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Standard Model
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[Courtesy of T.D. Gutierrez]

BNL 2020 Julian Heeck 4



Symmetries of the Standard Model

 Rephasing lepton and quark fields:

. U(1)

B+L

U(].)B X U(]-)Le X U(]')Lu X U(]-)LT .

oroken non-perturbatively to Zs,
AB=3 AN AL.=AL,=AL, =1,

but unobservable at low temperatures. [t Hooft, PRL ‘76]

* True accidental global symmetry:

257 ? x UQ)poL x U1, -1, x U(Q)0, 11, —at, -
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[JH, Patel, PRD ‘19]

[Garcia-Cely, JH, JCAP ‘17]
[Crivellin, D’Ambrosio,

[Ferrari, Hambye, JH, Tytgat, PRD ‘19] [Garani, JH, PRD ‘19]  JH, PRL ‘15 & PRD ‘15]
[Garcia-Cely, JH, JCAP ‘16]
[JH, Patra, PRL ‘15] - Dark Matter -—----

Lepton Flavor
Universality Violation

Grand Unified

Theories JH, Rodejohann, PRD ‘12]

/

Neutrino Mixing
& Hierarchy

/

[Abazajian, JH, PRD ‘19]

\

U(l)Lu—LT [3H, Rodejohann, PRD ‘11]

Dirac vs. Majorana
Neutrino

Lepton Flavor
Violation

[JH, PLB ‘14] "L

”

_." [JH, PLB ‘16]
[JH, PRD ‘17]

-
~

[JH, PRD ‘13]

Matter
Asymmetry

Baryon Number

---------- Violation
[Hambye, JH, PRL ‘18]

[JH, Teresi, PRD ‘16] _
[JH, Takhistov, PRD ‘20]
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Crivellin, D’Ambrosio,
[Ferrari, Hambye, JH, Tytgat, PRD ‘19] [Garani, JH, PRD ‘19] JH, PRL ‘15 & PRD ‘15]

[Garcia-Cely, JH, JCAP ‘16]
[JH, Patra, PRL“15] .- - Dark Matter ;.
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Theories JH, Rodejohann, PRD ‘12]

/

Neutrino Mixing
& Hierarchy

.
[Abazajian, JH, PRD ‘19]

\

U(1) L,—L, [3H, Rodejohann, PRD ‘11]
U(1)|_M+LT—2Le :

Dirac vs. Majorana
Neutrino

[JH, PLB 14] "L

”

[JH, PRD ‘17]

~

(JH, PRD '13] Matter

Asymmetry

, [Hambye, JH, PRL ‘18]
[JH, Teresi, PRD ‘16]

[JH, Takhistov, PRD ‘20]
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Neutrino oscillations = flavor violation

Observations of P
prove that M_# 0 and n’—< e~
U(l), _ U(1 _ _

( )LM L. X ( )LM,JrLT 2L, Te N2,

IS broken!
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Neutrino oscillations = flavor violation

» Observations of v — v, LYy
prove that M_# 0 and &
U(DL, -1, X U(1)L, 41, 2L ’

/|

IS broken!

. 7
 Amplitudes for 5 -j
charged lepton flavor violation <

are suppressed:

14
, “S\) Al = 03) MeM)as - 19-24

M
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.
Flavor violating decays & O

 Prime example: p—-ey @ MEG.
e Observation = new particles (beyond SM and M,).

e U—e-e+e- @ Mu3e will probe scales up 10°GeV.

LEFV  process current future exp
]‘ [ — ey 4.2x1078 6x10"1 MEG-II
= L — eeée 1.0 x 10712 10—16 Mu3e
34— e conv. O(10-12) 10-18  Mu2e, COMET
I h—en 6.1 x 1072 102 LHC
S Z—el 7.5 x 1077 10—1Y FCC-ee
<1 had— efi(had) 4.7 x 10712 10-12 NAG62
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) C °
— & S
Flavor violating decays % *QJ

* Produce tauons at B factories (BaBar, Belle, LHCDb).

e Observation = new particles (beyond SM and M,).

e

/ |

e Toe-e+e- @ Belle Il will probe scales up to 2 x 10*GeV.

LFV  process current future exp
T T — ey 3.3 x 1078 107° Belle II
— T —ell 2.7x 1078 1072 Belle II
3 7 ehad O(107%)  107° Belle II
I h—er 47x107%  107*  LHC
E Z — eT 9.8 x 107° 1072  FCC-ee
< had— er(had)  O(1079) ~  Belle II

BNL 2020
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LFV = breaking of U(1),, . x U(1)L, 41, oL

AL, — L)
e T MY

o 7 -— ey ® u — ey

< >

o M TEY ® T €y A(L# + LT — 2Le)
® T — WY
\/

[JH, PRD ‘17]
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LFV = breaking of U(1)_,—r, x U(1)L,+1,—2L.

