contribution ! Assume it is
already taken into account by using short-distance constraint of MV ’04 on
pseudoscalar-pole contribution. Added all errors in quadrature ! Like HK(S). Too optimistic ?

® N, JN: New evaluation of pseudoscalars. Took over most values from BPP, except axial
vectors from MV. Added all errors linearly. Like BPP, MV, BP, MdRR. Too pessimistic ?

e FGW: new approach with Dyson-Schwinger equations. Is there some double-counting ?

| Between their dressed quark loop (largely enhanced !) and the pseudoscalar exchanges.

| Nyffeler, INT workshop on “The Hadronic LbL Contribution to the Muon Anomaly”  **
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Future Prospects

E821 : 116592 089(63) x 10~ (0.54ppm)
Ostat — 0-46ppm Osyst — 0-28ppm

)

Fermilab E989 : ¢ = 0.14ppm
J-PARC: o =0.1ppm

» Goal: 2015-2016

/

Hadronic VP: KLOE-2, VEPP-2000, Super-B factories

LbL: err reduced to 10% level in ~5years  [INT workshop]

» EO989 (3>< smaller error) —~ bo Blum, Funda_mental Ehysics
> E989__new HLBL theory RGNy 60_ at the Intensity Frontier
» E989+new HLBL +new HVP (50% reduction) —~ 8o




New Physics

challenge to explain the deviation:

2 2

T TN
0, (NP) ~ S8 o, (EW) ~ 2
4T myp 41 miy,

note: muon mass due to chirality flip

e current discrepancy is as large as ay(EW)
* light new particle or large coupling

 enhancement required for NP in TeV scale



Heavy Photon

* kinetic mixing with U(1)y  w*E777;

IIH’ll e

L = gFYF/ 107

* behave as photon fora, 10" E
[Pospelov] . 10_72 1

€ = VEPP3 E

- E774 HPS -

A/ 10° { _

. E141 =

lu R R /’L - ]

] ] ; ] ] 109§— =

= EI137 -

e also light scalar, Z’, ... 10— ] L
0 m,, (GeV%O 1

Figure from slide by Essig at "Fundamental Physics at the Intensity Frontier”



* muon g-2 requires
- small soft mass
- large tanf3

2
Qo TN,
5— tan 0

Aau ~

Am msoft

e tension: Higgs mass
of ~125GeV

tan f

50 |
40 |
3o:-
20 |

10 |

a,=0.5x109

200 400 600 800 1000
soft mass [GeV]



Leptonic flavor or CP
violation



LFV and EDM

New Physics searches in rare (SM suppressed) processes

— R

—— ——

St | Lo iE. GLE)

; Y hadronize

if colored

... currently no excesses in measurements

TTnclude N
\ % /




Charged-Lepton Flavour Violation

10° | | |
m A Only null observation to date

B(ut—e*y)<2.4x1012 (90%C.L.)

Marciano et al., Annu. Rev. Nucl. Part. Sci.58, 315 (2008)

BABAR / Belle .

90% -CL bound

108 - 9 )

f. L — ey ) H B Super-B (50 ab)
1070 ® — 3e An"‘ A VEGA I

. HE

M o A A .-« MEG
102 (@ ™— puy O A |

N\ T—3u _ SINDRUMHII
‘]0-14 | | |

1940 1960 1980 2000 2020
Year
Mu2e / COMET |

T spectaciiar perspective

Lepton-Photon 2011 — Mumbai, India Andreas Hoecker — Charged-Lepton Flavour Physics 4
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http://www.slac.stanford.edu/xorg/hfag/tau/HFAG-TAU-LFV.htm

CP violation: EDM

C

2
_ 9s 5 ~a A v,a df 7. - f 7,
Lo = 32729 GWG“ — E Z?%‘(F - 0)Y5i — E Z?qu%(G - 0) Y50

1=u,d,s,e, 1=u,d,s

1 . _ -
+ow [G,GG + > Ciy (i) (yiysty) + -+
i

particle exp [ecm]
electron 1.6 x 10727 (90%)
muon 1.9 x 10-1° (95%)
tau 4.6 x 1017 (95%)

proton 0.54 x 10-%3
neutron 2.9 x 10726 (90%)
mercury 3.1 x 10-%° (95%)

strong CP B < 10-10




Neutrino



Status

° (total) mass = 0(01_1 )ev parameter best fit £1o

Am3, [107%eV?] 7.597 0%

[cf. cosmology, Ov2[] A, [10-90V7 2 504009
31 . (2401—008)
0.09

e Daya-Bay result on Ue3
sin” 26013 = 0.092(0.016)(0.005)

sin® 6 0.3127001%

+0.06
sin“ 0,3

e future targets 0.52 & 0.06
0.007
- CP violation sin by Lo
: —0.006
- mass spectrum 5 (—0.61%553) m

(—0.415050) =

cf. MINOS anti-neutrino anomaly disappeared [Schwetz, Tortola,Valle,1108.1376]




Hadron Physics



Status

* almost all results provide constraints

- stringent bound from K — K
SM

S ,; /)/d S d
E %H % NP % 0 K 1

g n . T~ g ~—

e chirality flip is enhanced in a class of NP (SUSY)

- caution: when you read literature, some of them
discard this effect...



