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Hints of New Flavor Effects in B decays?

e

Universality Violation?
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Compare with other e/p Charged Current

Universality tests

6/9/2016

at <0.1% level

['(m = ev) [

T — EV/TT— el & e g2
T—M/T—);f @~
K- 7me/K - mu e
K—eK—p—o7t
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More Universality Tests

r — evy = : T — Uvy . .
—  for 7-u Universality and / for 7-¢ Universality
u—>evv U —> evv
r— v . . r— v . ,
—— for 7-x Universality and ——— for r-¢ Universality
A /H | %4 T — eV

l‘r'—’l"/l‘}!—vl“ l‘:'—.-x/l‘rr—rvp l‘r—rh’/l‘!\’—v,u [‘H'—vr/l‘ﬂ'—v,u

197/ 9, 1.0011 (15) 0.9962 (27) 0.9858 (70) 1.034 (13)

l\T—?;{/l"H—'H' I\H'Ar/l‘lﬁ'gz l—r——):r /1_.-7——)@

197/ ge| 1.0030 (15) 1,031 {13) 1.0044 (60)
<0(0.2%) effects Pich 2013, DB 1992
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r — K/7r v Radiative Corrections Alert!

Radiative corrections for 7 — 7/K v (different from K/7z — /v %)
have only been done approximately SR= (0.16 + 0.14)%"
Pich 2013
1. W. Marciano, Phys. Rev. D 45, R721 (1992).

2. W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 71 (1993) 3629

3. R. Decker and M. Finkemeier, Phys. Lett. B 334 (1994) 199; Nucl.
Phys. B 438 (1995) 17; Nucl. Phys. B (Proc. Suppl.) 40 (1995) 453
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LHC ATLAS LFU Tests

CERN-EP-2016-272
12th December 2016

1‘1.:!;“”' ( ::,d_.,\ BR(W — ev)

R“' -— - > >1.05 por=—r (| L B
hd‘” /f- I‘]d g .BR( W — [(‘J') £l A'H_Als
— E
: . :[ | f5=7Tev, 46"
= ().9%7 + 0.0004 (stat) + 0.0101 (syst) 83
= 0.997 + 0.010. z | ]
] 1E _"o ; =t
3.65: - | [ J
1] - P
ol JEY oM BRE ) i [
Rz fid EX :: fid = HR(;“' " = ¥ Data
i W,/ T syt A Br LEPee s WW
= 1.0026 + 0.0013 (stat) + 0.0048 (syst) 0.951" MR, Lepisinee 2 5
o 1.0026 = 0.0050. O Standard Model
1 1 | L 1 !
0.95 1 1.05
Ry = Ol,f’d'," yo'e ! n?'{‘ yUH
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Lepton Flavor Universality -- Experimental Summary :
e Possible big O(10-20%) 7/u flavor universality-violation effects in b — crv (-2-3 o effects)
not seen at O(0.2%) in other charged current current reactions involving e,u, 7 decays.

e Possible e/y universality-violation effects in b — sz neutral currents (-2 o effects)

Theoretical Speculations :
e Lepton flavor universality-violating (LFU) effects are confined to 3rd generation
o Effects related to masses e.g. m; / m?, ~ 283 (20% effect forr — 0.07% for u)
e New flavor-changing couplings beyond SM or MFV?
e Lepton flavor-violating (LFV) couplings
e Models

TeV scale with couplings O(1)

Scalar leptoquarks, New Z'| H"..

Could precise measurements of 15t, 2nd generation
decays be used to corroborate models?

6/9/2016 Bryman- Perimeter- Flavor Menu 8
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Bordone, Buttazzo, Isidori, Monnard ArXiv:1705.10729
Special Role of K — 7vv

Third generation leptons v, 1n final state

EFT approach to LFU violations based on U(2), x U(2), for first 2 generations
Third generation and rt-handed fermions: singlets

—~ . ~ 4 — O === = = = =]
Correlation of K™ — 7'vv [
iy s I | 08
with B" =2 K "vv g ol r il
Lo
T L ¢
S ] 04
o e Lt X i ; : I 021 |
B(K* = 7*vv) [-30%,+100%] %
10 | %
[y ) T S W T W T T WA T Y T S Ve T W Wy S ——+
0 10 20 30 40
10" x BR(K* = #*wi)
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Example: Effects of LFU violation on K* — 7 v

Kamenik, Soreq, Zupan arXiv:1704.06005v (2017)

Z'in b — s decays

* 4Gr ., re e vl F i oyl &
H«'” — \_F{J"E “”flf,(]()':..'jz((r(); +(J ()r ) ?}l"' “’,

B(K* - ntvo(y)) = (8.4+1.0) x 10~ 1!
! 1] L ""llll'(("_!i‘xp &= (-.:'l‘l.‘{l’) ]

R, = 4" = —c™" ~ 0.60(15)

B(K" - 77viv . S : >
_(_+ = f L_l g 1.09-1.28 (Possibly within reach of NA62)
B(K" =»nvv),,

6/9/2016 Bryman- Perimeter- Flavor Menu 10
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Flavor Vineyard Tasting Menu

Pirsa: 17060002

Sample new Phyics delights
Exotic Searches LFV

LFV Processes Forbidden or out of Reach in the SM

Today's Price (Future)
Item

K? — e K - gue ¥ 47006013

e

U —=>ey § <4.31073(10-14)
/ /

Item

e $ < 10'(10-16)
Item

- - $ <7.B10"3(10-16)
(U N—>e N

SM Allowed Processes

New Physics if deviations from well calculated predictions

Item 8
K o i s 10 : 6200 events
Item

= 2 -10
) et $ 10 :7events (100)
Item

$<5.1 10° {10-

K- " vy CP violation 1)