AL, — L)
® i — 7T
® uel— 7T 1)
& 7 Y o HE — ue
o 7 €Y o L€
< o T — eell o T > €EU
o M TEY ® T €y A(L/.L+LT_2L6)
® ue — e ® T > WYy
o lel = TT
& MM —TT
v

[JH, PRD ‘17]
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LFV = breaking of U(1)_,—r, x U(1)L,+1,—2L.

w — 7T T > UUEE
® uel— 7Tt o T T e
T - Wy pe — pe
o T €Y o L€
T — eell T -5 ee
< - h -
o M TEY ® T €y A(Lu + Lr — 2Le)
® ue — ue T > WYy
® T > pue o 1€ —> 7T
® T > ppuee U —> 7T

[JH, PRD ‘17]
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Currently being probed

AL~ L)
® w — 7T | o T T uupee
® uel— 7Tt - o T T LUE |
- & 7 MY >/ ® me — ue
i o T Y — o L TEY —
ol T Cch — — | L7 “>%’
| (g BTeEY o T T &Y — Ly+ Ly —2L)
o lE—pe | ——1[ Ll T py T
— o T T Iie - o MEI= TT
o 7 T Biifiee — & M =TT
[JH, PRD ‘17] Y
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Currently being probed

2 AL, — L)
| ® w — 17T | o T T L LEE
rrys) - \7777/ _ )
| o HeE|— T1 - o T Th UUE |
[ rpuy) T [ 4 fe—pe
—
— o 7 €Y — o H—rey -
o 7'--)66/:!, \_/ \_/ .7_-——>%>
] ‘,u-—>e’y ‘7_'——>€’)’ — L/.L_I_L'r
o [E— [ie — & Ty T
— ® T > uue \g/ o M€ — T1 A
® T + pjpee [——1 —| & MU —>TT — | ¥ N _
- Use colliders!
[~ |
v

[JH, PRD ‘17]
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e / — T"T" U P via neutral or doubly-charged boson.

¢~ better constrained from pp = ¢~ "o — um " putpt.

Z' testable if m,, < Vs (HL-LHC) or m, < m, (FCC-ee).
[Altmannshofer, Chen, Dev, Soni, PLB ‘16]

Can resolve (g-2)“.

e More general Z —» 1 1" £ 0?7 [IH, in progress]

Lepton flavor violation at the energy frontier!

BNL 2020 Julian Heeck 18



Currently being probed: ©  Doable: ©

B ® w — 17T | T 1 Uupee
L o MHEITT [ [ ¢ T > upe |
Bl O W . 7% >< fie|— pe
— o T Y — o L TEY -
< o T — eell i‘/ ¥E‘/ 7____>%>
| [ g BTEY o T T &Y — L,+ L;
o LIE|—> e — & Ty T
—— | (q Trpme) V| [ peloTr |
® T + pjpee [——1 —| d pp— T ~— 1
v\,/

[JH, PRD ‘17]
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Currently being probed: ©  Doable: ©

Testable in Belle |I!

L,— L
g Al Lo) P
B ® w — 17T | o T T LLLLILEE
il o HE=TT | | —1—1 [ & 7 ppe \k
\/: I | T Ly \_/ =
[ T~
— o T T EY — o 1T ey
< o — eejl i‘/ - |
[JH, in progress]
\/ 2 = _|
my o M€Y o T TEY
o M€ — fie — o T I T /
\/ ® T > uue \f/ ® He|— T17 —
® T + pjpee) —1— & M =TT T
~_ | y\'/
[JH, PRD ‘17]
BNL 2020 Julian Heeck
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Probing light particles

e Mu3e: BR(L— e X) from 107° to 1078,
* Belle II: BR(1—~ ¢ X) from 1073 to 107>. [JH, PLB 16]
* Followed by (displaced) X — 00, yy? [JH, Rodejohann, PLB *17]
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Probing light particles

Mu3e: BR(u— e X) from 10~° to 107S.
Belle Il: BR(1— ¢ X) from 1073 to 107>.
Followed by (displaced) X — 00, yy?

Example: Majoron.

[JH, PLB ‘16]

[JH, Rodejohann, PLB ‘17]

- Pseudo-Goldstone boson of lepton number.

- Potential dark matter candidate.
- Tree-level coupling only to neutrinos.