B Physics



Rare Decay

Rare decays (induced by CKM): B4d— Xs Y, Bas — Y U
e Br(B — X,v) [B=B"or B7]

+0.24 +0.09) x 104
T 0.23) X 10_4

— —0.29x107* < ABr(B — X,v) < 1.09 x 107* @20

[A(b — sv)]? = |APM(LO) + ASM(HO) + ANY(LO) + AN (HO)|?
= [ASY(LO) + AM(HO)|?
+2Re[APM(LOY* AN (LO)]  —
+2Re[APM(NLO)* ANF (LO)]
+2Re[APM(LO)* ANP (NLO)] + . ..

estimated
by models




Rare Decay

Rare decays (induced by CKM): B4d— Xs Y, Bas — Y U
e Br(B — X,v) [B=B"or B7]

o Br(Bq — ,U,u) [q = d, 3] LHCb@95%

(Br(By — pp)®® < 1.03x 107 [SM: (0.1 0.01) x 1079]
Br(Bs; — pp)®P <4.5x1077  [SM: (3.2£0.2) x 1077

sensitive to scalar exchange
; H/A < e.g. large tanf enhancement in SUSY
SUSY




Rare Decay

CMSSM - tan =50, AG=D

500 1000

Figure from slide by Mahmoudi at Moriond 2012

1500

B,—up

- ApplB— K pu)low q*

B,—upu
- BR(B— K pp)lowg?

2000 - B— X, uu, qu

m, , [GeV]

Black line: CMS exclusion limit with 1.1 fb~! data
Red line: CMS exclusion limit with 4.4 fb—! data

before LHCb 1fb™’



Black li
Red line

CMSSM - tan =50, AG=D

Rare Decay

CMSSM - tan =50, AG=D

500 1000 1500 2000
m, [GeV]

new LHCD result

Figure from slide by Mahmoudi at Moriond 2012

B,—up

- ApplB— K pu)low q*

B,—upu
- BR(B— K pp)lowg?

B— X, uu, r‘n::]2




B-B Oscillation

Rare decays (induced by CKM): B4 — Xsy, Bgs — UM
e Br(B — X,v) [B=B"or B7]
* Br(By — pp) lg=4d,s]

I

B meson oscillation: Bg — Bg
1h(t)) = a(t)|Bo) + b(t)|Bo) + . . . ..

il {a’(t)} _ {Mll — 3 My — %FU] {a(t)} M, I': Hermit
o [b(1)] T Mo — iTar Moo — iTwo [W0)]  noter CPT

mass eigenstates: |By.1.) = p|Bo) % q|Bo)
AM = My — My ~ 2|Mi2| A'=[I'yg —T'p| ~ 2|I'2]




CP Violations

Rare decays (induced by CKM): B4 — Xsy, Bgs — UM
e Br(B — X,v) [B=B"or B7]

* Br(By — pp) [g=4d,s] Bq 881 | &n
B meson oscillation: BY « B°

q q \ - /
e CP violations AB=2 = B," AB=1

- direct CPV (B — Kn) 7 e
. . , mixing decay

- indirect CPV (semileptonic)

- interference (B — J/yK) g

Boﬁf%BO\

[BO —  fop BOJ \BO - [ BOJ




* mass difference
Amg(exp) = 0.507 4+ 0.004ps~" [SM : 0.543 4 0.091ps ']
Amg(exp) = 17.63+0.11ps~"  [SM : 17.30 & 2.6ps ']

Status

e width difference of Bs

AT (exp) = 0.116 £ 0.019ps™ "  [SM : 0.087 & 0.021ps ']
* CP violating phase of Bs (¢, = —arg M?,/T'5,)

ds(exp) = —0.001 £ 0.105rad  [SM : —0.037 £ 0.002rad]

c.f. lifetime

TBg

-
Ba exp

= 1.001 -

-0.014  [SM : 0.996 — 1.000]



Bs Status

0.4 ¢ Standard Model DO 8 fh!
: — 68% CL CDF 10fb'9
TRl | g LHCb 0.3 fb
0.2 LHCb 1fb79

Moriond 2012
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Anomalies In B physics

Belle, BaBar®D#ER (LHCb &EHNHED)

«CKM fit: Br(Bu > Tv)orsin2¢+
B — K Ddirect CP violation

LHCoASMZRIZ — S0Old5EUEREA
‘B — K¥IlMFB asymmetry

TevatronD#iERZ=EEICLHCOO S ERY
- like-sign dimuon charge asymmetry
(for Bs-Bs oscillation)