1-1000 Te1V Scales

Other Exotics
Non-SM Processes

Today's Price

Item
K'=>1 f "Axions" S'.Al,‘).
(tha)
Item
$|u|:

7/ K™ = e/ u” vy "Stenile Neutrinos”

Lepton Flavor Universality

Violations of SM flaver universality

item
" (K7) = @) $10*: 10’
T (K°) = (v events;0.2%
(0.1%)
Itemn
r ="V $0.2%(<0.2%)
» VYV
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History of Some Rare Decay Experiments

Lepton Flavor Violation

10F T T T
“J; -
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Based on Marciano, Mori, Roney 2010
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History of Some Rare Decay Experiments

Hincks, Pontecorvo ¢ T . ;

107 -

D.B. Thesis 104 .
NN

Lepton Flavor Violation

) * YN KEK Belle
ey bl E A /
N al
S - PSI Sindrum I (2006)
iN— el o / PSI MEG (2016)
10 T— y .f "‘
g ;:340 IQIC'-O 1 .I 2(,'00 2020
Yfar

Based on Marciano, Mori, Roney 2010 TRIUMF TPC 1987)
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Rare Decay Experiment Prospects

Lepton Flavor Violation Kt =S Vl_/
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Rare Decay Experiment Prospects

Lepton Flavor Violation
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Flavor Vineyard Tasting Menu

First Course
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Kinoshita (1959), Marciano and Sirlin (1976, 1995), Finkemeir (1995)
Tt e’
Radiative Corrections; Inner Bremsstrahlung; and
Structure-Dependent Radiation:

/,.,\
{._ }ﬁf
x DWW\
Vi
Gy 2|V ol ? mf ; 2a myz
r(r— !f';(y))=——“—/,m,m, | o et 1+ =—In
8r My T my y
2

m, mf  m mf ‘

x [1=2{2p +C1+Cr— In—5+Cy—+ - 1+ = F(x)
m |2 My my;  mj m, n

4% for I=e
[+ 7 Structure-dependent 7~ — e"vy terms]

where G, =1. 16637(1)x 107 GeV V., =097/38
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But, most factors I (72’ —>eV+T —>¢ V}/)

cancel in the ratio ~ e/u r (72- — R — ,UV7)

2 2 2
- - & | =17 my, mg m m o
B =R 1+—= |F|— |—F +C—5 In—5 + C,—= (SRS
e/ u ‘ T Mg My /7 Mp my ¢z My o
-8
f”’ c / / &x10
- ", / /
il Sl » » /
F: kinematic factors C,=3.1 (Terentev) C, :Small but ,I
Model dependent
Marciano: 0+ IOI/
¥
Pure Structure Dependent (SD) 7 — evy
corrections are not helicity suppressed
but are small and known for 7 decay:
6/9/2016 Bryman- Perimeter- Flavor Menu 16
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7 2evly)  R* o =(1.2353+0.0001)x107
> uv(y)

Possibly the most accurately calculated decay

= p;ol::sNU process involving hadrons . ek o O
Current Result PIENU: R_7" =1.2344+0.0030x10" (+0.2%)

Future: PIENU, PEN <0.1%

K+ = €+V | _ & | |Finkemeier(1995
(}/) th — ( 2 .477 i O . OO 1) “\"'1 > gr'f;ﬁmm,}(ilowl.:(zoo?}

K= ,U+V(j/) K—elu

Current Result NA62: R"* =2.488+0.010x10" (£0.4%)
Future: NA62, TREK: 0.2%
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72 PLE NU A2 Pl E NU

Experimental Method

™ 1 -
1 =2197 ns | | ™ t.=26ns
[* W ST —>u —>e': : \
vt 0 = -1/ il ¥ 6%
e/ Target g "--N_i‘n-_-{iw/ ([I‘ l-") 4 ((' = ) i
EP: 0.5-52.8 MeV E?: 69.8 MeV ) . Wﬁ m
' | L T Rt
ém:*i :Hh (' -;Wﬂ‘; *Pﬂﬁw%.}:ﬁ’ﬂ
Calorimeter 3os| ‘t!
g :,'* ]T" )ur ’e‘+
(Mg bt i n*oetVe iu/\ Decay Posifron Time (MC)
1 '(X]O4) $ :| \ eV,
i 0.2} \
" Do Py ‘ N
z : I L A S U PSSR Ll P e £ B |
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o.zl T+ 8+ Ve : .i , nm —> e .
“: 0 IOV:D ene:orgy jall W‘-L_‘_l;ﬂ—‘_l?lu (Nplr/ Tﬂ) € [/I”
Energy[MeV]
Decay Positron Energy (MC)
T. Sullvan HQL2016
18
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PIENU Detector

T beam:

* ~60 KHz on B1
« 75t 1MeV/c
s e =85:14.1

Detector:

6/9/2016

Acceptance ~ 20%

Energy Resolution 2.2%
(FWHM) at 70 MeV

19 radiation lengths of Nal,
9 of Csl

Pion and positron times
obtained from fitting B1 and
T1 waveforms, respectively

Wire chambers & silicon
strips for " beam and
decay e"tracking

i

v 48cm
Nal(Tl)

Cal Rings

48cm

Hal enclosure — =

WC: Wire Chamber

SS: Silicon Strip

B1, B2, Tg, T1, T2: Plastic Scintillator

Bryman- Perimeter- Flavor Menu
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RE PILE NU

Raw Branching ?iatlo Extraction
e e _uid [ |
LT mou—e n—evV 2 :
$10 A ) R A .
: | ﬂ i :
810’ : 7 5 "
bl e S
o Y B el e nDIF events -

0102030405060708090 {
Energy in Nal + Csl (MeV)

+ Data from November 2010

* 4.0 x 10°clean T —> e v events

» Fitting time spectra simultaneously gives raw
branching ratio:

R =[1.1972 +0.0022 (stat)
+ 0.0005 (syst)] - 10*

'
L}
H [
10 i A ¥ OV IVUTY PRV PV IR TN PAPTE 1Y U T 1<
H - 300206 00" 0”106 200 300 400 300 600
B ¥ Tima[ns] 5
1 : [
H Inl , =
b e
L} +
. PO k
i
L
.