14
7 <
14

BNL 2020 Julian Heeck
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17 |
=
3 T~ (ra1)
3 -
S 0.01F ‘/\’I -
Q /
E ____________ PR
|
Q
X 40 f
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."E IerI mewmi gJNN, SN1 987
3 (u—ed) :'
1076/ / 1
Mu3e ___-—-- - 1
___________ U - ‘Ka13| < Etr(K)
0.001 0.010 0.100 1 10
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[JH, Garcia-Cely, JHEP ‘17]
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_ A
wK) |
’ (B-KJ)
Belle Ili
;\ ______ J
3
'S 0.01
Q
2
I
Q.
X 40
S
T (u—ed) |.
1061 / |
Mu3e ___—-- - 1
___________ U - ‘KQIB| < Etl’(K)
0.001 0.010 0.100 1 10

Majoron mass my in GeV
[JH, Patel, PRD ‘19]
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Lepton flavor violation

Powerful probe of new physics with mass up to 10° GeV.
More data soon: Mu3e, Mu2e, COMET, Belle I1,...
Full coverage requires colliders: Z - 1" & 0

More signatures with new particles!

BNL 2020 Julian Heeck
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Dark Matter

Lepton Flavor
Universality Violation

Grand Unified
Theories

Neutrino Mixing
& Hierarchy

Dirac vs. Majorana
Neutrino

Matter
Asymmetry

BNL 2020 Julian Heeck 26



Baryon number violation

So far assumed AB = 0, but can also do LFV with AB # 0.
Example: proton decay ( ).

Super-K limits on p — e, y*t® are 10%** years!

Probes scales up to 10*> GeV!

Future: JUNO (China), DUNE (US), Hyper-K (Japan).

BNL 2020 Julian Heeck
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AB=AL=1

BNL 2020
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AB=AL=1
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AB=AL=1
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Currently being probed: © Old results: =  Doable: =

O o
pel —etputrr— Qﬁ — p,u+,u+> ]
o
- & ) B Qy — ,u+,u+6}
® —— @ .
L + O - — o .
I p—erm S E— T — DU % A(Lu + LT - 2L6)
= _— * E—
& - etelf ] T — pr° /\
S — o
=gty pet| — T+T\
o N E— \
T petet T puT=alT”
T IMB ‘99; SK can

[Hambye, JH, PRL ‘18]
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p - ppe

Minimal leptoquark example:

¢1 ~ (3737 _2/3)7 ¢2 ~

(3,2,7/3).

L +2L —3L ensures simple structure
thmlejc + fiUjpole + APToH.

Final AB=1 operator: +QQuL,L,LcH.
Lattice QCD input: (O|uud|p).

[(p— ptpte”)

(H)?BPm)  (100TeV/A)

— B14473A1Z —

1033yr

[Hambye, JH, PRL ‘18]
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Lepton universality In b->spy-py*
iy (L, Q) (QiLy) - “ /

¢ > < 1

¢ O
Modifies b sy 1™ <
d.:

R(K() = B=2K

B—oK()ete—

BNL 2020 Julian Heeck

33



Lepton universality In b—-suy-py*

yj_z‘yi (E,LLQE:) (Qi I—u) .

m¢1

Modifies b-spu pu*:

)\ _ BoK™)
R(K( )) T B—)K(*)e‘|‘e— '

LHCb: R(K)~0.85,

R(K)~0.67.
Improve fit with Zs
mg, >~ 30TeV,/yay3.

[Alok+, PRD ‘17; Dorsner+, JHEP ‘17,
Capdevila+, JHEP ‘18, Alguerd+, EPJC ‘19]

BNL 2020

[Alguerd+, EPJC ‘19]
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Preliminary!

e Super-K
searched for
p — 2!

* Presented by
Makoto Miura
at BLV 2019
In Madrid.

[full paper:
arXiv:2001.08011]

BNL 2020

W EuFer#Hclmic:lkandE I’r

EUN % fuses
SUERUN # 180
EVENT# 37485314

DATE 2012-0Qct-31
TIME T:37:36

TOT PE: 5085, 2
MRX PE: 25.3
NMHIT : 253%&
ANT-PE: 3.7
ANT-MX: é.S

NMMHITA:

1990400700 HoYek -HoYet
199000700 HoYet - HoYet
199000700 - HoYet-HoYet
19900000 HoYet -HoYet
19900000 HoYet - HaYet
201803719 (#8= 3 NoYet
E 2 ¢ PHI : GOOD
10.81: -0 E4- 1.95-0 TEO
CaMe . RTOT ; AMOM . MS
39,2 1168 213- 0.9
Vs 0,157 0.301:.=-0, 941
360 489 9 1.9
ve=0. 248: 0.477: 0. 843
de.0: 1059 193: =3. 4
Vo=l 110:=-0_836: 0 537
Comnt;

Julian Heeck

EunMODE : NORMAL
TRG ID :00000111

C

T diff.: 0.00
0803
/
1

nOD YE/LW:
SUB EV : 0
/

0

0
FEVSE :$$D%

!
Dove: 2{ 1

0
/0f 0
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Preliminary!

e Super-K
searched for
p — 2!