Tension in CK

1.5 T 1T 1 | 1T T 1 | T 1T g | T T 1 T T 1 T T 1

: excluded area has CL >0.95 | V%Q :

i b e -

1.0 — _

0.5 — ) |

1= 0.0 — 3

-0.5 — V

'1 .0 I i SK —

- % (I) sol.'w/\cos 2q>1<o -

— Summer 11 3 E (excl.atCL>0.95)

_1 .5 B L1 1 1 | I I | [ 1 [ 1| | I O | | I S S | I I ]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

a Vel

(0,0)



Br(B —>1 v)

-SMT(Ztree levelDARIE: 20 L EDTHL (sin2 p 1 =EE)
N 0.30 x10° i valu%-o
T B i l
= - 0.9
W 0.25 [ 4 = 0
B EERE(] o) -
U Y = 0.20 :— —: 0.7
B - = 0.6
G2 moeT £ 0.15 f— T —f 0.5
B(B—>7‘V)— B Bmi o B i 0.4
87 D o[ —
mT 2 B i
X |:1 2 } f%d’VUb’ 0.05 [ 7 W2
mp - Ko CKM fit w/o BEERIE | Mo
o.oo_'"""""""""""'_ 0.0
0.5 0.6 0.7 0.8 0.9 1.0

BEAIE: B— T v, b—cCs sin 20



Br(B —>1 v)

-SMT(Ztree levelDARIE: 20 L EDTHL (sin2 p 1 =EE)

2
B(B —Tv) = GFZ;TBTB mz ) B {1 — mQB tan? ﬁr
X {1— mT} B, V|’
2 d U o N
"B charged Higgsh'da 5 7



tan3

'3

Heavy Higgs @ LHC

not include Moriond 2012

MSSM: mA vs tan[3 CMS Preliminary 2011 1.6 fb™

SOT

y

/ ATLAS Preliminary
‘/ b v

All channelg

—Pp— Obseryid ClLs
------ Expegied ClLs

[ + 1g
1+

&
= \fP -
ATLAS 36 p ' offerved ,-°
----- ATLAS 36/6b Expected,-”

— 95% CL excluded regions

[ cMs observed
------ +10 theory
----------- CMS expected

B D0 7.3fb!

W LEP

mx —
MSSM m, ™ scenario, MSUSY =1TeV

mnax, 11~0

is =7 TeV, I Ldt = 1.06 fb"

m, [GeV]

0/00 150 200 250 300 350 400 450 0100 150 200 250 300 350 400 450 500

m, [GeV]

0.3 & =0.2 MA=MH=+
BriB—>t v): {= 0.3




Contribution to B—D Tt v

B — v

B — Drv

B — X,

IDM-II [UTHit]

e T Ty e
. . " " T ey
R -

-~
-~
-
-
-~
-

o
e T e e e e i e e
i e e e e e e e e
R R R
R R R R
T T T

Ll 2 e

[ .ﬁ.D...ﬁ..ﬂ..M.ﬂ...&..ﬁ...ﬁ..ﬂ...ﬁ..ﬂ...i.*&*&.ﬁv&.&*ﬁ»&*&*ﬁ*&ﬂv&*ﬁwﬁﬁﬁJ. % r *%*******&***&*&***&*&* .ﬂ..._:..f ........
R B e L S L !
Jw\.\\ ..h_.&5,..ﬁa.m?&%ﬁ&%ﬁ#&%ﬁ*&#&%ﬁ&.&%Mﬁmw P

o

by
S sy Fb i
R . o
o .\ S B R
L P! & et N - -
o ! o e o .
L. " ; i e e g
FA Pobess S St e
i R %&?ﬁﬁ#&#ﬁ#ﬁﬂ . %ﬂﬁ%ﬂ#ﬁﬁﬁw %
o

vﬂ&ﬁ&%ﬁ%ﬂﬂﬂﬂﬁwwwﬁﬂhﬂ%&%ﬁ gt
1 . T ot gt Tt w8
e ,§ S "m%%ﬁw.&ﬁ%&&%%&&%
L
iy @ﬁr&%&#ﬁ%&ﬁﬂﬁﬁ.&ﬂwﬁ?&ﬁ%

= =
— = —
S = = = g

duey

TS S .%m.: B A Ao

i u%. o R N o L o L o o :
St N :
**.ﬁ.*&..*..&.*ﬁ*&.ﬁﬁ.ﬁ.&.&.****&.&.&.***&.&.ﬁ*&*ﬁ*%%% -’..f..*. *ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ*ﬁ .......... ; i - .