T. Sullivan HQL2016

6/9/2016 Bryman- Perimeter- Flavor Menu 20

Pirsa: 17060002 Page 23/63



"2 PILE NU
2015 .
Current Result PIENU: RJ"" =1.2344+0.0030x10 * (+0.2%)

R”  =(1.23534£0.0001)x10"*

el u

Error PIENU 2010 PIENU goal
Statistical 0.19% 0.07%
Time Spectrum 0.04% 0.04%
Tail Correction 0.12% 0.06%
Others 0.07% 0.04%
Total 0.24% <0.1%
6/9/2016 Bryman- Perimeter- Flavor Menu 21
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7" —e'v at PSI
Precision Goal: 0.05%
Pl Beta Spectrometer: 12 X0 pure Csl

. I'he PEN Experiment
Previously measured  stopped 7+ beam

PEN Datactor

) active target
4 0 + + » 240-det. Csl(pure)
. 7’ _) - Vi
T > T eV s T € 1’}/ calorimeter
» central tracking
» digitized waveforms

Detector schematic cross section

6/9/2016 Bryman- Perimeter- Flavor Menu 22
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7" — e'v . Sensitivity to High Mass Scales

New Pseudoscalar interaction R-parity violating SUSY

1 4| 1 \! - Vi u e "r 'I[ > Vi
W wt | |
Tt f‘*‘?')"v{\‘yu.;\\ , T {\”\ , X @ H <\\ 4 ,\‘ﬂ”’-\ﬁ&. 7 % T fL’
(a) i (b) i (c) i \,\-‘J‘"t.\ ¢ d J‘ JI £y

l))’\"(} w 2 ) 0.005

! Ye /1 - V2r 1 ms
- SM il i, D i s 0.002
]i’.ﬁ/” 7u Asp me(mg + my,) i
LBEV " g, .
o ( )3 X I_(_).; E 0.0005 ii!-
Aep §§§§H’°

3 - 0.0002 Ef}f
0.1 % measurement—=>A~1000 TeV T

Assuming non-SM nggS- COUp“ngS, Marcidtio. . 100 150 .:::lll‘ [(:f\”\:] 500 700 1000

Lowest chargino mass
- L eptO q ua l'k S Ramsey-Musolf. ..
Others  -Excited gauge bosons
: -Compositeness
-SU2)xSU(2)xSU(2)xU(1)
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Campbell and Marbury (2003), Marciano

Scalar Interactions:

7 — ev vs. Super-allowed £ Decay

s

{(“KA-{ Unitarity: |V, [ +|V. [* +|V, ['=0.99978 + 0.00055 ]

i : w0 w01 Y0 PrEcISIOon
=1.2344(23)x107" (now 0.2% —>< 0.1%)

i ['(7" > e'v)
1 % m Ssaat
Constraining new Physics?

Direct Constraints

o . G T
- ~ 20T el > () SM ;= o s A~ 440GeV
Rir ? A, ~20TeV, A, ~10007eV () J~ Ta A ~ 440Ge

Unitarity: A, ~ 20TeV, A, ~ 17 TeV
Induced Current Constraints Loops >4\

R A, ~2TeV, Ay ~607TeV (!)  e.g. Ainduces V
0 - P induces S
Unitanity: A, ~ 27el duces 2
i 4
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Ua|" vs Mass Heavy Neutrinos
De Gouvéa and Kobach, PRD93 (2016) 033005 Coupled to

S e = Flectrons T —> ev,

(sl
1 el

bl

['(7m = er;) 9 t
\ ev; ) Ueil? 0|

I'(m = 1)

107}

n-
i [Lh-\

-PIENU: Expect
~3X improvement

iﬂ:[-

72 PILE N

2015 Branchir

- -NA62:New results SF TNl
4 3 =9 r )
June 2017 L Rei = g = Uailpe
—— PIENU Results : Nrev
L 107
;'&
10"
) 7___.j
ile< ] T N I S W W W NN R S
|Ueil2<0.0033/ 0 1075660 70 80 90 100 110 120 130
o | T T e T Neutrino mass (MeV/c?)
Neutrino mass (MeV/c?)
6/9/2016 [M.Aoki et al, Phys.Rev.D 84 052002 (2011)]
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Y P E NU Majorons or New Vector Bosons coupled to neutrinos

T —>evX

Sensitivity to Majorons
,qrnZ:rHr"JP‘”n
- Nambu-Goldstone bosons (Majorons) occur in gauge

models with spontaneously broken global B-L symmetry.

- In the presence of Majorons M, the expected branching

ratio is slightly higher. : _ : W el b
. Majoron-neutrine coupling pd
[(m—eLl?) /T (r—uL’) s e w 041 1 :
. ' - =1+ 157.59) . ] P
['(m—ev)/T'(mr—puv) i : _ — S . .
' G.B.Gelmini and M.Roncadelli., ) 0,0 ey ey
Phys.Lett. 99B 411 (1981) - PR P

- L9 final states of v, ¥M, and v x (very light Higgs particle).
- Previous result: gE1<3x 105 This result: gfvn-:?.] x10-5
(90% C.L.)