* Presented by
Makoto Miura
at BLV 2019
In Madrid.

[full paper:
arXiv:2001.08011]

B VB I SK
7.9x1032
p—etere 3.4x103%
N 5.3x1032
2.3x10%4
No result in IMB
p—u-eter 1.9x1034
. 3.6x1032
9.2x1033
No result in IMB
S 1.1x103%
6.8x1032
P M T 1.0x1034
1032 1033 103

Proton life time limit [year]

Compatible with background, limits around 1034 yr.

BNL 2020

Julian Heeck
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Currently being probed: © Old results: =  Doable: =
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Currently being probed: ¢ Old results: -  Doable: =

@ ./7\
pel —efutr Q’* BN p,u+,u+> I—
o
T [
@ —] @
el T e |
L + i — | . H
L e e AL+ L
L — .
& — e+e+,uj — T — pr°
— o
T — Pe el — 7™
@ — @
T petetu ™ puT — 77t \\
Better:
_|_ —
p —> T V+
[Marciano, NPB ‘95]
BNL 2020 Julian Heeck
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Currently being probed: © Old results: =  Doable: =

A(Lu — LT)
Better S |
ﬁé’iﬁyT) T g
\\ + RV + +> N
\| \ >( N T by o
B "/ ' E/ Q) pials +e}
. E— 0
/7.+ N 2—9€++\ o ( p = ptad .
I— + 0 t/ =,
- Sk | e D A(Ly + Ly
& — e+e+,uj ;J\ T —pr® I
® e — O
T — ﬁe*u_/ et — 71+
® T ® \
T = petet T pu — Tt ~
Better:

BNL 2020

Julian Heeck

[Marciano, NPB ‘95]

39



Full coverage

e Super-K cannot to go through all AB > 0 decays:

- 38 two-body AB =1 modes: N - AB.
- 76 three-body AB =1 modes: N - ABC.
- 118 two-body AB =2 modes: NN - AB...

 Exclusive searches reach

BNL 2020 Julian Heeck
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Full coverage

Super-K cannot to go through all AB > 0 decays:
- 38 two-body AB =1 modes: N - AB.

- 76 three-body AB =1 modes: N - ABC.

- 118 two-body AB =2 modes: NN - AB...

Exclusive searches reach t ~ 10°* yr.

Inclusive, e.qg. p - e* + anything, could reach 10 yr.
- E.g. T1(p — eTwvr) > 1.7 x 1032 yr. [Super-K, PRL ‘14]
Also probes AB > 1 and light new physics!

[JH, Takhistov, PRD ‘20]

BNL 2020 Julian Heeck
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AB & light new physics

e Light new fermion X: e Light new boson @:
- 499X : sterile neutron. - QQQLy
N3
- m, K m,:n— ¥, - my,<<m,:p—etp.
[Davoudiasl, PRL ‘15]

- my, 2 my:BT — px - my,2>m,:BY = petp,
_¢ t—>ubuto,...
pr

* Brings baryon number violation to the energy frontier!
e X Oor @ as (asymmetric) dark matter?

[JH, in progress]
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Summary

Standard Model symmetry/prediction:
72 5 U()s oL x U(L)L, 1, x U(D)L, 4L, —aL. -
Violated? New particles! How? New structure!
EXxciting data is coming:
- LFV: Mu3e, Mu2e, COMET, Belle II.
- AB: JUNO, DUNE, Hyper-Kamiokande.

Still untapped potential:
- Inclusive searches increase coverage.

- Light new physics ({0 + X, p—-0"+ X, B"=p + X,...).

Connected to dark matter or baryon asymmetry?

BNL 2020 Julian Heeck
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Road map to new physics

PRI LIS Lepton Flavor
' Universality Violation
Grand Unified y
Theories

~
.

N

! Neutrino Mixing
& Hierarchy

/
]

\

Dirac vs. Majorana
Neutrino

N

1

Lepton Flavor
Violation
N Matter o
Baryon Number
Asymmetry {’/i ation
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