,,\h

g
P Pl F

—
~]

200 300 400 500 600 700 800 900 1000
mp+ [GeV]

100



B—>7Tv orsin2oi

Fit without ‘VUbl and Ol Sin(28) = 0.858 + 0063 2.6 o) |
grayed data y |

— hext slide

Sik

7 A
0.4} ) \\ _
N P . B IXI 02} €K Voo | \ \ |
in Bq mixing | s W
00 p—value = 20.% (NP in B mixing) d BR(B-7v)+AMg, _}J

10F™ ' ' . d
BR(B-71v) = (0.781 + 0.069) 107" (2.8 0) lattlevms'org
nd o

0.8}

0.6}
n
0.4}
H /
/
0 p—value = 55.9 (NPlﬁn B-1v) |

10 —05 0.0 0.5 1.0



Tension in Vo

e determination
- Inclusive: B — X, v
Vb linet = (4.27 £0.38) x 1077

- exclusive: B — wlv
‘Vub‘excl — (3.12 T 0.26) x 107°

—> 2-30 tension
could be hint of NP in RH current

“Inclusive and exclusive Vb are the most
complicated calculations that enter the fits...”
Lunghi, KEK Flavor Factory WS

Table 1: |V,;| (in units of 107°) from inclu-
sive B — X, /U, measurements. The first uncer-
tainty on |V,| is experimental, while the second
includes both theoretical and HQE parameter

uncertainties. The values are listed in order of
increasing f, (0.19 to 0.90).

Ref. BLNP GGOU DGE
[108] 383 4 45 + 33 368 + 43 + 32 358 + 42 + 27
[111] 428 + 29 + 37 not avail. 404 + 27 + 29
[110] 418 4 24 + 30 405 =+ 23 + 27 406 =+ 27 + 27
[109] 464 -+ 43 + 30 453 + 42 + 26 456 + 42 + 26
[119] 423 + 45 + 30 414 + 44 + 34 420 + 44 + 21
[113] 432 + 28 + 30 422 + 28 + 34 426 + 28 + 21
[113] 365 + 24 + 26 343 + 22 + 28 370 + 24 + 28
[113] 402 + 19 + 28 398 + 19 + 27 423 +20 + 19
[115] 436 + 26 + 22 441 + 26 + 13 446 + 26 + 16

420 + 16 + 23 427 +16 + 18 433 + 15+ 17
[PDG]



Tension in Vb

o determlnathn Table 1: |V, (in units of 107°) from inclu-

sive B — X, /U, measurements. The first uncer-
tainty on |V,;| is experimental, while the second

— inCIUSive: B — X ,gy includes both theoretical and HQE parameter
U uncertainties. The values are listed in order of
_ L —3
‘Vub |iIlCl — (4'27 — 038) x 10 Ref. BLNP GGOU DGE

increasing f, (0.19 to 0.90).
' - Y - | latti - :
- exclusive: B — 7/

Viblexes = (3.12+£0.26 |

—> 2-30 tension |

could be hintof NPin Rb | o Ly ?\

Vi |

“Inclusive and exclusive Vu are p-value = 02% ||

. . 0. . | ¥cbllinc
complicated calculations that en 1o 03 0.0 05
Lunghi, KEK Flavor 1« P f f

£XC

BR(B->7v)+

ub
Vcl::

1.0



Ace of B > K7

T Tt SM prediction =0
o Belle [= 20 including
sabar hadronic err.]

Acp(m™K*) €ennnnnnn- Looo> Acp(n°K™)
AAg, = 0.127 + 0.022 (5.80) “Km puzzle”
LHCb —=— prelim. by P. Chang @EPS 2011
CDF =
—m—DBelle
BaBar

For LHCD result, see T. Gershon’s talk! |
-~ 10 5 0o 5 10
Acp (%)

Figure from slide by Kwon at LP2011



Ace of B > K7

[Standard Model]

u,d
C b
u,d:
U

Penguin(P) Tree(T) EW Penguin(Pew)
N 1 ~0.1 ~0.1
(7))
% ; exp(ips) -

main < subdominant >




"CPp Slize

Ace of B > K7

Penguin(P)

1

exp(ips)
iIsospin breaking

u,d

EW Penguin(Pew)

~0.1




Ace of B > K7

~fStandard-vtodet]

"CP Slze

Penguin(P)

1

N
u,d
Y,z 8
b -
Wil/\/\r)
K
u u
Tree(T) EW Penguin(Pew)
~0.1 ~0.1
exp(ips) -

CP violation (common)



[Standard Model]

ACP of B > K

CP Size

Penguin(P)

1

\_

Tree(T)

exp(is3)

TM

WW

EW Penguin(Pew)

smalll!

difference of CP violation




Ace of B > K7

Topological decomposition
AKTr™ )= —P — T'e'?s
V2AKT1%) = —(P'+ P/ ) — (T' + C")e*¥?
Naive estimation
P >T ,P_>C [1:0101):0(102)]
AACP ‘ /P/‘ |T//P/|Sin(5T -+ 5evv) Sin ¢3
—2|C"/P|sindcsings (< 0.1)
Implications

larger C’ with strong phase or larger P'ew With large CP phase



Ace of B > K7

Color-suppressed Tree (C')