B e

Lo

K e vvv
W PIENU(Rx)
PIENU(A,,), Projected
W NAB2(Ax)

30

mg

(MaV)
Bakhti, Farzan ar)(w:17802_04187 2017 26
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Non-unitary Neutrino mixing matrix, CP violation, non-FU....

Escrihuela et al. arXiv: 1612.07377

aj;p 0O 0 |Vii|? = ———= = 0.9999 + 0.00086,
N = NNPU 0o |U > il
. / a1

gy gy gy
%/ é } 9
]> l l i - / ] Q1 11
iy l 1/ } ) e
T - / Yo 11 |=
One parameter All parameters \7 !’ : )"') r|a !
(1 dot) 6 d.of
90% C.1 A 00% C.1 YT
Neutrinos + charged leptons 5 2 ) 10 0y
7 ) | < 2 2
an 09074 0,996G3 0.9961 0,9952 R (7 -+ § Vr) | 97| 033 + |(32|” + |”~”|
001 900 000 QORT I" | J . X _: 2 )
197 0.9994 n__nll n_l_a_lu 0.9987 I l[ i ;f . f/“ | "h: ' ('E‘) 4‘, f"_’l &
fgy  0.9988 0.9976 0,9973 00,9961
] LTx1073 25%x1073 [26x102 4.0x 1073
an| 20x1077 44 x 107 [50x 107 70x107Y
age] 111073 20x107% |24x107% 34x10™®
Neutrinos only \/ Ao y+/af ( vZa 4 |z ) s
My . 175 | &/ 1\ 22 (2]
ag| 26x 1072 36x 1072 sw(l — Ar)l/e " o7
agl 1.5x107? 20x107? VG
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l Flavor Vineyard Tasting Menu

2nd Course

N UtrItIOUS K(aons)

6/9/2016 Bryman- Perimeter- Flavor Menu 29

Pirsa: 17060002 Page 31/63



K™ — 77vv in the Standard Model
The K — 7vv decays are the most precisely predicted FCNC decays

d S (

~ i, c, t e
/4
L

W ¢

I . —""“ -_"‘-_
% ' 7 I vV 1/

s ( S

H_F.f /

4 %%

2
0T

A single effective operator (5:7d; _}(\71_}-”“1'-‘;7 _)‘

Dominated by top quark

*8L BR(K, 710W)

08

‘!1/ /F,i
(charm significant, but controlled)

0.4

o

)

e Hadronic matrix element shared with Ke3

o

=
"TT lfF]l’YY‘ l'l'l! T ITIITI

Remains clean in most New Physics models

0.2

b=

=
=3
o
o
o>

B, (K" > 7 v)=(84+1.0)x 10"  Expect total SM theory error <6%.

B (Kf S>avi)=B.4+0.6)x 10" 30% deviation from the SM

would be a 50 signal of NP
A. J. Buras, D. Buttazzo, R. Knegjens, ArXiv:1507.08672v2
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BNL E787/E949 K™ — n"vv

BR(X" » 7*vv) = 1 73115 »10-10

~1.05 "

7 events observed

,-é-. ‘llIl[llllllllll'll:llll-'l!lllll]llll]lll‘]l!ll]'lll‘

o 45 E787/E949 £

@ [ B This analyvsis o
= ES49-PNN1

€ 0. e r
o L @ E787-PNNI

35 -

30 B

=t ok . :

C =, ]

L - E a

20 |- i .

L ] : "

16 | :

10 Coaaalaaaslaanslaaaabeaaalasaalaaaalaasslaanslassy]

50 60 70 80 90 100 110 120 130 140 15(
Energy (MeV)

Phys.Rev. D79 (2009) 092004
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NAG2 [ ()
The NAG62 Experiment for K T o gty A

Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna (JINR), Fairfax, Ferrara, Florence, Frascati,
Glasgow, Liverpool, Louvain-la-Neuve, Mainz, Merced, Moscow (INR), Naples, Perugia, Pisa, Prague,
Protvino (IHEP) , Rome I, Rome II, San Luis Potosi, SLAC, Sofia, TRIUMEF, Turin, Vancouver (UBC)

The NA62 detector

e 4’

e Primary goal:

10% precision BR(K* = n*vv)

Q I\’equil'ements:
Statistics: O(100) events

NAGZ physics data taking started in June 2015

K decays (2 years) 1013, Signal acceptance ~ 10%

Systematics: <10% precision background measurement

® 6 © ¢

>10'* background rejection (<20% background)

9 'l'echniulue:

@ KDecay -in - flight
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NAGZ ()

NAG62 Apparatus

FN s Hadron
. a CAlOT1ll r i - =g
Detectors for Secondary Beam E.M. (forward) calorimeter

Kaon ID (KTAG) calorimeters

i < (large angles) \\
Beam Tracker \.\\
Beam guard ring (CHANTI) e
) ol

1m CHANTI

I-iTAG Beam

i I
/ target \ l|

'|h Momentum el
selection & trackes
collimation RICH
i J
%—l
: EM.
::’tr'“\' calorimeters
~100 m ~150 m Spectrometer (small angles)
<+ > | >
SPS proton » Secondary Beam » Kaon Decay Detectors for decay products
400 GeV 75GeV/c,Ap/p~1% ~5 MHz Charged particle tracking
1012 p/s X,Y Divergence < 100 prad 4.5 x 10*? /year Charged particle time stamping
3.5 s spill K(6%). m(70%), p(23%) 60 m length Photon detection
2:5iS ST i ooy P it . ectic
Total rate: 7_.)0 M“Hf 1 107® mbar vacuum Particle ID
Beam size: 6.0 x 2.7 cm?

In operation 2015-2018

ad
Ly
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NAG2Q, K* > rtvi
S Suppress backgrounds by

1> Gevic Ao 12 orders of magnitude:
decay in- K lp : . : :
fight. & o * High resolution kinematics
7 D * RICH particle 1D
miss K T * High precision LKr calorimeter
dfosf P Eeoreicad  Muon filter calorimeters
nl,k‘nls-k— shapes b "‘"4TT PhOton VetOS
0.16[
0.14— s m
u.uf .!:‘m-i gl
o1E- Missing il b s
= e 107 | | ~
008" e mass 8 p g
0.06— ;m 107 K —\
00 $ | I spectrum : ]
0.04 - 10 | \
Lo 3 2 ‘ II‘
0.02|— ~—. (x10' i3 I
A == il S 5 A B Bha, - b X U F ! |
004 -0.02 0 002 0.04 0.08 008 01 012 i P L P
m ., [GeViie") 10 § < w1 2 -J
'Uv—'ﬂln.ﬂ.' T - Y T T T SR ‘n]-';'
i ; = ‘ ﬂ:‘ o [GOVe']
6/9/2016 Bryman- Perimeter- Flavor Menu 34

Pirsa: 17060002 Page 36/63



Pirsa: 17060002

NAB2Y, K > 1y
« NA62 commissioned and tested to nominal intensity in 2015

« Operations in 2016-2018

» Preliminary study of data quality
* Physics sensitivity in line with design
+ Studies ongoing for exotics sensitivity

Missing mass? vs. Momentum WABZ ]y
—
< n-H NA62 Preliminary [l 10° Downstream Particle Identification
o - n oTs
e Y 2015 data : z P = :
o f RICH Ring Radius vs Momentum ot .~ RicH
%va ¥ —"'_—‘rj © ':n: .{4'
- Ef
0.05 4107 % o e
"U:ff oef | 15 < P,v < 35 GeV/¢
, & F 1
re ‘ 08} ‘f
2 100 "o/ Muon rejection: 100
g 0 ’j“ Pion acceptance: 80%
"’ K 2015 data o I Tl 772015 dafa |
0.0" NAB2 Preliminary "‘JI NAG2 Preliminary
g | ¥ i i
oy 20 0 3 I [ G B 00 o4
= "

050 20 30 a0 '5J0 60 70 80 90 100 '
Momentum GeV/c
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NA62 physics programme s

— — ]
» Standard Kaon Physics Precision:

10% precision BR(K *— m*vV) measurement

*  Measurements of the BR of all the mamn K decay modes

xPT studies: K* - nwtyy, Kt - ntalete, Kt - g'H g0 [+y

* Precision measurement of Ry = I'(K* = e*v,) /(KT - u*v,)

» LFV with kaons:
o« K*-sntutet Kt - nutet, Kt - oot

» Heavy neutrino searches

e Kto l+vh

* v, fromK, D decays and v,—ml
» Pion decay:

o 1% > 3/4y, n° - invisible

» Dark sector:
* long living dark photon, produced by 7°/n/n/®/o/w, decaying in I*1~
* long living axion, produced in a beam-dump contiguration, decaying in yy

6/9/2016 Bryman- Perimeter- Flavor Menu 36
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NAG62: kaon factory

Charged kaon flux

(e Mode BSM 90% CL present NA62

é " Physics limit

£ 10 K'—mpte LFV 1.3410"" 102/109
i K'—mpet LFV 5.2*10-1° 102101
_l K' ‘et LNV 5*101 10210
! Ktsre'et LNV 6.4*101 102
! K-yt LNV 1.1*10° 101210
2 - 1 K*—ve'et LFV/LNV 2*10¢ 10-2
HT l? Ip.‘.”..".A. T .|"-.°l:| .-(Irn.rq-lu |u':1 NAGZ | Klﬂew‘“’“l ERMCR Attty Lindin

-+ Excellent particle veto efficiency K*—n*X? New particle | 5.9*10"\,m, =0 101

. Excgl[ent momentum resolution K=y New particle . 1012

+ Particle ID efficiency

- High kaon flux Kty AS 2AQ 1.2*10° 10

Modeﬁ_ | Present | Expected Ki=sry m’;:ge‘;"ﬁjm e s

R 0.4% 0.2% K/D—lv, Heavy

K*—myy <500 events | 10°events || v,—nl REUTTHO

K*—nomde*y 66000 0(10°) T — invisible, T — 3/4y, M — U y

K*—monou*v 66000 0(109) Dark sector: long living dark photon, long living ALPs
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New Physics Sensitivity of K™ — 7 v

‘ww T NAG2 sensitivity
= MEV . Minimum flavor violation models
i g Vv | «  Supersymmetric models
= « Littlest Higgs (LH) model
T o) without/with T-parity
& « Randall-Sundrum models
t -general LH, RH couplings
S: ) ¢ P «  Partial compositeness
- o *  Models in which g, constraint
ey, Lenera X .
OO ~1 _IE/_ ]:5 210 ZlS 30 applles
B(Kt = atvp) (1071
Andrzej J. Buras, Dario Buttazzo
d Robert K j . . i .
arXIv:1507.08672 (2015) Other potential correlations of K — 7 v/ with
G 0 ! * L -
K, > uu, e/¢e, B—> K(K*)uu
6/9/2016 Bryman- Perimeter- Flavor Menu 38
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K*—n*vv sensitive to NP contribution

- Simplified Z, Z' models
Buras et al., JHEP 1511 (2015) 166

— Littlest Higgs with T-parity
Blanke et al., EPJ C76 (2016) no.4, 182

— Custodial Randall-Sundrum
Blanke et al, JHEP 0903 (2009) 108

- MSSM non-MFV
Tanimoto, Yamamoto, PTEP 2015 no.5, 053B0/
Isidori et al., JHEP 0608 (2006) 064