C’ is sensitive to subleading corrections (c.f. pQCD)
Br(B—11%) imply larger C, though Br(B—p°pP) is consistent

Sumrule:RHS =0  of AL, =Acp(B— KTr7)

A% + AXD — A5\ 2| Pl P |T JP'| Sin(61 + Gow ) sin 3
0 C C', Pew ~0.1 (exp)  ~O(102) [SM]

If C’ (Pew) is larger, sum rule is satisfied (violated)

SCP(B—>KO'ITO):E)T =13 [see Fleischer,Jager,Pirjol,Zupan]




like-sign dimuon charge

asymmetry
pp — U uXX event X 4
sttt wo - DIEXIFRNE /——> M
AL — Ny "N, P 20 P
sl NI;|_++Nb__ /
_ VAN
» SMTC(FBg-Bq mixinglZ ‘X

K DeventhEU D _
- Asymmetry(ECP DI Ba— u*X, Bg=Ba u*X

501\ XY T BO(4) ) —
A~ 0.5a%, + 0.5a%, a8, = LB 2n X)-T{Be (1) >n X)

sl — sl F(Bg(t)—>u+X)—|—I‘(Bg(t)—>u—X)



like-sign dimuon charge
asymmetry

‘pPp — U XX event

st utE wo - OIEXTME

Al — b
oL NN,

+ SMT(EBg-Bq mixing|Z
K Deventh* U S
- Asymmetry(SCPDIgEN

A% ~0.5a% + 0.5a%,

sl —

o 0.02

-0.02 |

-0.04 |

« Standard Model
B Factory W.A.

DG B.—uD X

B Do A

' DG,9.0 b

DO Ad 95% C.L.

L SM

3.90

20.04

002

0

70.02
d
dg)



like-sign dimuon charge
asymmetry

*Ba& BsTmuon®impact  «#%92[

parametern MR D

-impact parameter&|(C |
dimuon eventZzfit 0.02
+BsDAICSMHBSDITND

tBEH\» S 0.04]

(IRENEHADE L\ Z=FI ) 0

- /)
-
)

- 68% and 95% C.L.regions

are obtained from

the measurements with
- IP selections

DG, 9.0 fb™

004

002

;

70.02

d
aq



Status of Bs mixing

S

Bs mixing®D CPDEILIEBs—J/ Y ¢ [CF

S
asl

68% 95 %
~--4 €L CL

0.4%— DO, 6.1 fb-l //' )

— - -
- - -

- -
—— = = -

oy

593

LHCD indicates SM --- tight bounds on mixing!
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Im Ay

Global fit of Bq and Bs

see 1008.1593 for details

Not include results of Moriond 2012

[T I I I I I I I |
|| excluded area has CL>0.68 |
21—
1
0 —--------m-n-
1
-2
2 -1 0

fit incl. Br(B—1v) -

SM point

/ aexp

Im A,

| | | | I I I I
| excluded area has CL >0.68 |

-2 1 0
Re A,
q
M 19
color:1o
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Charm CP Violation



CP violation

e charm CP is approximately conserved because of
the dominance of the first two generations

- direct and indirect CPV are expected to be tiny
- large CP violation is a sign of new physics
* D meson mixing and indirect CP violation
- oscillation is measured (100), but no CP violation
- long-distance contributions dominate mixing




o
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N’

>

0.5

D meson Oscillation

Lepton-Photon 2011
1.5 ="

CPV allowed
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Direct CP Violation

=

- time-integrated CP asymmetry®DEIZE
“Acp” = (CPV in decay) + (CPV in mixing)

» Mixinglc KBCPDIFENDKEIDFIRENTULDS
+ KEZXCPDIEN(direct CP violation®D (33

AAcp = Acp(KTK™) — Acp(nm)
= (—0.67£0.16)% ~40 from zero

\. J

LHCb, CDF




Direct CP Violation

LHCDb

A ' | ' ' 2 | '
2 .
o 7, iR AA, CDF
— No CP violati SIS IS -
0 0 violation 00 = AA cp BABAR
—_ I I — _ — -5 PP PSPPI
AACP — —082 T 021 T O 11 ;O SO ol P-value = 8.04x10 " llAAg, Belle |
o7 R AA . LHCb
S IIIIIIII CP
000

AA

LSS S S S \\\\ A B45AR

CDF
AAcp = (—0.62 4 0.21 £ 0.10)%

e world average

<
. |
1)

SAARRRRRR RN RN RN =

AAdlr — —067 I 016 % —— 2-dim 68.27% CL

_2 — e 2-dim 95.45% CL
------------- 2-dim 99.73% CL
- —e— 1-dim 68.27% CL

~40 from zero L \he
-2 0 2

OO ]
AN R R
OO ]
OO
AR RN R RN ]
AN RN
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SM Prediction

e CP violation in singly Cabibbo-suppressed decay is
expected to be small

T

SCS CPV: O (Im {Wﬂ %

~ 0.01
VCZVUCZ ) %

e conventional method is not reliable
- long-distance effects dominate in mixing
- branching ratios are not explained by B method
- 1/mc expansion breaks down because mp=/Aacp

e approach
- fit topological amplitudes based on SU(3)r/isospin
- large uncertainty in CPV (b-penguin) [O(0.1)%7]