- Z' model,M,= 500TeV Littlest Higgs with T parity Randall-Sundrum
- 20 e . -
S o 8 £ i i
=15} =. =
= > <]
~ > B
% 10 T 1 L
Tl 1 X
¥ s} 8 @,
& | @

[y - — L n . h ok . .. el . . -

0 5 10 15 20 25 30 J o 1 b

B(K' >+ W)[10] B(K* >+ wW)[1011]
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General MSSM with R-parity

NAG62 will improve the sensitivity of

19 IB(K" — 77v) by >10 — £10% measurement

? :T TTT 7 :
< of (hypotljetlcal BSM value)
T.: D
s RE c "0 g
Buras etal, NP £ | S it E949 already
B714,103(2005) @ 7/ 2 K provides a
tE 9 sl significant
. B | constraint.  New Physics models
Points from a scan of : R CERRAN| _ :
st v with generic flavor

MSSM parameters that

satisfy experimental 4 structure induce large

constraints except effects i n K" — 7 vv.

B(K™ — 77vv)

R Parity: R = (-1)7+38+L : S J -I1 ‘o—m
SM Br(K* — n*wy)
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link.springer.com/content/pdf/10.1007/JHEP03(2012)090

Kamenik and Smith (2012)

“FCNC portals to the dark sector”

Dark Sector Decays K/ B — 7" XX compete
with SM Decays K/ B— mvv

Operator m}% gz Q?’ -
Dimensional —— V.V,
Analysis A M, 16rx
=g =0 n="T nn=2_§ n=29

K decays s—=d 3.3-10"TeV '.’H'I*\ 0.25TeV 0.07TeV
Highly sensitive b—sd 13-10°TeV 26TeV  1.5TeV  0.37TeV  0.16 TeV
for low dimension _ wilda o i i g S
operators b= e 27.104Te\ 12TeV 09TV 0.25TeV 0:11Te)

6/9/2016 Bryman- Perimeter- Flavor Menu 4]
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Constraints on Vector-litke fermions from K* — 7'vv
Ishiwata,Ligeti,Wise JHEP10(2015)027

Flavor-changing neutral-current processes provide the most important constraints 10 TeV

He=q Zw Vude ) (P vi) + €, E[a,f ul i) (P Y vir,) E949

=
e e e g

i i
Cu ) ’ i \ Cp,A R
- S (37 d) (i 'vyr,) + - E (57,78 d) (Pi, 4 v41,)
: i

‘(.'w.‘ ‘ f}'“f‘ ’\l’\l—’ \mmqff
v\ Zd 2M?2 NAB2 future

Flgure 1. Constraints from K y #'vir on vector-like fermions in the M/ \_.U/‘.J‘l\l Az| vs.
& arg (e, .---:_\.I'] I'he enrrently allowed 1o reglon is blue-shaded, corresponding to 0.8
3.6, whereas a future 10% measurement in agreement with the SM, 0.9 <

1+« "\' /¢ “ ‘ < 1.1, would constrain M and 4 to the red-shaded region

Vector-like quarks are hypothetical spin 1/2 particles that transform as triplets underthe colour gauge group and whose
left- and right-handed components have the same colour and electroweak quantum numbers.
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BNL E949 K™ —>rn"A',A' — invisible

K’i —}jT{,-"AI‘

0 " PRD 79 (2009) 092004
7" — invisible <2.7x107

onf ~ PRD 72 (2005)

T b 1
Q 100 20¢
vess vev/) Ry Dark photon exclusion Dark Z exclusion
I x 10 - 7— I I -
: g* 22
H.Davoudiasl, @ | W
H. Lee, and W.J.
Marciano Phys.
Rev. D 89,
095006 (2014)
)
b4 [y ¥ teV]
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Search for invisible vector bosons

+ Current experimental limits, 2016A dataset corresponding to 1.5x101° K+ decays
(3% of 5x10"" collected in 2016A)

10
- E

[ pd \

- NA62 Preliminary
10_4 i A Allllll llllll i ' lIllIll
10° 102 10 10
m,. (GeV)
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E787/E949 K™ — 7 vv Data

E - T ETQT/E949 4 One event consistant wth K — 7 f
S 4% RESRER =D 1
© [ B This analysis . B}(]\ > )< ‘9\1011(90‘)()(])
D 40 [ ES49-PNNI N
= '+ E787-PNN2 ]
o f @ E787-PNNI 1
35 |- »
30 F ‘ . 4 NAG62 may improve on the search
= b |7 R _" 4 forK" —> 77 f by 10x
: i '
20 - : ]
. - E :
15 |- i -
: ' >
1 ].II.IIll]lllllllllllllllllIlllllllllllllllillllIl].-

50 60 70 80 90 100 110 120 130 140 15(
Energy (MeV)
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K" — 7'vv Spectrum Measurement

Spectrum shape could indicate non-(V-A) interactions
e.g. scalar/tensor would shift spectrum from region | to region |l

T T T T T T T T T

A, B
(0.21) [0.64)
n'n e’y (0.000041) N A

0.02

N i
S TN L\ SM A 0.015 } Scalar
g b 74 '”l"'”_’":‘ Tensor S pr,_,h"l-u
¥ RRR (0.018) L) -‘}f\a— 3 \ i
: 001} Wor v i,

rr./ J‘r-' "I-\\“' ; \
0.005 p/ g
& 0y

N

T S B S S

& o e S B Lt L e (L5 VI ST afla
26 50 76 100 126 160 175 200 226
Momentum (MeV/c) Momentum (MeV/C)
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-

U, vs Mass Heavy Neutrinos

Coupled to Muons

B

3

i 10 10¢ 0 01 104 0 i]
350 my (GeV|
ans 1

De Gouvéa and Kobach, PRD93 (2016) 033005

E949 recently used the same data to search for K* — g vy [SM < O(107'%)]
Br( K" — p'vvi)<2.4x10° Phys.Rev. D94 (2016) no.3, 032012
New Physics possibilities: Neutrino-neutrino interactions

Six fermion interactions
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-

U, vs Mass Heavy Neutrinos

Coupled to Muons

B

3

er] mr—— b e e e 107 107% 0 -t T 0! 10 10" 10! 1? 1
350 my [GeV|

De Gouvéa and Kobach, PRD93 (2016) 033005

E949 recently used the same data to search for K* — g vy [SM < O(107'%)]
Br( K" — p'vvir)<2.4x10° Phys.Rev. D94 (2016) no.3, 032012

New Physics possibilities: Neutrino-neutrino interactions

Six fermion interactions Coming Soon:
NAG2: 100x
improvement
6/9/2016 Bryman- Perimeter- Flavor Menu 47
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aniv:1512.03069
Idea to Search for axion-like particles with NA62

400 GeV p into closed target dump i oz

PR NAG2 Apparatus

Look for a — »r in LAr Calorimeter

' \‘ !
e decay length /37, ALP lifetime | -
AR R e o2 L - 2oL
=777 =g m;/(64m) = R =
107 . T
10 jI" ‘] 1-
104 : 7 *:
o 13X 10"por . =
L ( ~1 day) L NU 1
8 10°p 29 x 107 pOT (g r|\:J: t 18 il !
K ) : SLAC 137 3
& 3
10°> b 1 10°° k-
107 1 10-7 SN1987a 3
8 L N e i s i
0107 107" m\au-’ 10
m, [GeV] my [GeV]
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Flavor Vineyard Tasting Menu

3rd Course

Flavor Violation

(Could be painful!)

6/9/2016 Bryman- Perimeter- Flavor Menu 9
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Lepton Flavor Neutrino oscillations— lepton family
: . numbers not conserved
Violation

SM
u—>ey 2L Iﬁf@
W 4d< i een. U

/ \
4 > —é > 5 »
——>——>— > 17} ~0 &
M 1,.(.’ l'u e : Z
- 4
4 Ve A
- , m : Am.. (100 GeV
BR(y™ > ey, x5 =10%  BRu —e }')\SUSY ~ 10 —=F| ———— | tan* 8
ol m: /
Pelcov 77, Marciano-Sanda 77 iz [ \ SUSY

* Observation means new physics.
e Some SUSY models predict BR(n — ey) near the experimental limit (always!). CLFV
may also be observable at the LHC

1
4
H
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LFV -- Prospects

Mu2E, Comet, 4 — 3e u rates increase by 10’

Belle II 7 rates increase by 10x

process present limit future
{—rey <BTRI0" 10 MEG at PSI
[—eee 10 x Q' <1016 Mu3e at PSI
uN—eN (in Al) none 10-14-10-1® | Mu2e/ COMET
Deeme
r—ey <iAX10T | <1O"-107" superKEKB
r—eee <3.6 x 10° <109- 101 superKEKB
=y A5 % 10" | <10%- 30" superKEKB
T— L <3.2x10% | <10°-107° | superKEKB/LHCb
6/9/20106 Bryman- Perimeter- Flavor Menu 55
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De Gouvea, Vogel
Model discriminating power by

; : TRl 10 10° 10°
Measuring different processes. -
< 104 107'"%1 10*
@Q
C O M €
. . NP i 9
Lo = LM + e U:j} i
CNP (6 Ghe :_:‘ 5\|O ” ~-18
TOEJ-) = ﬁELUWﬂR‘I’Fpu 10
=: ,,,,,, AR v v > eee
1 Sx107F e
X>2 < 100TeV x(C. )2 : £ 0
( He) MEG : - Sindrum o
In s . v > @
“Ex&luded
Two operators:
my, N : K ) - :
Loty = ————jigo e F" + ——[igy,eL fY" f _ I
(k+ 1A (k+ A2 w=->eee (Sindrum)
K controls relative strength of s 2 ” 2 ot
dipole vs vector operator K
There may also be important connections between models for CLFV, g-2, and
neutrino mass generation e.g. via Seesaw
6/9/2016 Bryman- Perimeter- Flavor Menu 56
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1 —e Conversion is particularly sensitive to a wide array of models

Sensitivity to Different Muon Conversion Mechanisms / /')

»

Supersymmetry Compositeness

Predictions at 105
A. = 3000 TeV

Heavy Neutrinos namwe-ameCl Second Higgs
5 doublet
V% Ul =

8 X 10_13 ann = 10.-1 X gHuu

Heavy Z',
Leptoquarks 3 Anomalous 7

coupling
M, = M, = 3000 TeV/c?
3000 (1 ghee)'? TeVic? B(Z - ue) < 107

After W. Marciano .

W. Molzon. UG Irving The MECC Experiment to Soarch for Coherent Conversion of Muons 10 Electrons Saotember 27. 2002

6/9/2016 Bryman- Perimeter- Flavor Menu 27
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Hey

. k: Pl j /— Liquid Xenon 7 # ﬁ‘.
COBRA Magnet %, . <y Y/ Seintillation Detoctor foq 4
Thin CNK 1y \?\
(] /J

Stopping Target
™~ Timing Counter ::

Muon Beam \‘/.’ : :
| = |
Drift Chamber
_— 4
im

e 3x107 pu/sec, 100% duty factor

» LXe for efficient y detection
» Solenoidal magnetic spectrometer

6/9/2016

S. Ritt

NEG Experiment at PS|

* Proposal (1999): goal <2x10-1
* 2016 Result*: <4.2x10°13
» New goal (~2020): <6x10-14

*Baldini A. et al, et al., Eur. Phys. J. C (2016) 76.