Top FB Asymmetry
Top Charge Asymmetry



SM Prediction

e No FB/charge asymmetry at
leading order in QCD

Forward Backward
t o t» _ .
p(q) / p(a) p(q) / P(a)

e asymmetry arises at NLO

e top quarks are preferentially
emitted “forward”

Figures from slide by Rodrigo at Moriond 2012

——{ 000000}

——000000

———

e

e
D W

Kuhn, Rodrigo === ===
MCFM (x 1.5) ———]
Hollik, Pagani B4 f——
Almeida et al. (+EW)  t——p——

Ahrens et al. (+EW) ] f————
10.1001 o 10.105L o 0.1101 o 10.[15

A,r(m,>450GeV)



Tevatron Results

e lepton + jet mode of top-anti-top decay
= 20 excess for inclusive data

e excess tends to be enhanced in large M« and Ay

. -
parton/production level asymmetry in % (except for green) Preliminary
" Selection | NLO (QCD+EW) | CDF,5.3 6 | DO,5.4 M1 | CDF, 8.7 -
Inclusive 158 £ 7.4 19.6 £ 6.5 16.2 £ 4.7
78+48
< 2 — + +
M, < 450 GeV/c 4.7 11.6 £ 15.3 (B, Subtracted) 78+54
11.5 6.0
> 2 : S5+l 6+ 6.
M., = 450 GeVic 10.0 475+ 11.2 (Bke, Subtracted) 29.6 + 6.7
6.1 + 4.1
< + +
|Ay| < 1.0 4.3 2.6+ 118 (Bke, Subtracted) 8.8+ 4.7
1Ay 2 1.0 13.9 61.1 +25.6 21.3£9.7 433+ 109

(Bkg. Subtracted)

Ay =1y — Yz From slide by Mietlicki, Moriond 2012



Tevatron Results

e lepton + jet mode of top-anti-top decay
e = 20 excess for inclusive data

e excess tends to be enhanced in large Myt and Ay

CDF Run Il Preliminary L = 8.7 fb™ CDF Run Il Preliminary L = 8.7 fb™
m F m [
<"- - —— |+Jets Data <'-'- | —— I+Jets Data
06 oy =(15.6+5.0)x10" / o, = (30.6 + 8.6)x10°
- (Correlated Uncertainties) P 0.6}  (Correlated Uncertainties)
0.5

- — NLO (QCD+EW) tt / t - — NLO (QCD+EW) tt 474

- _ -4 - _ -2

0.4 Oy, = 3.3x10 I o, =10.3x10 /
: <3 0.4

03| / i

02|

0.1

v | Il Il Il Il | Il Il Il Il | Il Il Il Il | Il Il Il Il | Il Il Il Il | Il Il Il | L L L L L | L L L | L L L | L L L | L L L | L L L | L L L | L L L
0 Il Il Il Il Il Il Il 0
350 400 450 500 550 600 650 700 750 0 02 04 06 08 1 12 14 16 1.8 2

Parton Level M, (GeV/c?) Parton Level Ay

Ay = Yt — Yi From slide by Mietlicki, Moriond 2012



LHC

* No FB asymmetry in symmetric collider
e charge asymmetry: rapidity difference bet. t and t

e cut to enhance qq production

- invariant mass of t and t
- large rapidity region (gg is more central)

_2

N(A>0)—N(A<O0)
A = |ng| — Ingl, lyel = lyel or yi* — y;

A __
Ac = N(A>0)+N(A<0)

do/dy

do/dy

va 7
—> O'— > O%—
q : q q ‘\‘ q

lab frame T
From slide by Rodrigo, Moriond 2012

) )

cms rest frame



Correlation

e strong correlation between Ars[TVT] and Ac[LHC]
» other constraints not considered in figures
- do/dMk, same-sign top, dijet, ...

0.10 I I I I ! I I I I I I I I I I
ATLAS Preliminary

0.05
3
g U
Q::
0
-0.05
1 1 | | | I | | | 1 | | | | | | 1 |
0 0.1 0.2 0.3 04
SM: (0,0) AV

FB

0.5

0.15 LI I | I L | | L L
| ATLAS Preliminary
S 0.1
O
O
- oo
m B -'.-::'\ * ‘n.- :
ﬂ- 0.05 K ::-' .o :'n. { P
A | amsY g
g
3 0
g 0
<t
-0.05

L1 L1 11 [ l L1 14 1 ]
0.2 0.3 0.4 0.5 0.6
new

AT (m> 450 GeV)

see model details in 1105.4606

Original figure from slide by Lister, Moriond 2012



SEIELTHEVLWDSD

- EW precisionB&&

- recent update: Tevatron”CW mass

- jet asymmetry data&lepton asymmetry data
DZENZENTIitT D EFWICT~30DITN

» EERZDEH DN QCD correctionDFES5 (& ?

- 13 EF UL IIPDGDreviewz B TL /2L

- Lepton universality

- LEPOW—lv (via ete—W+W-) Dcoupling®
RKESHNTICEALTEIF2.809NTS

- LA UHtBDAITE [XSM consistent




SEIELTHEVLWDSD

- LSND/MB (+reactor, Gallium) anomaly
- excess of anti-ve > Am? ~ 1eV?2
- MB weakly supports LSND for anti -ve, but
excludes for ve
» (also excess of E < 47/5MeV in MB)
- less ve flux in reactor and GALLEX, SAGE
- may imply sterile neutrino(s) [3+2,CPV?]

» severe constraints from disappearance data
and cosmology

» cannot explain MB, E < 475MeV



ENNIELWEY RD?

SMHsDITN NPD R —)L
—a—kU /RS S RHv
YIERF &8 SEHL >TeV
=28 SEHA NP
N —IE5m aNZ ~10'6GeV
EITSI)ILF+—[ERE ANZ TeV?
LR FEBWKEER aN% TeV
2L—J)\—-CP ? TeV
Top Ars ? TeV
EWP, v,. ? ?
FEIR (e+ e- ) ? TeV
DM@E*SJ?E D ? ~GeV
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Backup



Electroweak Precision



Fit Result Updated

Measurement Fit )10™meas_Q"|/gmeas

e SM predictions are 12
compared with data m,[Gev] |91.1875x0.0021 91.1874

D _ r,[GeV] | 2.4952+0.0023 24959 |m
- rad |at|Ve COrreCt|On Ogad [nb] 41.540 + 0.037 41.478 | m——
R, 20.767 + 0.025  20.742 | mm—m
, M2, . A 0.01714 + 0.00095 0.01645 |
Z s R, 0.21629 = 0.00066 0.21579
top, Higgs R, 0.1721=0.0030  0.1723
AD° 0.0992 + 0.0016  0.1038
AC 0.0707 = 0.0035  0.0742
® fb

W mass updated by A, 0.923 + 0.020 0.935
Tevatrons A, 0.670 + 0.027 0.668
A(SLD) 0.1513 = 0.0021  0.1481

e SM works very well
m,, [GeV] | 80.385 + 0.015 80.377 |

- NP Is constrained r,[Gevl | 2.085x0.042 2.092

m, [GeV] | 173.20 = 0.90 173.26

March 2012 LEPEWWG 0 | 1 | 2 | 3




Current Result

805 March 201|2

' ' |
| HC excluded

| EP2 and Tevatron

--- LEP1 and SLD

68% CL

-
e
-
-
L d

(52
A

N’
/

...............
------
= ~

LEPEWWG

latest Higgs results

ATLAS

117.5 — 118.5GeV
122.5 — 129GeV

CMS
114.5 — 127.5GeV

@95%



Lepton or Hadron

Measurement Fit [10™2_QM/omeas
s

e worse fit in jet data
m,[GeV] 91.1875=0.0021 91.1874

e fits are good with I,[GeV]  2.4952+0.0023  2.4959
op.4[Nb]  41.540:0.037  41.478
- only Iepton asym. R, 20.767 = 0.025  20.742
A 0.01714 = 0.00095 0.01645
- 0n|y jet asym. A(P.) 0.1465 = 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
» differ by ~30 R 0.1721 £ 0.0030  0.1723
—

o ana|ys|5 of Jet angu|ar ALS 0.0707 £ 0.0035  0.0742 | um—m
C : A, 0.923 = 0.020 0.935
distribution may need A 067020007 0668
revision [Hagiwara,Kirilin] A(SLD) 0.1513 £ 0.0021  0.1481
sin“0.r(Q,) 0.2324 =0.0012  0.2314
(Or expe ri menta|?) m,, [GeV]  80.385 = 0.015 80.377
r,[GeV]  2.085 = 0.042 2,092

m,[GeV]  173.20 = 0.90 173.26

March 2012 LEPEWWG




Lepton or Hadron

e worse fit in jet data

[Cho,Hagiwara,Matsumoto,Nomura]

e fits are good with

- only lepton asym.

from lept. asym. data only —o—

- only jet asym.

} d|ffer by ~3O_ from jet asym. data only _;_
* analysis of jet angular average |
distribution may need e
reViSion [Hagiwara,Kirilin] >.6025 -0.602 -0.6015 -0.601 -o.olooé 6 o.oloosl 0.601 o.o|o15
As2

(or experimental?)