Bryman- Perimeter- Flavor Menu 58

1.0

67

0
130
5(8)
30

RS

Variable Foreseen Obtained  Upgrade Scenario
AE, (%) 1.2 1.7

My (ps) 43 67

¥ position (mim) 4-6 4-6

Y clliciency (%) 10 63

AP, (keV) 200 06

e’ angle (mrad) 5(p).5(0 8.7(@).94(0 ).

Moo (ps) 50 107

¢ ethewncy (%) O 40

Algy (ps) 65 122

80
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Niklaus Berger

1 — 3e at PSI: Goal <10~

Mu3e proposal
Phase | uses MEG beamline to provide ~ 108 ut/s to get to 10-"°
Phase |l assumes construction of new high intensity beam at
PSI spallation neutron source to reach 10-1°

Recurl pixel layers

LlJJ._.lLIJ._lJJ_LL[;U_J_- = e lLlLL.LU.JJﬂLL

Scintillator tiles Inner pixel layers

: | Beam Target ‘*‘

SRR EEE e Sclntillat‘i"-q fibres FTTTI T T LI

/ Outer pixel layers

A

50pm Monolithic active pixel (MAP) detectors

6/9/2016 Bryman- Perimeter- Flavor Menu 59
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DeeMe JPARC RCS

Aoki et al.

@ 11~ Production

®
I_ . vin-flight m—— u -
:* » Muonic Atom Formation °
o el @ u-e Conversion
Ero_t_(m__::.:l y )J) e
BN 7T
. M i / /'J /
Production P } ] g RS
Target Secondary Beamline Spectromet

@ B\
U —elyearSES.
1.2 x 10~ 13 [Carbon target]
\2.1 x 1071 [SiC target] |
: S/

6/9/2016

Bryman- Perimeter- Flavor Menu 0l

Pirsa: 17060002

Page 59/63



Pirsa: 17060002

COMET, Phase I and 11 #
OMET

Phase I :'f?ji'r:"‘: Phase II
3 GeV P el protons——=ccanallidhe
i S

‘ AL\ '.'..“‘ sdn
AR T ._’\*f ~;.g\i“ N
QN vieyuel AN :
i SN Production ) Production
S Plons e >/ Pions Target
- * _.' Target ~ S i
. . s - » -
Strict extinction =¥/ Muons =5 3m
requirement < 107? I_ EI -—
R =
= ) & 7). Muons Stopping
= = % Target Electrons
|
F-w-wn-
Pion & muon Delector Electron .
transport specirometer
e
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Fermilab

Mu2e: Overview

) :l
o 1| =
. J Y Mu2e Tracker .

+ Tracker made from straw tubes

¢ Minimum radius of 380mm
corresponds to momentum S

6.8% 1()l7 xluppc(l Mmuons.

T
i W\ |
Category Background process Estimated yield UJ 60Me
(eveats) + 'Complete’ tracks need
momentum > 90 MeV
Intrinsie Muon decay-in-orbit (I0) 0,199 £ 0,092
Muon capture (RMC) 0.000 058 i
Late Armiving Pion capture (RPC) 0.023 & 0.006 E ) = WAL= oAl
Muon decay-in-flight (p-DIF) <0.003 E“ b Y, £ N\
Pion decay-in-flight (=-DIF) 0.001 & <0.001 ] /
0.08 / L
Beam electrons 0,003 « 0.001 5
Miscellaneous Antiproton induced 0.047 £ 0.024 go ; ,/
o /
Cosmic ray induced 0,092 » 0,020 J_"
Total 0.37 = 0.10 o e
Eloctron Energy (MeV) oo oo
c 10y / ¢ . o AL S
6/9/2016 Bryman- Perimeter- Flavor Menu 05
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Fermilab

Mu2e: Overview

) :l
o 1| =
. J Y Mu2e Tracker .

+ Tracker made from straw tubes

¢ Minimum radius of 380mm
corresponds to momentum S

6.8% 1()l7 xluppc(l Mmuons.

Wi
i W\ |
Category Background process Estimated yield UJ 60Me
(eveats) + 'Complete’ tracks need
momentum > 90 MeV
Intrinsie Muon decay-in-orbit (210 0,199 £ 0,092
Muon capture (RMC) 0.000 058 i
Late Armiving Pion capture (RPC) 0.023 & 0.006 E ) = WAL= oAl
Muon decay-in-flight (n-DIF) <0.003 Eﬂ 03 f W
Pion decay-in-flight (=-DIF) 0.001 & <0.001 ] /
008 / L
Beam electrons 0,003 « 0.001 5
Miscellaneous Antiproton induced 0.047 £ 0.024 £ o ,/
o /
Cosmic ray induced 0,092 » 0,020 J_"
Total 0.37 = 0.10 o< .
Eloctron Energy (MeV) oo oo
c 10y / - . i \ A S
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l Flavor "{/ineyarcf Tasting Menu
' (Sweet Stuff!)

*‘: Coffee/Dessert/Discussion

* Rare g, mand K decays have unique and important roles to
play in the search for new physics including exotic effects
like Flavor Universality and Lepton Flavor Violations ---
unique sensitivity to very high mass scales

* New 11/K/B results soon from PIENU,PEN and NA62, LHCb

« Significant prospects for currently developing and
running rare decay experiments involving muons, pions
(m?), and kaons — NA62, KOTO, MEG, DeeMe, COMET, Mu2E,
Mu3E, ...and B decays: Belle Il, LHCb, ATLAS/CMS....
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