Leptonic Asym Fit

Not include Tevatron update (2012) on Mw

[Cho,Hagiwara,Matsumoto,Nomura]

AS,—1.50 Agh

01— I — ——— T I T -

‘ squarks | | | 500 30 my o

Ag=0 | e |

0.08 | 200 | e :

300 | - |

0.06 L 400 200 150 | 120 100 mj i

- e e S . |

50 o® & | ; |

100 i@ \@/g,} i @ /@ i

0.04 819 10 ¢ v |

Do f Tyl a

i 0.02 — 2 1 Ss i i

. 0.01y" | |

| MSSMI ——»e | |

&S o MM3e /et MSSM2 | > :

< MSSM3 ——»e | :

MSSM4 ——»e | |

MSSM5  be | :

0.02 ’ MSSM6 ——»e I :

SG1 i >e | i

, SG2 o | |

/// GM1 Rl : |

0.04 1 GM2 ——»e | |

04 1 MMI +———»e | :

MM2 > | |

MM3 ——»e | |

-0.06 Pttt | :

169 172 175 | m, |

D+ : 5),. 2 4 :

0.0280 280 | 277 274 Aogplimy) X107 | . |

-0.08 L—! | ' . |

011 0.1  -0.08 -006 -004 -0.02 0.02 004 005 80.34 80.36 80.38 80.40 80.42
my (GeV)



Leptonic
non-universality



Status

e test of W /v coupling for ¢/ = e, u, 7 [SM: universal]
e consistent with universality perfectly in:

L — evV, T — evV, T — Vv, |m — ev,m — uv, T — T, ...

e | EP measurements of ete- — W*W-
B(W —ev,), B(W — uvy,), B(W — tvy)

Experiment | B(W — ev,) [%] | B(W — uvy) [%] | B(W = tvy) [%]
ALEPH 10.78 £0.29* 10.87 +£0.26* 11.25+0.38"
DELPHI 10.55+0.34* 10.65+0.27* 11.46+0.43%

L3 10.78 £0.32% 10.03£+£0.31% 11.89+0.45%

OPAL 10.40 £0.35 10.61 £0.35 11.18 :0.48

LEP 10.65+0.17 10.594+0.15 11.4440.22
BW = zve) —1.07740.026 ... 2.8017

[B(W — ev,) +B(W — uv,)|/2

LEP




Status

LEPEWWG (W u)(We7) . | LEPEWWG (W-ti)W-uv) 1, |

| | 1,0390 = 0.0130 :
0.3970 - 0.0100 ; LEP EW WG (W - 17 (W — e¥,) HFAZ )
FlaviaNet (K -ty (K- ev) | | e e, v/ ’
R HFAG Fit (r - nv )l > u¥) o)
NA62, KLOE (K- uv (K- eV,) I l 0.9961+ 0.0030 '
" e ! HFAG Fit (= uv, v,) xt/x, : “

0.9980 - 0.0025 : e . HFAGFitf— Kv)(K-uv) ., |
TRIUNF, PSI > uT)n > ed) | 1.0027+ 0.0021 0.9857 = 0.0073 |
1,0017 = 0.0015 i | HFAG Average f—>nv, Kv) i
HFAG Fit > 7, vl 7, v) p=000 ;
10018« 0.0014 | HFAG Average t— eV, v, v, Kv) ‘
: 0.9998 + 0.0020 |
Summer 2011 | Summer 2011 | Summer 2011 |
| | | | | | | | | | | | !
09 | 09 I 09 I




LSND/MiniBoone
Anomaly
(Reactor&Gallium)



Neutrino Anomalies

 LSND [LANL]: excess of anti-ve (anti-v, — anti-ve)
- Am? ~ 1eV=4: inconsistent with sol. and atm.
 MiniBoone [FNAL]. appearance of ve and anti-ve
- small excess in anti-ve for E > 475MeV
- No excess in Ve for E > 475MeV

- (small) excess in (anti-) ve for E < 475MeV
(inconsistent with LSND oscillation)

3 > 1.0 l ' r
g C o Dat § - e Data (st )
C 5 C— ve from
S b S — v. fromu Ve £ —> =2 v.fromk” |/
£ :} 3 ve fromK L 0.8 I 3 v, from K (&
S - 1] @ ~° misid
S o0 [ v, from K 0 A — Ny
m e o misi d 0.6 —I S dirt
1 @ other
5 i —— Constr. S
0.4 +
=]=|:,_ Preliminary |
0.2 1__3
I 1
MiniBoone ======
0.0
0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0

ESE (GeV)



Neutrino Anomalies

 Reactor anomaly
- anti-ve flux is less than expectation (2.50)
- distance to reactor: 10-100m

e Gallium anomaly [GALLEX, SAGE]

- detect neutrino via "'Ga + ve — "1Ge + e from
radioactive sources

- Ve flux is less than expectation (R=0.8610.06)

* All these anomalies may imply sterile neutrino(s)
- 3+2: CP violation can solve v-anti-v tension
- constraints from disappearance and cosmology
- MiniBoone low-energy excess is not explained



